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PREFACE

Since its inception, microbial science has frequently experienced Kuhnian

leaps forward in understanding, often precipitated by technical and method-

ological advances. Leeuwenhoek’s simple spherical lenses, the electron

microscope, pure culture technique, and recombinant DNA technology

all exemplify such paradigm-shifting tools and methods that have trans-

formed our understandings of the microbial world. Likewise, over the past

20 years, cultivation-independent DNA sequence-based microbial surveys

have transformed our understanding of the natural microbial world in

remarkable ways, from the deep sea to the human microbiome. New per-

spectives of microbial community structure, new gene families, patterns of

gene distributions in the environment, and the nature of host–symbiont

interactions and evolution have all been revealed by applying new “omics”

approaches to microbial communities. Most recently, single-cell character-

ization, high-throughput “next-generation” sequencing methods, and new

bioinformatic approaches are all advancing our understanding of microbial

ecology in a variety of contexts.

This volume of Methods in Enzymology attempts to encapsulate many

late-breaking and transformative methods and approaches that are now

accelerating advances in microbial biology and ecology. The chapters are

loosely organized into five sections: single-cell population genomics, micro-

bial community genomics, microbial community transcriptomics, microbial

community proteomics, and microbial community informatics. Each chap-

ter encapsulates a specific developing area and enabling technology, under

the general framework of microbial community “omics.”

The authors have well captured the technical details, theory, application,

and excitement of these newly developing disciplines. I am deeply apprecia-

tive to all the authors for their outstanding efforts and to the Editors in Chief

as well for the push to initiate this new volume. We all hope that the infor-

mation and summaries provided will support and enable new research and

discovery, for workers new to the field as well as seasoned veterans.

EDWARD F. DELONG
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Abstract

Over the past decade, technological advances in whole genome amplification, micro-
fluidics, flow sorting, and high-throughput sequencing have led to the development of
single-cell genomics. Single-cell genomic approaches are typically applied to anony-
mous microbial cells with only morphology providing clues to their identity. However,
targeted separation of microorganisms based on phylogenetic markers, such as the 16S
rRNA gene, is beginning to emerge in the single-cell genomics field. Here, we describe
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an in-solution fluorescence in situ hybridization (FISH) protocol which can be combined
with fluorescence-activated cell sorting (FACS) for separation of single cells or
populations of interest from environmental samples. Sequencing of DNA obtained from
sorted cells can be used for the recovery of draft quality genomes, and when performed
in parallel with deep metagenomics, can be used to validate and further scaffold meta-
genomic assemblies. We illustrate in this chapter the feasibility of this FISH–FACS
approach by describing the targeted recovery of a novel anaerobic methanotrophic
archaeon.

1. INTRODUCTION

Genome sequencing has become a routine method for characterizing

microorganisms. However, the great majority of microbial species cannot be

easily obtained in pure culture, and therefore culture-independent

approaches are required to access the genomes of uncultivated species. Shot-

gun sequencing of environmental DNA (metagenomics) has emerged as a

front-runner technology for this purpose (Hugenholtz & Tyson, 2008);

however, methods that fractionate communities into simpler subsets (down

to individual cells) are valuable complementary approaches to meta-

genomics. Fluorescence-activated cell sorting (FACS) is a powerful, high-

throughput approach of fractionating microbial communities based on light

scattering properties of cells (Fuchs, Zubkov, Sahm, Burkill, & Amann,

2000). Fluorescence in situ hybridization (FISH) using ribosomal RNA

(rRNA)-targeted probes is a widely used approach in microbial ecology

to visualize groups of related cells (Amann, Krumholz, & Stahl, 1990;

DeLong, Wickham, & Pace, 1989; Wagner, Horn, & Daims, 2003). Here,

we describe an approach that combines FISH and FACS to obtain phyloge-

netically identified single cells and populations for the purpose of genome

sequencing. Related population and single-cell genomic approaches are

presented in Chapters 2–4.

1.1. Fluorescence in situ hybridization
FISH in combination with epifluorescence microscopy has been used for

over two decades to visualize morphology and spatial arrangement of

targeted microbial cells in environmental samples (Amann, Binder, et al.,

1990; Amann, Krumholz, et al., 1990; DeLong et al., 1989). Fluorescently

labeled oligonucleotides (typically 15–20 bp long) that specifically target

rRNAs, the major structural components of the ribosome, are hybridized
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to whole cells, thereby causing the cell to fluoresce (DeLong et al., 1989).

The method takes advantage of singular properties of rRNAs, including nat-

ural amplification of the target site by the presence of hundreds to thousands

of copies of ribosomes per cell, and variable sequence conservation, which

allows phylogenetically broad (e.g., phylum) to narrow (e.g., species) groups

to be targeted. Multiple probes with different fluorophores can be used in

combination to highlight multiple target groups simultaneously. Tradition-

ally, cells are preserved by chemical fixation, which is also thought to assist in

probe permeability (Hugenholtz, Tyson, & Blackall, 2002). A number of

adaptations of the method have been published, including amplification

of the fluorescence signal via CARD (catalyzed reporter deposition)–FISH

(Pernthaler, Pernthaler, & Amann, 2002), dual-labeling of probes (Stoecker,

Dorninger, Daims, & Wagner, 2010), and removal of the fixation steps to

facilitate downstream applications (Yilmaz, Haroon, Rabkin, Tyson, &

Hugenholtz, 2010).

1.2. Combining FISH and FACS
FISH and flow cytometry were used in combination shortly after the devel-

opment of FISH, as the potential of cytometry to quantify targeted

populations was immediately apparent (Amann, Binder, et al., 1990;

Wallner, Amann, & Beisker, 1993; Wallner, Fuchs, Spring, Beisker, &

Amann, 1997). Combining FISH with FACS was a natural progression

to sort labeled cells for downstream molecular analyses (Kalyuzhnaya

et al., 2006). Initially, 16S rRNA genes were amplified and sequenced from

sorted populations (Fuchs et al., 2000), but more recently, FISH–FACS has

been used to link metabolic pathways or genes to specific phylogenetic

groups (Kalyuzhnaya et al., 2006; Miyauchi, Oki, Aoi, & Tsuneda,

2007), and for single-cell genomics (Podar et al., 2007; Woyke et al.,

2010). FISH labeling of cells also enables populations rather than just single

cells to be sorted, which reduces the need and biases of whole genome

amplification (see Section 2.5). However, the conservation of rRNA genes

may result in the sorting of populations that are genomically heterogeneous

due to inadequate phylogenetic resolution. FISH–FACS has a number of

advantages over other methods for obtaining single cell and population

genomes, including higher throughput and/or greater specificity than

dilution (Zhang et al., 2006), micromanipulation (Ishoey, Woyke,

Stepanauskas, Novotny, & Lasken, 2008; Woyke et al., 2010), and micro-

fluidic (Marcy et al., 2007) approaches.
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In this chapter, we describe the procedures and technical considerations

required for FISH–FACS, which include (i) sample preparation, (ii) probe

selection, (iii) in-solution hybridization, (iv) preparation for FACS, and

(briefly) (v) post-sort molecular analyses (Fig. 1.1).

2. TECHNICAL PROTOCOLS AND CONSIDERATIONS

2.1. Sample preparation
Sample fixation is commonly thought to be necessary for preservation of cell

structure and to facilitate probe hybridization. Typically, samples for FISH

are preserved using chemical fixatives, primarily paraformaldehyde (PFA)

that can be stored successfully at �20 �C for months to years.

PFA fixation protocol

1. Add 3 volumes of sample to 1 volume of 4% PFA in 1� PBS (final

concentration 1% PFA) and incubate at 4 �C for 2–4 h.

2. Centrifuge the sample at 10,000� g for 2 min to pellet biomass and

discard the supernatant.

3. Wash the cells (�2 times) by resuspending the biomass in 1�
phosphate-buffered saline (PBS) and repeat centrifugation.

4. Resuspend the fixed biomass in 1:1 ratio of 100% ethanol and 1� PBS.

Store at �20 �C for long-term preservation.

While fixation preserves cell structure by cross-linking of proteins and DNA

molecules (Hayat, 2000), it can make homogenization of samples for FACS

more difficult and has been shown to decrease DNA yield from sorted

populations (Yilmaz et al., 2010). It may therefore be preferable to avoid

fixation if genome sequencing is the primary goal. For some cell and sample

types, fixation appears to be unnecessary (Yilmaz et al., 2010). A drawback of

this approach is the need for fresh samples, although we have found that

some unfixed samples can be stored in 10–20% glycerol at �20 �C for sev-

eral days to weeks prior to hybridization. In this chapter, we focus on

fixation-free sample preparation methods for FISH–FACS and demonstrate

the effects of using fixed and unfixed samples in control experiments with a

typical Gram-negative organism, Escherichia coli, and a typical Gram-positive

organism, Bacillus megaterium.

2.2. FISH probe selection
Oligonucleotide probe choice depends on the community composition and

the desired specificity of cell sorting. For example, if the community
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Figure 1.1 Flow diagram showing the key steps (i–v) in the in-solution FISH–FACS
approach from environmental sample through to the generation of single cell or pop-
ulation genome sequences. (i) Cells can be preserved using PFA or in some instances
processed without fixation (unfixed) and used in subsequent steps. (ii) In-solution FISH
is then performed using a fluorescently labeled probe targeting the population of inter-
est. (iii) After hybridization, cell aggregates are dispersed via mild sonication and filtra-
tion in preparation for FACS. (iv) Finally, the target population can be separated from the
rest of the community by FACS based on their fluorescent signal and (v) used as the
input for genome sequencing.
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contains a single archaeal species, then a domain-level archaeal probe (e.g.,

Arc915; Stahl & Amann, 1991) would be sufficient to specifically enrich for

that population (see Section 3). If multiple archaeal species are present, how-

ever, then one or more higher specificity probes would be required. If such

probes do not exist for a population of interest, design and evaluation of new

probes can be a major undertaking (Hugenholtz et al., 2002). Fortunately,

hundreds of FISH probes that target a wide range of bacteria and archaea

have been experimentally verified and cataloged (Loy, Maixner,

Wagner, & Horn, 2007).

The choice of fluorophore for the probe is dependent on both the prop-

erties of the sample and FACS configuration. Some samples will have high

autofluorescence under certain wavelengths (e.g., sediments and herbivore

feces), and therefore the emission spectrum of the fluorophore should be

outside of the autofluorescent range, so that labeled cells can be distinguished

from background fluorescence with FACS. It is also important to ensure that

fluorophores are compatible with the available FACS lasers.

2.3. In-solution FISH
The standard FISH protocol used for visualization of cells by microscopy

involves the following steps: (i) attachment of fixed cells to slides,

(ii) sample dehydration with ethanol to facilitate hybridization,

(iii) hybridization with probes, and (iv) washing to remove unincorporated

probe. For FISH–FACS, the protocol has been modified such that cells are

not attached to a slide and steps (ii)–(iv) are performed in-solution so that

cells can be subsequently sorted (Kalyuzhnaya et al., 2006; Wallner et al.,

1993). It is advisable to verify cell labeling via microscopy after hybridization

and to both sonicate and filter samples prior to FACS to prevent clogging of

FACS fluidic system. To optimize labeling efficiency of in-solution FISH

with fixed and unfixed cells, we tested two key parameters using E. coli

and B. megaterium, namely, ethanol dehydration and hybridization incuba-

tion time. For these experiments, cells were grown overnight in Luria broth

at 37 �C to a density of �109 cells mL�1 before fixation with PFA as

described above. Unfixed samples were prepared by centrifugation of the

cells and resuspension in 10% glycerol. Prior to hybridization, samples were

washed three times with sterile 1� PBS to remove any small particulates that

may cause autofluorescence.

2.3.1 Ethanol dehydration
Ethanol dehydration of cells is thought to improve hybridization efficiency

by drawing more probe into cells via a greater osmotic gradient produced by
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the dehydration. Note that this step was omitted in fixation-free FISH to

streamline the method and reduce cell loss (Yilmaz et al., 2010), but the

effect of this omission on labeling efficiency was not evaluated.

Ethanol dehydration protocol

1. Prepare 50%, 80%, and 98% ethanol solutions in 50-mL falcon tubes.

These solutions can be reused for multiple experiments and stored on

the bench at room temperature.

2. Add 100 mL of fixed or unfixed cells to a 1.5-mL microcentrifuge tube

and pellet the biomass.

3. Resuspendwith 500 mL of 1� PBS, centrifuge at 10,000� g for 2 min to

pellet cells, and discard the supernatant.

4. Resuspend the pellet in 500 mL of the 50% ethanol solution and incubate

at room temperature for 3 min.

5. Pellet by centrifugation at 10,000� g for 2 min and discard the

supernatant carefully with a 200-mL pipette. Make sure the pellet is vis-

ible at all times.

6. Repeat steps 4 and 5 with 80% ethanol solution.

7. Repeat steps 4 and 5 with 98% ethanol solution.

8. Removeany residual ethanol bydrying in aheatingblock set to40 �Cforup

to 15 min (depending on volume of residual ethanol left in tube).

Using both microscopy and FACS, we found that ethanol dehydration

increased the number of detectable cells substantially (up to 2.7-fold

increase) in unfixed samples for the control organisms, but had no apprecia-

ble effect on PFA-fixed cells (Table 1.1). We therefore recommend using

ethanol dehydration with unfixed but not fixed samples.

Table 1.1 Hybridization efficiency of Escherichia coli and Bacillus megaterium bacteria
under four different conditions

PFA fixed Unfixed

E. coli No ethanol dehydration 96% 37%

Ethanol dehydration 92% 88%

B. megaterium No ethanol dehydration 78% 71%

Ethanol dehydration 86% 91%

Cells were hybridized using the in-solution FISH protocol outlined in Section 2.3 using a EUBmix338-
FITC probe. Prior to hybridization, cells were either fixed in 1% PFA and stored (as described in
Section 2.1) or stored in 10% (v/v) glycerol (unfixed treatment). The ethanol dehydration series
(Section 2.3.1) steps were removed to determine their overall effect on the hybridization efficiency.
The hybridization efficiency was calculated by staining cells post-hybridization with DAPI and
calculating the percentage of cells that were excited with a 488 nm laser (FITC labeled) versus cells that
were excited by the UV laser (DAPI stained).
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2.3.2 Hybridization
Hybridization relies on DNA–RNA binding of fluorescent probes to 16S

rRNA molecules. Due to the secondary and tertiary structure of the ribo-

some, different probes will have varying degrees of access to their binding

sites (Behrens et al., 2003). Probe access can be improved using formamide,

which relaxes secondary structure of the ribosome by partial denaturation.

Formamide also controls the stringency of probe–target binding. Other

parameters that can affect hybridization efficiency and stringency include

incubation time, temperature, salt concentration, and sample mixing.

Hybridization protocol

1. Prepare the hybridization buffer by adding 360 mL of 5MNaCl, 40 mL of

1M Tris–HCl, X mL of formamide; and add Y mL milli-Q water to 2-mL

microfuge tube (see Table 1.2 for formamide andmilli-Qwater volumes).

2. Add 2 mL of 10% w/v sodium dodecyl sulfate (SDS) into the lid of the

microfuge tube, close the lid, and mix the hybridization buffer by

inverting the tube two or three times.

3. Thaw an aliquot of probe on ice in a covered container to protect the

fluorophore from photobleaching.

Table 1.2 Volumes of formamide and water in hybridization buffer, and NaCl and EDTA
in the wash buffer for varying concentrations of formamide
Hybridization buffer Wash buffer

Formamide (%) Amount of
formamide (mL) X

Amount of
water (mL) Y

Amount of
NaCl (mL)

Amount of
EDTA (mL)

0 0 1598 2250 0

5 100 1498 1575 0

10 200 1398 1125 0

15 300 1298 795 0

20 400 1198 537.5 125

25 500 1098 372.5 125

30 600 998 255 125

35 700 898 175 125

40 800 798 115 125

45 900 698 75 125

50 1000 598 45 125
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4. Add 45 mL of hybridization buffer to the sample and resuspend.

A sonicating water bath can help in the resuspension of cells.

5. Add the probe/s to a final concentration of 2.5 ng mL�1. Note: it is

important to include a no probe control in all experiments for each sam-

ple type to access sample autofluorescence.

6. Carefully mix using a pipette or via vortexing for 2–3 s.

7. Incubate the tubes on a rotator at 46 �C for a minimum of 2.5 h (see

below) in dark conditions.

Increasing the incubation time for unfixed cells from 1.5 to 2.5 h improved

the labeling efficiency (number of detectably labeled cells) by up to fivefold

for both control organisms (Fig. 1.2). We therefore recommend testing

incubation times with samples to optimize labeling efficiency for fixation-

free in-solution FISH.

2.3.3 Washing conditions
After hybridization, remove any nonspecifically bound or unbound probes

from the cells using a series of washing steps.

Washing protocol

1. Add 250 mL of 1 MTris–HCl,X mL 5 M of NaCl, Y mL of 0.5M EDTA

(see Table 1.2 for volumes of NaCl and EDTA); add milli-Q water such

that the final volume of the solution is 12.5 mL, and finally add 12.5 mL
of 10% w/v SDS.

Figure 1.2 In-solution FISH performed on unfixed E. coli cells using a (A) 1.5 h and (B)
2.5 h incubation times. Cells were hybridized using EUB338mix (Daims, Brühl, Amann,
Schleifer, & Wagner, 1999) with a FITC fluorophore before a subsample was dried onto a
glass slide and visualized by epifluorescence microscopy (630� magnification).
The shorter hybridization time resulted in only �20% of cells fluorescencing, as
opposed to the 2.5 h incubation where nearly all cells were detectably fluorescent.

11In-Solution FISH and FACS for Single Cell and Population Genome Recovery



2. Place the wash buffer either in a water bath or in a heating block set to

48 �C. It is important that this solution has had time to equilibrate to the

wash temperature before washing.

3. Centrifuge the samples at 10,000� g for 2 min to pellet cells and

discard supernatant.

4. Add 500 mL of the preheated wash buffer, vortex to mix, pellet by cen-

trifugation at 10,000� g for 2 min and discard supernatant.

5. Resuspend the samples in 500 mL of wash buffer and incubate the sam-

ples at 48 �C in a water bath for 20 min.

6. Pellet cells via centrifugation, discard the supernatant, and resuspend the

sample in 500 mL of ice-cold 1� PBS. Repeat this step twice.

2.3.4 Labeling validation and preparation for FACS
Prior to FACS (which is generally an expensive undertaking), it is advisable

to confirm that cells are labeled and dispersed. Cell aggregation presents a

challenge to effective single-cell recovery. The small capillary tubes and noz-

zle sizes of cell sorters limit the size of cell aggregates that can be effectively

sorted without clogging or damaging the instrument. If a sample is prone

to aggregation or originates from a biofilm, various procedures can be used

to homogenize the sample. In general, however, we recommend mild

sonication to remove cell aggregates.

Sonication conditionsmust beoptimized for each sample typewith thegoal

of breaking up aggregates without lysing cells. This balance is a greater issue for

unfixed cells as they aremore prone to lysis than fixed cells.Optimal conditions

can be determined by varying sonication time on aliquots of the hybridized

cells, typically somewhere between 15 s and 2 min (e.g., see Section 3). Bio-

films may require longer sonication times or different techniques to obtain a

homogenous suspension of single cells such as probe sonication,mild chemical,

orenzymaticdisruption (Chen&Stewart, 2000;Dusaneet al., 2008),orpassage

of the sample through a fine gauge syringe to disrupt the biofilm.

Sonication and visualization protocol

1. Perform mild water-bath sonication for 15 s to 2 min on the labeled

sample to break up the cell aggregates.

2. Apply 5–10 mL of sonicated sample onto a microscope slide.

3. Stain cells with DAPI (0.5 mg mL�1).

4. Add DABCO (or any other mounting media suitable for fluorescence

microscopy) to the slide and place a coverslip over the sample. View

the sample on an epifluorescence or laser scanning confocal microscope

under 630� or 1000� magnification.
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2.4. Fluorescence-activated cell sorting
After confirming that the cells are positively labeled, FACS is used to obtain

cells of interest typically in microfuge tubes or microtiter plates. There are

many different models of flow sorters, each with their own setup procedures,

sorting accuracies, and laser configurations. For the control experiments and

case study, we used a BD FACSAria III flow sorter with ultraviolet, 488 and

530 nm lasers for detection of cells labeled with DAPI (UV), and detection

of probes labeled with FITC (488 nm) and Cy3 (530 nm). It is rec-

ommended that the manufacturer’s instructions for setup, maintenance,

and cleaning are followed, but also consider an additional cleaning of the

capillary lines of the flow sorter with 1% sodium hypochlorite (bleach) solu-

tion prior to every sample to remove any residual biological material in the

capillary lines. When performing single-cell sorting experiments, FISH

labeling was assessed using scattergrams of forward scatter (FSC) versus side

scatter (SSC), FSC versus FITC/DAPI, SSC versus FITC/DAPI, and FITC

versus DAPI (Fig. 1.3).

FACS protocol

1. Run a negative (no probe) control of each sample setup and adjust the

voltages of the flow sorter such that the cells appear in the lower left

quadrant of the FSC versus SSC scattergram.

2. Run the sample hybridized with a probe targeting the cells of

interest. There should be a noticeable shift in the fluorescence intensity

of cells in the channel corresponding to the fluorophore of the probe

used. Previous results suggest that scattergrams of FITC versus Cy3/

DAPI should give clear separation of the positively labeled cells

from the flanking populations (see Section 3). Note: We recommend

performing multistage sorts to obtain pure single cells from the

targeted population.

3. Select (gate) the regions of the scattergram representing the population

of interest for sorting.

4. For multistage sorts, perform the first sort at a higher speed (20,000

cells s�1) with less stringency on the purity, to enrich the targeted pop-

ulation. Sort 106 cells into a 5-mL tube, which is then used as the input

for the second sort.

5. For subsequent sorts of the enriched target population, use a slower

sorting speed and more accurate settings (the FACSAria III has a “single

cell” mode) to produce higher purity enrichments of a single population

or for single-cell sorting.
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6. Multiple subsets of target cells can be sorted into microfuge tubes or

96-well microtiter plates containing sterile sheath fluid (for storage) or

alkaline lysis buffer (for subsequent DNA extraction).

2.5. Post-sorting
For single cell and population genome sequencing, we recommend

processing sorted cells immediately; however, they can be stored in sterile

Figure 1.3 FISH–FACS outputs for unfixed B. megaterium cells (A) unlabeled, (B) labeled
with EUBmix338-FITC, (C) stained with DAPI, and (D) labeled with EUBmix338-FITC and
stained with DAPI. From left to right, (1) cells imaged using epifluorescence microscopy,
flow cytometry scattergrams of (2) SSC versus FITC, (3) SSC versus DAPI, and (4) DAPI
versus FITC. In column 4, scattergrams are partitioned into four quadrants. The Q1
quadrant gated cells (in red) were labeled with EUBmix388-FITC only, Q2 quadrant
gated cells (in purple) were labeled with both EUBmix338-FITC and DAPI, Q3 quadrant
(in yellow) is background, while Q4 quadrant gated cells (in green) are stained with DAPI
only.
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sheath fluid at �20 �C for a period of days. Sorted populations of cells (but

not single cells) can be confirmed by visualization of a sample aliquot using

epifluorescence microscopy. Processing of genomic DNA typically involves

alkaline lysis, neutralization, and whole genome amplification by multiple

displacement amplification (MDA) (Lasken & Stockwell, 2007). MDA intro-

duces coverage bias and chimeras (Ishoey et al., 2008; Lasken & Stockwell,

2007) which can beminimized by reducingMDA incubation time or volume

(Marcy et al., 2007) and pooling of MDA products from multiple cells

(Woyke et al., 2010).Note: MDA is highly susceptible to contamination espe-

cially when working with single cells, and extra precautions should be taken

preparing reagents and the work area (Woyke et al., 2011). Whole genome

amplification is covered in more detail in Chapter 3. After MDA, we recom-

mend confirming the identities of the single or population amplified genomes

using 16S rRNA gene amplicon sequencing (see Section 3). Amplified geno-

mic DNAs can then be shotgun sequenced on a range of high-throughput

platforms and bioinformatically processed. Computational analyses of

sequence data is described in Section V of this volume.

3. CASE STUDY: TARGETED ISOLATION OF ANAEROBIC
METHANOTROPHIC ARCHAEA FOR SINGLE CELL AND
POPULATION GENOMICS

Anaerobic methanotrophic archaea (ANME) have been implicated in

anaerobic oxidation of methane (AOM), thereby playing an important role

in global methane cycling (Boetius et al., 2000; Hinrichs, Hayes,

Sylva, Brewer, & DeLong, 1999). ANME can use a variety of electron

acceptors to perform AOM with (Haroon et al., 2013; Milucka et al.,

2012) or without syntrophic bacterial associations (Beal, House, &

Orphan, 2009; Boetius et al., 2000). Recently, we demonstrated that a rep-

resentative of theANME-2d clade, “CandidatusMethanoperedens nitroreducens”,

performs AOM concomitant with the reduction of nitrate to nitrite in

a bioreactor fed with nitrate, ammonium, and methane (Haroon et al.,

2013). Metabolic reconstruction from a metagenomic assembly of the

M. nitroreducens genome revealed a complete reverse methanogenesis pathway

and genes for nitrate reduction. However, it was necessary to confirm that

nitrate reduction originated from M. nitroreducens and not from another

member of the microbial community. To achieve this, we employed

fixation-free FISH–FACS (as described in the sections above) to obtain
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single cells and populations (sets of �10,000 cells) of M. nitroreducens for

genome sequencing.

Fresh samples from a bioreactor performing AOM coupled to denitrifi-

cation were collected and washed twice with 1� PBS prior to in-solution

fixation-free FISH. Cells were resuspended in FISH hybridization buffer

(Section 2.3.2) with 40% formamide and labeled with the general archaeal

(Arc915-FITC; Stahl & Amann, 1991) and ANME-2-specific probes

(Darch872-Cy3; Raghoebarsing et al., 2006) at 46 �C for 2.5 h. After

hybridization, cells were pelleted and washed (recipe in Section 2.3.2) at

48 �C for 20 min. After washing, cells were centrifuged and resuspended

in ice-cold 1� PBS. Prior to FACS, aggregates of M. nitroreducens cells

(Fig. 1.4) were homogenized using a Branson Sonifier 250 for 2�15 s

sonication cycles.

FACS scattergram plots of FITC versus Cy3 showed a distinct popula-

tion shift on the Cy3 axis compared to the negative control (Fig. 1.5). This

population of Darch872-labeled cells (M. nitroreducens) was initially sorted

into a 5-mL tube at high speed (20,000 cells s�1). The cells from this first

sort were reanalyzed at a slower speed using the “single cell mode” of the

BD FACSAria III. Multiple subsets (single cells up to 105 cells) of this higher

purity enrichment were then sorted into a 96-well microtiter plate. The

sorted cells were alkaline lysed and amplified using MDA. To validate the

sorting specificity, the 16S rRNA genes of the single amplified cells and

populations were PCR amplified, with only archaeal primers producing

products. One amplified single-cell genome and one population genome

Figure 1.4 M. nitroreducens cells labeled with Arc915-FITC and Darch872-Cy3 (A) before
sonication and (B) after 2� 15 s probe sonication.
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were then selected for shotgun sequencing on the Illumina platform. The

sequence data were assembled and mapped to the metagenome-derived

of theM. nitroreducens genome confirming the fidelity of the original assem-

bly. We also note that a near-complete genome of the targeted archaeon

could be assembled de novo from the single cell and population data.

4. SUMMARY

In-solution fixation-free FISH is a promising modification of conven-

tional FISH for use with FACS to obtain genome sequences of phylogenet-

ically identified target cells and populations. The approach has a number of

caveats including the need for probes specific to the target population of

interest, samples amenable to homogenization for FACS, and in most cases,

cells that can be labeled without fixation to avoid complications with DNA

extraction. We recommend using ethanol dehydration on unfixed samples

and a minimum hybridization time of 2.5 h based on tests with model

Gram-negative and Gram-positive organisms. Using an optimized approach

for a bioreactor community, we demonstrated the feasibility of this FISH–

FACS for the targeted separation and genome sequencing of an

uncultivated, phylogenetically novel archaeal population.
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Figure 1.5 FACS scattergrams showing FITC versus Cy3 for bioreactor samples. (A)
Unlabeled sample, (B) first rapid sort with specific Darch872-Cy3 probe which targets
M. nitroreducens, and (C) second sort to ensure high purity of target population single
cells. Each plot contains 50,000 events. The P2 region of the plot indicates the events
gated for sorting.
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Abstract

Magneto-FISH, in combination with metagenomic techniques, explores the middle
ground between single-cell analysis and complex community characterization in bulk
samples to better understand microbial partnerships and their roles in ecosystems. The
Magneto-FISH method combines the selectivity of catalyzed reporter deposition–
fluorescence in situ hybridization (CARD–FISH) with immunomagnetic capture to pro-
vide targeted molecular and metagenomic analysis of co-associated microorganisms in
the environment. This method was originally developed by Pernthaler et al. (Pernthaler
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et al., 2008; Pernthaler & Orphan, 2010). It led to the discovery of new bacterial groups
associated with anaerobic methane-oxidizing (ANME-2) archaea in methane seeps, as
well as provided insight into their physiological potential using metagenomics. Here,
we demonstrate the utility of this method for capturing aggregated consortia using
a series of nested oligonucleotide probes of differing specificity designed to target
either the ANME archaea or their Deltaproteobacteria partner, combined with 16S rRNA
and mcrA analysis. This chapter outlines a modified Magneto-FISH protocol for large-
and small-volume samples and evaluates the strengths and limitations of this method
predominantly focusing on (1) the relationship between FISH probe specificity and sam-
ple selectivity, (2) means of improving DNA yield from paraformaldehyde-fixed samples,
and (3) suggestions for adapting the Magneto-FISHmethod for other microbial systems,
including potential for single-cell recovery.

1. INTRODUCTION

As advancements in high-throughput sequencing technology allow

deeper and more cost-effective means of sequencing complex microbial

assemblages, we are left with more data, but not necessarily more means

to understand them. The development of microbiological techniques to iso-

late and visualize environmental microorganisms a priori can be used to

meaningfully parse environmental samples before metagenomic processing,

and thereby provide additional context for downstream bioinformatic

data interpretation. There is also increasing awareness that microbe–

environment and microbe–microbe interactions are important factors in

assessing microbial systems, their metabolic potential, and how these rela-

tionships affect larger scale processes such as ecosystem nutrient cycling.

A range of in situ techniques are currently available for physical separation

of microorganisms of interest from environmental samples. Methods involv-

ing selection from a complex microbial sample often involve a stage of phy-

logenetic identification, such as 16S rRNA-based fluorescence in situ

hybridization (FISH), coupled to a means of physical separation such as flow

sorting (Amann, Binder, Olson, Chisholm, Devereux, and Stahl, 1990;

Yilmaz, Haroon, Rabkin, Tyson, & Hugenholtz, 2010) (also see Chapters

1 and 3), optical trapping (Ashkin, 1997), microfluidics (Melin & Quake,

2007), or immunomagnetic beads (Safarık & Safarıkova, 1999). This is in

contrast to separation methods where selection is based on a property other

than identity, such as metabolic activity (Kalyuzhnaya, Lidstrom, &

Chistoserdova, 2008), followed by downstream identification of the popu-

lation exhibiting the property of interest. The majority of these methods
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have focused on single-cell analysis, rather than examining intact multi-

species microbial associations, with the exception of intracellular microbial

interactions (Yoon et al., 2011).

The Magneto-FISH method was originally developed by Pernthaler et al.

(2008) to enrich for and characterize multi-species microbial associations in

the environment. This technique was specifically developed for studying

interspecies partnerships between anaerobic methane-oxidizing (ANME)

archaea and sulfate-reducing Deltaproteobacteria (SRB) in anoxic marine

sediments (Boetius et al., 2000; Orphan, House, Hinrichs, McKeegan, &

DeLong, 2002). This method is based on 16S rRNA catalyzed reporter depo-

sition (CARD)–FISH (identity) (Pernthaler, Pernthaler, & Amann, 2002) and

immunomagnetic bead capture (separation) (Pernthaler & Orphan, 2010;

Pernthaler et al., 2008). The Magneto-FISH method was shown to success-

fully concentrate the population of interest and aid in microbial association

hypothesis development that could be further supported with metagenomics,

microscopy, and isotope-labeling techniques. This technique provides a

means to study metabolic potential at a level that is not defined in separate

units of species identity, but operational groups of organisms that have evolved

to serve a function, such as the symbiotic consortia mediating methane oxi-

dation coupled to sulfate reduction. Magneto-FISH is also compatible with

the physical challenges of sediment-associated ANME–SRB aggregates,

namely, their heterogeneous morphology, wide size range (�3–100 mm
diameter), and frequent association with mineral and sediment particles.

In evaluating the application of Magneto-FISH to other environmental

populations, it is important to consider sample input constraints such as

microbe size and morphology, sample output requirements such as yield

and purity, and, of course, time and expense. Autofluorescent sediment par-

ticles and diverse ANME/SRB consortia size complicated the successful

application of flow sorting approaches to the AOM system. In other envi-

ronments, FAC sorting has been shown an effective means of cell separation,

but often requires DNA amplification (Rodrigue et al., 2009; Woyke et al.,

2011). Yield and purity are also often opposing constraints. For example,

FAC sorting can provide high sample purity but may require significant

instrument time for collecting sufficient material without including a post-

amplification step (Woyke et al., 2011). Sample yield remains an issue with

Magneto-FISH, as well. Initial application of Magneto-FISH required

multiple displacement amplification (MDA) before construction of meta-

genomic libraries for 454 pyrosequencing (Pernthaler et al., 2008). How-

ever, advances in library preparation (e.g., Nextera XT) have significantly
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lowered the minimum DNA concentrations required. Magneto-FISH can

be completed in a day and does not require the use of any specialized equip-

ment beyond an epifluorescent microscope. The main expense is reagents,

which scales with amount of sample processed and diversity of FISH probes

needed. Another advantage is the versatility of this method. It is compatible

with a broad range of oligonucleotide probes incorporated into the same,

basic protocol; no instrument adjustment or recalibration is required

between runs or with different microbial targets.

This chapter introduces three modifications to the Magneto-FISH pro-

tocol of Pernthaler et al. (2008) to improve DNA recovery and labor effi-

ciency: (1) immuno-based attachment of magnetic beads for single-cell

capture, (2) magnetic separation in a standard magnetic holder, and (3)

DNA cross-link reversal incubation during extraction. Using this modified

method, we evaluate the DNA recovery and microbial target specificity

using a nested set of oligonucleotide probes and discuss (1) increasing target

DNA yield for current pyrosequencing andmetagenomics template require-

ments without amplification, (2) the relationship between sample purity and

FISH probe specificity, (3) controls for association selectivity, and (4) DNA

quality for metagenomic techniques.

2. METHODS

2.1. Samples and controls used in Magneto-FISH
capture experiments

Sediment samples were collected in September 2011 from methane seeps

within the S. Hydrate Ridge area off the coast of Oregon at a depth of

775 musing theROV JASON and theR/VAtlantis.Marine sedimentwas col-

lected in a push core (PC-47) associatedwith a sulfide-oxidizingmicrobialmat

adjacent to an actively bubbling methane vent. A sediment slurry from the

upper 0–12 cmdepthhorizonwaspreparedwith1volumeN2 sparged artificial

seawater to 1 volume sediment, overpressuredwithmethane (3 bar) and incu-

bated at 8 �C in a 1-l Pyrex bottle sealed with a butyl rubber stopper. A 4-ml

sample fromthe incubationwascollectedon19November2012.Sampleswere

immediately fixed in0.5 ml sediment aliquots in1.5%paraformaldehyde (PFA)

for 1 h at room temperature (fixation can alternatively be performed at 4 �C
overnight). Samples were washed in 50% 1� phosphate-buffered saline

(PBS): 50%EtOH, then 75%EtOH: 25%DIwater, and resuspended in 2 vol-

umes (1 ml) 100% ethanol. Samples were centrifuged at 1000� g for 1 min

between wash steps. Samples were stored at�20 �C until usage.
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As a control to test association specificity, 0.5 ml of sediment slurry was

spikedwith 10 ml of turbid Paracoccus denitrificans, strain ATCC19367 extrinsic

to hydrate ridge sediments. After addition, the sample was quickly vortexed,

fixed, andwashed as described earlier. 16S rRNAdiversity surveys of the orig-

inal sediment incubation sample supported the absence of P. denitrificans in the

bulk sediment.

2.2. Magneto-FISH
A detailed protocol is provided in Table 2.1 and additional information and

explanation of the major steps are provided below. When using Magneto-

FISH with marine sediment samples, 100 ml of fixed sediment slurry

(resuspended in 100% ethanol) is the recommended starting volume for the

recovery of PCR-amplifiable DNA (technical support recommendations

are generally based on cells per ml of sample as a starting point for optimizing

a new system). The method has been tested with sediment volumes ranging

from 75 to 3000 ml. Smaller sample sizes have higher target purity, but lower

DNA yield. For the purposes of this chapter, all reagent amounts are given for

the 100 ml starting sample size (small-scale prep) but can be scaled up as

indicated for larger samples. There are two means to scale up these reactions:

(1) using more of the starting sample with the same oligonucleotide probe or

(2) using more of starting sample, but with different probes. With option 1, all

sample aliquots can be combined during wash steps as indicated. For option 2,

sample aliquots can be combined during the initial permeabilization stages but

can no longer be combined after probes have been applied. All reagents should

be sterilized by filtration (0.22 mm) prior to use, and sterile sample containers

should be used in subsequent steps. Additionally, after fluor addition, samples

should be treated as light-sensitive.

2.2.1 Permeabilization and inhibition of endogenous peroxidases
The TE pH 9 heating step serves to permeabilize cells and loosen sediment

particles. The hydrogen peroxide addition inhibits endogenous peroxidases

prior to the CARD reaction. To remove ethanol, spin sediment-ethanol

slurry at 16,000� g for 1 min, remove supernatant, and resuspend in Tris–

EDTA (TE) (pH 9). When performing multiple reactions with the same sed-

iment, they can be combined during these steps (i.e., for six captures, add

600 ml (original volume) of sediment slurry to 100 ml TE, pH 9) after remov-

ing ethanol. Sonication duration should be optimized for each system since it

is a balance between loosening cell material and destroying cell material.
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Table 2.1 Step-by-step Magneto-FISH method

Magneto-FISH

1. Permeabilization and inhibition of endogenous peroxidase

a. Add 100 ml sediment slurry to 100 ml TE (pH 9) in a sterile 250-ml glass

beaker (or other flat-bottomed vessel to maximize surface area).

b. Microwave 2 min at 65 �C in a hybridization microwave (100% power)

(BP-111-RS-IR, Microwave Research & Applications).

c. Transfer to two 50-ml falcon tubes and spin at 5000� g for 5 min at 4 �C (all

spin steps should be performed in this manner unless otherwise indicated).

d. Decant supernatant taking care to retain the sediment pellet by pouring

slowly and all in one motion.

e. Resuspend in 50 ml 1� phosphate-buffered saline (PBS), 0.01 M sodium

pyrophosphate (PPi), 0.1% H2O2 and incubate at room temperature for

10 min, inverting tubes occasionally to keep sediment in suspension.

f. Sonicate for three 10-s pulses on setting 3 (�6V(rms) output power)

(Branson Sonifier W-150 ultrasonic cell disruptor) at room temperature

with sterile remote-tapered microtip probe (Branson) inserted into

the liquid.

g. Spin and decant.

2. Liquid CARD–FISH

a. Resuspend sediment in 2 ml CARD buffer (0.9 M NaCl, 20 mM Tris–

HCl, pH 7.5, 10% (w/v) dextran sulfate, 1% blocking reagent (in pH 7.5

maleic acid buffer), 0.02% (w/v) SDS) and transfer to a 2-ml

Eppendorf tube.

b. Add 20 ml of 50 ng ml�1 CARD probe and vortex (Vortex-Genie 2, MO

BIO) briefly to mix.

c. Wrap tubes in parafilm and tape to the sides of a beaker filled with DI water

such that tubes float in an approximately horizontal orientation.

d. Microwave for 30 min at 46 �C, power setting of 100%.

e. Remove samples from the water bath and remove parafilm.

f. Spin tubes at 10,000� g for 2 min.

g. Decant supernatant into formamide waste and resuspend hybridized sedi-

ment in 50 ml 1� PBS.

h. Incubate at room temperature for 10 min, shaking occasionally.

i. Centrifuge, decant supernatant, resuspend in fresh 1� PBS, centrifuge and

decant again, leaving pellet.

j. Resuspend in 2 ml amplification buffer (1� PBS, 1% blocking reagent, 10%

(w/v) dextran sulfate, 2 M NaCl) in 2-ml Eppendorf tube.

k. Add 2 ml fluor-labeled tyramide (0.5 mg ml�1), 2 ml biotin tyramide

(0.5 mg ml�1), and 5 ml 0.0015% H2O2.

l. Wrap tube(s) in foil to protect from light and incubate with gentle shaking or

rotating at 37 �C for 1.5 h.

m. Spin at 10,000� g for 2 min.

n. Decant supernatant and resuspend in 50 ml 1� PBS in 50-ml

centrifuge tube.

Continued
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Table 2.1 Step-by-step Magneto-FISH method—cont'd
o. Incubate for 10 min at room temperature in the dark, shaking occasionally.

p. Spin, resuspend in 50 ml 1� PBS, and spin again.

q. Resuspend in 49.5 ml 1� PBS and 0.5 ml 10% blocking reagent in a 50-ml

falcon tube.

r. Microwave (BP-111-RS-IR, Microwave Research & Applications) in a

vessel large enough to submerge 50-ml tubes for 20 min at 40 �C in

DI water.

s. Centrifuge, decant, and resuspend in 50 ml 1� PBS, then centrifuge and

decant again.

t. Resuspend each sample in 1 ml 1� PBS, 0.01 M PPi in a 1.5-ml

Eppendorf tube.

u. Counterstain a sample aliquot with DAPI and verify hybridization by

microscopy.

3. Magnetic bead preparation and magnetic cell capture

a. Sonicate sample in 1.5-ml tube for 5 s, setting 3, at room temperature to

resuspend cells.

b. Add 5 ml antifluor mouse monoclonal IgG antibody (Life Technologies) per

1 ml reaction volume and incubate at 4 �C for 20 min rotating to keep

sediment in suspension (Hybridization Oven, VWR).

c. While the sample is incubating, prepare beads:

i. Add 25 ml of Dynabeads Pan Mouse IgG (Life Technologies) per reac-

tion to 1 ml of Buffer1 (1� PBS, 0.1% BSA) and place in magnetic

holder (Dynal MPC-1.5 ml).

ii. Invert holder and tube(s) multiple times to wash all beads down to mag-

net. Remove liquid with pipette and treat as azide waste. Remove tube

from holder and resuspend washed beads in 30 ml of Buffer1.
d. After 20 min incubation, spin sample at 300� g for 8 min at 4 �C.
e. Decant supernatant, resuspend sediment pellet in Buffer1, and spin again as

in step 3d. Decant supernatant.

f. Add 30 ml of washed beads and 1 ml Buffer1 per sample volume.

g. Incubate 1.5 h at 4 �C in dark while rotating to keep sediment in

suspension.

h. Place sample(s) into magnetic holder slots. Invert multiple times and let sit

1 min until sediment has settled to the bottom of the tube. Remove liquid

including all sediment while trying not to disturb magnetic beads.

i. To wash beads and target cells, remove tube from magnetic holder and add

1 ml Buffer1 while aiming pipette tip at magnetic beads to resuspend them. If

all beads are not resuspended when adding 1 ml, pipette up and down slowly

to resuspend remaining beads from side of the tube. After a few washes,

counterstain a sample aliquot with DAPI and verify bead attachment by

microscopy. Repeat wash step at least nine more times (10 in total).

j. Save any sample necessary for further microscopy before proceeding to

DNA extraction.

k. After final wash, resuspend washed beads and cells in 400 ml of TE buffer

(pH 8).

Continued
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Table 2.1 Step-by-step Magneto-FISH method—cont'd
DNA processing

1. Cell lysis and reversing cross-links in DNA

a. Add lysis reagents (10 ml 5 M NaCl and 25 ml 20% SDS) to 400 ml TE with

beads from step 3k.

b. Remove liquid from screw cap 2 ml bead-beating tube with garnet sand

(PowerSoil DNA Kit PowerBead Tubes, MO BIO).

c. Add total volume of sample and lysis reagents (435 ml) to bead-beating tube.
d. Bead beat at setting 5.5 for 45 s (FastPrep FP120, Thermo Electron Corp.).

e. Three rounds of alternating freeze/thaw (�80 �C and 65 �C were used in

this study).

f. Incubate samples for at least 2 h, up to 48 h, in a 65 �C water bath.

2. DNA extraction

a. Add 0.5 ml phenol (pH 8, 0.1% hydroxyquinoline) to bead-beating tube.

b. Vortex to mix, and spin for 2 min at 16,000� g.

c. Transfer supernatant to a new tube while avoiding particulates at TE/

phenol interface.

d. Add 250 ml phenol and 250 ml chloroform:IAA (24:1).

e. Vortex to mix, spin 1 min at 16,000� g, and transfer supernatant to

new tube.

f. Add 500 ml chloroform:IAA, vortex briefly, and spin 2 min at 16,000� g.

g. Add 200 ml TE to cellulose spin column (Microcon,Millipore) and then add

DNA supernatant.

h. Spin 8 min, 14,000� g. Wash DNA on spin column 3 with 500 ml TE.
i. Elute into new tube at 1,000� g for 3 min, as per manufacturer’s

directions.

3. Concentration

a. Transfer DNA from elution tube to 1.5-ml maximum recovery centrifuge

tube (Flex-Tubes 1.5-ml, Eppendorf ) and bring volume up to 37.5 ml
with TE.

b. Add 12.5 ml 10 M ammonium acetate (2.5 M final concentration), 0.2 ml
linear acrylamide, and 125 ml cold EtOH (2.5 volumes).

c. Precipitate DNA overnight in wet ice (0 �C).
d. Spin 18,000� g in a microfuge for 30 min at 4 �C to pellet DNA.

e. Decant supernatant, careful to retain pellet.

f. Lay tube on its side with cap open on a heat block at 65 �C to evaporate

remaining liquid. Resuspend in 10 ml Tris–HCl (pH 8).

Step-by-step detailed instructions for Magneto-FISH protocol. Additional information and suggestions
are included in the text for each section. Recommended equipment list: hybridization microwave (BP-
111-RS-IR, Microwave Research & Applications), centrifuge (microtubes and 50-ml tubes), sonicator
with tapered microtip probe (Branson SonifierW-150 ultrasonic cell disruptor), rotating or shaking incu-
bator/hybridization oven, magnetic holder (Dynal MPC-1.5 ml), water bath, bead-beating tubes with
garnet sand (PowerSoil DNA Kit PowerBead Tubes, MO BIO) and bead beater (FastPrep FP120,
Thermo Electron Corp.), cellulose spin columns (Microcon, Millipore), vortex (Vortex-Genie 2, M-
O BIO), 1.5-ml maximum recovery centrifuge tubes (Flex-Tubes 1.5 ml, Eppendorf ). Special reagents:
linear acrylamide, dextran sulfate, blocking reagent, HRP probes, fluor-labeled tyramide(s), biotin
tyramide, antifluor mouse monoclonal IgG antibody (Life Technologies), Dynabeads Pan Mouse IgG
(Life Technologies).

28 Elizabeth Trembath-Reichert et al.



2.2.2 Liquid CARD–FISH
All oligonucleotide probes and corresponding formamide concentrations used

are summarized inTable 2.2.Whenusing a histologicalmicrowave for hybrid-

ization, formamideconcentrationswere loweredby10%below the concentra-

tions optimized for a conventional hybridization oven (Fike, Gammon,

Ziebis,&Orphan, 2008).Note: Ahybridizationovencan also beused for liquid

CARD–FISH, but probe incubation time should be increased to 2 h or more.

If doing multiple reactions, evenly divide sediment pellet among all sam-

ples in eachCARDhybridization buffer with the appropriate formamide con-

centration. For histological microwave use, orient the beaker and samples

such that only water, and no samples, is in the path of the temperature probe.

Inverting or vortexing samples a few times during this incubation can improve

mixing of probe and sample, since sediment will tend to settle out of suspen-

sion during the incubation. All samples with the same probe can be combined

during wash steps, but different probe samples must be kept separate.

For the amplification reaction, samples must be evenly divided into their

initial starting proportions (if started with 600 ml of slurry, then separate into
six aliquots) for proper target to probe ratios, but like-samples can be

Table 2.2 CARD–FISH probes, target organisms, and DNA recovery during
Magneto-FISH
Sample Target organism(s) FA % Total DNA (ng) Bulk yield (%)

ANME-

2c_760

Ar, ANME subgroup 2c 50 0.4 3

Seep-1a_1441 Ba, Desulfobacteraceae

subgroup Seep-SRB1a

40 BD –

Eel-

MSMX_932

Ar, general ANME 35 0.9 8

Delta_495a Ba, general

d-proteobacteria SRB

25 0.8 7

Arc_915 Ar, general domain-level

archaea

25 1.2 11

Bulk sediment – – 11.0 –

CARD–FISH probes, microbial target organisms (Ar, archaea; Ba, bacteria), and associated formamide
concentrations (FA %) used in this study with corresponding total DNA yield in nanograms quantified on
aQubit fluorometer from small-scale (100 ml)Magneto-FISH captures. The percent bulk yield is calculated
by dividing the total DNA recovered for each Magneto-FISH capture by the total bulk DNA recovered
from a same volume of paraformaldehyde-fixed sediment. Both loss during processing and selectivity of
FISH probes used in Magneto-FISH contribute to the estimated percent bulk yield. Seep-1a_1441 DNA
concentration was below detection (BD), but only 10% of sample was analyzed due to sample volume con-
straints. Probe references: Seep-1a_1441 (Schreiber et al., 2010), ANME-2c_760 (Knittel et al., 2005), Eel-
MSMX_932 (Boetius et al., 2000), Arc_915 (Stahl and Amann, 1991), Delta_495a (Loy et al., 2002).
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recombined during subsequent wash steps. For a larger combined wash,

samples can remain in a 50-ml tube with the appropriate amount of PBS

and PPi after blocking reagent and washing steps. 2–3 ml of sample dried

on a teflon slide is sufficient for verification of hybridization and CARD

reaction success. Hybridized samples can also be stored overnight at 4 �C
before proceeding with magnetic capture.

2.2.3 Magnetic capture
The magnetic capture consists of three main steps: (1) Incubation of antifluor

antibodies with fluor-labeled cells, followed by two centrifugation wash steps

to remove any unassociated antifluor. Increasing the centrifugation speed/

force does not appear detrimental and could be optimal for other systems

in order to retain more material (e.g., nonsediment-associated microbes, sin-

gle cells, and smaller aggregates). According to technical support representa-

tives, the fear is more in deforming cells with higher centrifugation speeds than

losing the antibody attachment. We recommended saving supernatants from

the washing steps until satisfied with magneto capture, in the event that steps

need to be repeated or reoptimized during bead attachment. (2) Incubation of

magnetic beads with antifluor attached cells. (3) Removing remaining sedi-

ment and cells that did not attach to beads using a magnetic tube holder. It

is also recommended to retain the first two sedimentwashes until satisfied with

magnetic capture and to evaluate efficiency (number of captured cells/cells

remaining in wash). Bead resuspension between washes should be done as

gently as possible to reduce the strain on bead–cell association. When per-

forming larger reactions, multiply number of reactions by 1 ml Buffer1 to cal-

culate volume of wash to use. Larger magnetic holders for 15- or 50-ml tubes

may also be necessary (DynaMag, Life Technologies). To reduce larger vol-

umes down to 400 ml for extraction, adding additional washes in increasingly

smaller volumes before final suspension in TE may be helpful. After the final

resuspension, it is easier to work with low retention tips as beads can stick to

tips and tubes when in TE.

In Pernthaler et al. (2008), the magnetic beads and antifluor antibodies

were incubated together before application to the sediment. Here, antifluor

and magnetic beads are added in separate, successive reactions. We have

found that addition of the antifluor antibodies independently, followed

by subsequent addition of magnetic beads, resulted in higher recoveries,

likely a result of improved antibody–cell hybridization, which may avoid

steric hindrance caused by bulky magnetic beads during the attachment stage

(R. S. Poretsky and V. J. Orphan, unpublished data). Pernthaler et al. (2008)

also developed a separatory funnel apparatus outfitted with a neodymium
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ring magnet to allow large volumes of buffer to continually wash the mag-

netic beads and attached cells (Pernthaler & Orphan, 2010). To simplify this

procedure, and increase the recovery of cells after magnetic capture, a con-

ventional magnetic tube holder for 1.5- and 50-ml falcon tubes (Dynal) was

used in combination with multiple washes to remove residual sediment par-

ticles and collect the bead-attached cells. We found that these modifications

achieved a similar level of target cell enrichment with small samples.

2.3. DNA processing
2.3.1 Lysis and reversing PFA cross-links
Higher DNA yields have been reported after 48 h cross-link reversal incu-

bation with no degradation of sample (Gilbert et al., 2007), but may not be

necessary if fixation duration and time since fixation are short, or a different

fixative is used. Gilbert et al. (2007) also provide a review of other published

amendments to DNA extraction methods for PFA-fixed DNA that may

provide further insight for optimizing this method for different sample types

or downstream goals.

2.3.2 Extraction and concentration
DNA extraction and concentration methods are based on Sambrook and

Russell (2001) and Crouse and Amorese (1987). Bead beating can be replaced

by vortexing at maximum speed for 10 min. Freeze/thaw cycles can be per-

formed at a range of freezing and thawing temperatures: �80 �C and 65 �C
were chosenbasedonequipment available and for rapid cyclingbetween states.

2.4. Quantification
The extremely low DNA concentrations from Magneto-FISH samples

require the highest possible sensitivity for detection, reduction of sample loss

during quantification, andminimization of contamination during processing

or from reagents (Woyke et al., 2011). For DNA quantification prior to

metagenomic library construction, the use of a Qubit fluorometer and

HS dsDNA Assay kit (Life Technologies) is recommended, though it

may require as much as half of the final DNA extract for the small-scale prep-

aration (5 ml) to obtain a reading above detection.

2.5. PCR and cloning
Archaeal 16S rRNA Primers, annealing 54 �C
• Arc23F (DeLong, 1992;Waldron, Petsch, Martini, & Nüsslein, 2007)—

TCC GGT TGA TCC YGC C
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• U1492R (Lane, 1991)—GGY TAC CTT GTT ACG ACT T

mcrA Primers, annealing 52 �C
• ME1 (Hales et al., 1996)—GCM ATG CAR ATH GGW ATG TC

• ME2 (Hales et al., 1996)—TCA TKG CRT AGT TDG GRT AGT

P. denitrificans, annealing 50 �C
• Bac27F (Lane, 1991)—AGA GTT TGA TYM TGG CTC

• PAR1244R (Neef et al., 1996)—GGA TTA ACC CAC TGT CAC

Hot start Taq DNA polymerases, such as HotMaster (5 PRIME), are rec-

ommended for PFA-fixed samples, especially when trying to amplify larger

(>1000 bp) fragments such as full-length 16S rRNA (Imyanitov et al.,

2006). All Magneto-FISH PCRs were 12.5 ml of total volume containing

1 ml DNA template. The following thermocycler conditions were used:

95 �C initial denaturation of 2 min, followed by 40 cycles of 94 �C for

20 s, annealing for 20 s at temperatures listed above for primers, 1–1.5 min

extension at 72�C, and a final extension of 10 min at 72 �C. PCR reagents

were used at the following concentrations: 1� HotMaster buffer with

25 mM Mg2þ, 0.22 mM dNTPs, 0.2 mM forward and reverse primer,

0.2 U HotMaster Taq per ml reaction. Prior to cloning, an additional

reconditioning PCR step of 5–8 cycles was performed in 25 ml, using 5 ml
of template from the original PCR (Thompson, Marcelino, & Polz, 2002).

Reconditioned PCRs were quantified by gel electrophoresis (1% gel, SYBR

safe stain), filtered (MultiScreen PCR Filter Plate #MSNU03010, Millipore)

to remove primers, and concentrated in 10 ml Tris–HCl (pH 8). Approxi-

mately 4 ml of PCR product was used per reaction according to guidelines

for TOPO TA Cloning Kit for Sequencing with pCR4-TOPO Vector

and One Shot Top 10 chemically competent Escherichia coli (Life Technolo-

gies). An ABI Prism 3730 DNA sequencer was used for all sequencing.

2.6. Phylogenetic analysis of 16S rRNA and metabolic
genes (mcrA)

Translated methyl-coenzyme reductase alpha subunit (mcrA) nucleotide

sequences were added to an mcrA database and aligned in ARB utilizing

the ARB alignment features (Ludwig et al., 2004). 16S rRNA sequences

were aligned using Silva online aligner (Quast et al., 2013) and then impo-

rted into ARB to verify alignment. Representative sequences were selected

from the alignments and cropped to a common region containing no

primers: 451 nucleotide containing positions for mcrA and 901 nucleotide

containing positions for 16S rRNA. Sequences were then exported from

ARB and phylogenies were computed using MrBayes (Ronquist et al.,
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2012). Convergence was determined by an average standard deviation of

split frequencies <0.01. Both phylogenies were computed by nucleotide.

Inverse gamma rates and default recommendations from Hall (2004) were

used for all other MrBayes parameters.

3. RESULTS AND DISCUSSION

3.1. Evaluating the quantification and specificity of
captured targets using general and species-specific
FISH probes

In the initial Magneto-FISH publication by Pernthaler et al. (2008), a

clade-specific probe targeting the archaeal subgroup ANME-2c (probe

ANME-2c_760; Knittel, Lösekann, Boetius, Kort, & Amann, 2005) was

used to successfully enrich this group and physically associated bacteria

from Eel River Basin methane seep sediments, increasing the percentage

of recovered ANME-2c from 26% in the original sediments to 92% of

the Magneto-FISH-captured archaeal diversity. Here, we expand upon this

work, specifically evaluating how FISH probe selectivity affects Magneto-

FISH microbial target selectivity. Five different CARD–FISH probes,

including domain-level and group-specific probes targeting major methane

seep archaeal and sulfate-reducing bacterial groups, were evaluated (Fig. 2.1

and Table 2.2). The three archaeal probes used were ANME-2c_760, Eel-

MSMX_932 (general ANME; Boetius et al., 2000), and Arc_915 (general

archaea; Stahl & Amman, 1991). Two bacterial probes, Seep-1a_1441

(Schreiber, Holler, Knittel, Meyerdierks, & Amann, 2010) and Delta_495a

(Loy et al., 2002), were also used to target Deltaproteobacteria that commonly

associate with ANME archaea. Seep-1a_1441 is a probe designed to hit a

specific subgroup of the Desulfococcus/Desulfosarcina (DSS), shown to be a

dominant partner of ANME-2c archaea in methane seeps (Schreiber

et al., 2010). However, greater diversity of SRB and other bacteria exist

in association with ANME in seeps (Holler et al., 2011; Knittel et al.,

2003; Lösekann et al., 2007; Niemann et al., 2006; Orphan et al., 2002).

Delta_495a targets a broader range of SRB and is expected to recover addi-

tional diversity if present in the sample. This allows investigation of the

effectiveness of target species enrichment, as well as providing information

on the breadth of associated ANME partners.

Total DNA recoveries from each Magneto-FISH capture ranged from

below detection to 1.2 ng, depending on the specificity of the FISH capture

probe (Table 2.2). The total DNA extracted for each sample was consistent
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Figure 2.1 Magneto-FISH probe specificity and related phylogenetic relationships. (A) CARD–FISH epifluorescent image of an ANME-2c (FITC)
aggregate counterstained with DAPI. (B) CARD–FISH epifluorescent image of an ANME-1 (FITC) rod chain counterstained with DAPI. In both
images, cy3 was overexposed to show beads (beads are 5 mm for scale). (C) Consensus trees of Archaeal 16S rRNA (white boxes) and mcrA
(gray boxes) genes with ANME clade (16S rRNA) and Group (mcrA) names separated by a slash. All other group names apply to both trees. The
target range of CARD–FISH probes ANME-2c_760 and Seep1a_1441 (dashed), Eel_932 and Delta_495 (dashed with dots), and Arc_915 (solid)
are indicated in the trees and table. (D) Table includes percent of total archaeal clones from each Magneto-FISH capture for each archaeal
group. Thermoplasmatawas not included in the trees but is shown in the table to demonstrate the full diversity recovered. NomcrA group a–b
or f was recovered from Magneto-FISH or Bulk samples, and is not included in the table. mcrA clone libraries were not constructed for the
Arc_915 Magneto-FISH capture.



with the predicted yield based on oligonucleotide probe specificity, where

clade-specific probes (ANME-2c_760 and Seep-1a_1441) yielded lower

DNA recoveries relative toMagneto-FISH captures with more general pro-

bes (Eel-MSMX_932, Delta_495a, and Arc_915). The DNA recovered

from the group-specific Seep-1a_1441 probe is reported as not detected

in the table; however, only 1 ml (10%) of the total DNA extract was quan-

tified to preserve sample material. Typically, 5 ml (50%) was necessary for

detection of other Magneto-FISH captures. Based on PCR amplification,

the Seep-1a_1441 Magneto-FISH capture most likely recovered a DNA

concentration similar to that observed with ANME-2c_760.

In an attempt to quantify the level of confidence in Magneto-FISH

microbial associations, we spiked a bulk sediment sample with a known vol-

ume of an alien cultured organism, P. denitrificans. This pure culture has a

diagnostic morphology and was not detected in any of our bulk sediment

analyses. After confirming with FISH and microscopy that the introduced

P. denitrificans cells were present in the sediment sample after fixation and

at an environmentally relevant concentration (visible in each field of view,

but not a dominant species), this spiked sample was used for Magneto-FISH

with the Eel-MSMX_932 probe. Using a primer specific to P. denitrificans

(Neef et al., 1996), DNA recovered from the capture did not reveal

P. denitrificans contamination after 40 cycles of PCR. There was also positive

PCR amplification of P. denitrificans from the spiked bulk sediment DNA

extraction. Universal bacterial 16S rRNA primers were used to confirm that

the Eel-MSMX_932 þ P. denitrificans sample did not have amplification

inhibition. This suggests that microorganisms associated with target

Magneto-FISH samples are unlikely present due to nonspecific attachment

during the Magneto-FISH or sample preservation protocol.

To evaluate Magneto-FISH enrichment of target species, clone libraries

for both archaeal 16S rRNA and mcrA were constructed (Fig. 2.1). mcrA

encodes for an enzymatic step common tomethanogenic andmethanotrophic

archaea (Hallam, Girguis, Preston, Richardson, & DeLong, 2003; Luton,

Wayne, Sharp, & Riley, 2002). Conserved regions can be used as a measure

of archaeal diversity in methane seeps, with similar tree topology to archaeal

16S rRNA (Hallam et al., 2003, 2011; Luton et al., 2002). Parallel analysis of

16S rRNA and metabolic gene diversity in Magneto-FISH capture experi-

ments using complementary (or nested; Amann, Ludwig, & Schleifer,

1995) suites of FISH probes with differing specificities can assist in evaluating

the affiliation of specific metabolic genes with a 16S rRNAphylotype. Results

from five independent Magneto-FISH capture experiments using different
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probes on the same starting material recovered the predicted level of archaeal

diversity, based on the specificity of the capture probe. For example, archaeal

16S rRNA diversity recovered from ANME-2c_760 and Seep-1a_1441

Magneto-FISH experiments was 100% affiliated with the ANME-2c group,

with parallel mcrA analysis recovering 95% and 100% of mcrA groups c/d,

respectively. The DSS-affiliated Seep-SRB1a group has been shown in envi-

ronmental FISH surveys to predominately pair with ANME-2c (Schreiber

et al., 2010). The abundance of ANME-2c in both the archaeal 16S rRNA

and mcrA gene surveys from the SRB-targeted Seep-1a_1441 capture is con-

sistent with these findings. These experiments support the results from

Pernthaler et al. (2008), demonstrating that high specificity can be achieved

with Magneto-FISH. These data also demonstrate the ability to corroborate

a microbial association hypothesis, such as ANME-2c/Seep-SRB1a

(Schreiber et al., 2010), with complementary Magneto-FISH experiments.

The interesting pattern of ANME-2 diversity in the more general

Eel-MSMX_932 and Delta_495a Magneto-FISH samples is another exam-

ple of the more nuanced information that can be recovered by this tech-

nique. Note that the simplified trees in Fig. 2.1 do not resolve the

distinction between ANME-2a and ANME-2b; ANME-2b sequences form

a coherent clade related to the ANME-2a group (see Figure 2 in Orphan

et al., 2001). While ANME-2a and ANME-2b were equally represented

in the bulk sediment diversity survey, these closely related archaeal groups

showed differential distribution in the Eel-MSMX_932 and Delta_495a

Magneto-FISH captures. While these two probes are expected to have sim-

ilar levels of target group specificity in this system, ANME-2a was not

detected in Eel-MSMX_932 samples and conversely ANME-2b was absent

in the Delta_495a capture. The Eel-MSMX_932 probe was designed to

target all Eel River Basin clones affiliated with the order Methanosarcinales

(Boetius et al., 2000), but archaeal 16S rRNA ANME-2 diversity contained

ANME-2c (81%) and ANME-2a (19%) sequences and no ANME-2b. The

Delta_495a Magneto-FISH capture, selecting for general Deltaproteobacteria,

recovered an equal number of ANME-2c and ANME-2b clones (42%), as

well as 17% affiliated with ANME-1, but no ANME-2a. This would suggest

that, in this sample, ANME-2c and ANME-2bmight be more likely to form

associations with Deltaproteobacteria than ANME-2a. These hypotheses can

be tested with independent FISH hybridization experiments with the orig-

inal sediment sample (see, e.g., Pernthaler et al., 2008).

Magneto-FISH can also aid in correlating diagnostic metabolic genes

(e.g., mcrA, dsrAB, aprA, nifH, etc.) to 16S rRNA identity. Since 42% of
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the clones in the Delta_495a capture were ANME-2b, mcrA sequences that

are distinct from the previously described ANME-1 group a–b or ANME-

2c affiliated group c–d may be associated with ANME-2b, a currently

undefined mcrA group designated here as e0. The bulk sediment distribution

within ANME-2 archaeal 16S rRNA sequences alone is 64%—2c, 18%—

2b, 18%—2a. The Delta_495a ANME-2 archaeal 16S rRNA distribution is

50%—2c and 50%—2b. The bulk sediment distribution of ANME-2 mcrA

sequences is 75%—c–d (2c), 4%—e0 (2b), 21%—e (2a). The Delta_495a dis-

tribution of ANME-2 mcrA sequences is 63%—c–d (2c), 37%—e0 (2b),
0%—e (2a). Since all three ANME-2 groups are found in both archaeal

16S rRNA and mcrA clone libraries for bulk sediment, but only 2c (c–d)

and 2b (e0) are found in Delta_495a, there are multiple lines of evidence

to support the hypothesis of group e0 mcrA. It should also be noted that

the mcrA primers are not complementary to the majority of ANME-1

sequences, so investigation of ANME-1 correlations between archaeal

16S rRNA and mcrA was not possible.

3.2. Optimization for metagenomics
Advances in library preparation and high-throughput sequencing protocols

have significantly lowered the required amount of DNA for metagenomics

(as low as 1 ng DNA with the Nextera XT). However, our small-scale

Magneto-FISH captures yield DNA in amounts that are still below current

thresholds without including a post-DNA amplification (e.g., MDA), sim-

ilar to that used in single-cell genomics (Woyke et al., 2011 and other chap-

ters in this volume) and in the Magneto-FISH ANME-2c metagenome

(Pernthaler et al., 2008).

To determine where the protocol could be optimized to increase recov-

ery and DNA yield, we evaluated the losses associated with the different

steps of the Magneto-FISH protocol. The Magneto-FISH cell retention

efficiency was assessed by extracting DNA from wash step supernatants dur-

ing a large-scale Magneto-FISH ANME-2c_760 capture (Table 2.3). The

DNA concentration of the supernatants was then compared to the amount

of DNA extracted from PFA-fixed bulk sediment of the same initial volume

(3 ml slurry). We estimate that �6% total DNA is lost during the initial liq-

uid CARD–FISH hybridization. An additional 28% is lost after the antibody

(IgG) incubation, which can be improved by increasing the speed during

centrifugation (discussed in Section 2). The sample remaining in the

post-capture wash is due to both intended (selectivity from magnetic
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capture) and unintended (poor hybridization and/or unsuccessful magnetic

capture) losses. The DNA yield from Magneto-FISH before the magnetic

capture step can be estimated by adding the DNA recovered from the

post-Magneto-FISHwash (430 ng) to the yield fromMagneto-FISH sample

(145 ng) for a total of 575 ng. Using the specific ANME-2c_760 capture

probe, the DNA yield from ANME2c-760 Magneto-FISH is 25% of this

estimated total yield. As 33% of the recovered bulk sediment clones are

ANME-2c, this is close to the expected level of selectivity. Assuming

ANME archaea are the dominant archaea and about one-third of the total

microbial assemblage based on the ANME:SRB ratio of 1:3 from other

Hydrate Ridge studies (Nauhaus, Albrecht, Elvert, Boetius, & Widdel,

2007; Orphan & House, 2009), and one-third of those archaea are

ANME-2c (bulk clone library results, Fig. 2.1D), then one-sixth of the bulk

sediment-extracted DNA would result in a theoretical yield of 166 ng. The

experimental ANME-2c DNA yield (144.6 ng) is 87% of this

theoretical yield.

We also examined DNA extraction efficiency by testing a range of

methods to improve cell lysis, removal of formalin cross-links, and losses

during DNA precipitation. As discussed in the methods, implementation

of an extended heating step was found to reduce PFA cross-linking issues

and yielded the greatest improvement to DNA extraction efficiency. The

use of conventional organic extraction with phenol:chloroform resulted

Table 2.3 Sample retention efficiency by DNA recovery during major steps of the
Magneto-FISH protocol
Sample Total DNA (ng) Bulk yield (%)

ANME-2c_760, post-capture sample 144.6 14

ANME-2c_760, post-liquid CARD–FISH 63.4 6

ANME-2c_760, post-IgG 276.3 28

ANME-2c_760, post-capture wash 430.5 43

Bulk 1000.0 –

DNA recovered from different stages of a large-scale ANME 2c-760 Magneto-FISH sample to examine
losses and selectivity. Initial sample was from 3 ml of PFA-fixed slurry in EtOH. The percent bulk yield is
calculated by dividing the total DNA recovered at each Magneto-FISH step (accounting wash volume
differences) by the total bulk DNA recovered from a same volume of paraformaldehyde-fixed sediment.
ANME2c-760, post-capture sample is target cells attached to beads at the end of the protocol. ANME2c-
760, post-liquid CARD–FISH is a 50 ml 1� PBSwash supernatant. ANME-2c_760, post-IgG is the super-
natant after 300� g spin to remove remaining antibody. ANME-2c_760, post-capture wash is the sediment
and Buffer1 removed after the first wash when the sample is in the magnetic holder (remaining
nontarget cells).
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in higher yields than tested kit protocols (PowerSoil DNA Isolation Kit,

MO BIO). Recovery of DNA after ethanol precipitation was enhanced

by the use of ammonium acetate and linear acrylamide at 0 �C (Crouse &

Amorese, 1987) and maximum recovery tubes. The theoretical yield of bulk

sediment DNA per milliliter slurry is 10�6 g ml�1. This is based on 107

aggregates per milliliter sediment slurry (calculated for this study) and esti-

mates of 102 cells per aggregate (Nauhaus et al., 2007) and 10�15 DNA per

cell (Button & Robertson, 2001; Simon & Azam, 1989). Although this cal-

culation does not account for single cells that also contribute to the bulk

DNA, single cells are estimated to be 10% or less of the total biomass at

Hydrate Ridge (Nauhaus et al., 2007). This theoretical yield is the same

order of magnitude as the bulk sediment DNA (experimental) yield of

1000 ng ml�1 sediment slurry, indicating efficient DNA extraction.

The age of the fixed sample (time since fixation) and length of fixation

time can also impact the success of the Magneto-FISH capture and DNA

recovery. Freshly fixed samples are recommended, when possible. We also

evaluated ethanol as an alternative fixative to reduce cross-linking issues dur-

ing DNA recovery. While CARD–FISH signals were not as bright, bead

association was successful and expected clone diversity was recovered. Fix-

ative choice and strength are recommended optimization areas for applica-

tion of Magneto-FISH to other systems.

We also evaluated the ability of the Magneto-FISH procedure to meet

metagenomic library preparationDNA concentration requirements without

MDA amplification, by scaling up starting sample volume (large-scale

Magneto-FISH prep). This large-scale prep is similar to the procedure orig-

inally reported in Pernthaler et al. (2008) and outlined in Schattenhofer and

Wendeberg (2011) with a few modifications to the magnetic capture and

washing steps (described in Section 2). In the large-scale Magneto-FISH

prep, 3 ml of sediment slurry was used instead of 0.1 ml. From this volume

of slurry, 48.2 ng DNAml�1 slurry was obtained using the ANME-2c_760-

specific probe. This is almost 14 times more DNA than a small-scale

ANME-2c_760 capture and enough DNA for library preparation using

the Nextera XT kit (minimum 1 ng) for Illumina miseq or highseq sequenc-

ing. However, the gain in total DNA yield also corresponded with a

decrease in specificity. Only 53% of the 16S rRNA phylotypes associated

with ANME-2c, compared with 100% in small-scale Magneto-FISH cap-

tures. The scaled-up protocol is still useful for enrichment of the target pop-

ulation, with 33% of the archaeal diversity associated with the ANME-2c

target relative to 20% in the bulk sediment. For the larger volume
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Magneto-FISH protocols, the incorporation of more extensive washing

procedures using a separatory funnel apparatus (described in Pernthaler

et al., 2008; Schattenhofer & Wendeberg, 2011) may aid in the removal

of contaminating particles and enhance enrichment of the microbial target.

Sample specificity and DNA yield should therefore be optimized for

downstream needs; if high specificity is required, then pooling many

small-scale reactions is recommended; otherwise, one large-scale reaction

may be sufficient. It is also recommended that any samples that need be com-

pared are run together with the same conditions and reagents to reduce any

methodological variation.

3.3. Optimization for other environmental systems
This Magneto-FISH protocol was developed and optimized for sediment-

associated aggregated microorganisms, so optimal application to other systems

likely requires adjustments to the liquid CARD–FISH protocol and washing

steps for optimal cell recovery. Schattenhofer andWendeberg (2011) reported

enrichment of single SRB cells from hydrocarbon-contaminated sediment

using a Magneto-FISH protocol similar to Pernthaler et al. (2008).

Schattenhofer and Wendeberg incubated cells with magnetic beads already

labeledwith antibodies,whichmay reduce single cell loss during antibodywash

steps in the method described here.

To evaluate the method presented here for single-cell Magneto-FISH, we

focused on ANME-1. ANME-1 are found predominately as single cells or

chains of single cells, rather than in association with SRB, at Hydrate Ridge

and have a distinctive rod-shaped morphology (observation for this study and

Knittel et al., 2005). When using the general Arc_915 probe to target all

archaea in small-scale Magneto-FISH experiments, we were able to recover

ANME-1 phylotypes at bulk sediment clone abundance. We also observed

single cells and chains attached to beads, indicating the potential to enrich

for nonaggregated cell types using this Magneto-FISHmethod.We then tried

Magneto-FISH with an ANME-1-specific probe to select for a single-cell

population.We used ANME-1_350 (Boetius et al., 2000) with 30% formam-

ide. We confirmed single cells and chains attached to beads by microscopy

(Fig. 2.1B). However, we did not recover quantifiable amounts of DNA

and clone abundances were below bulk sediment ratios of ANME-1. Since

ANME-1 represented 44% of the recovered archaeal bulk sediment diversity,

this should not be due to issues with targeting too small a population.

A possible explanation is that more specific probes are more successful if

they work at a higher stringency. When testing Magneto-FISH without
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adding probe or adding nonsense probes at 5–10% formamide, it is possible

to collect nonspecifically bound aggregates. Nonspecific capture was con-

firmed by microscopy (beads attached to aggregates without any CARD sig-

nal) and DNA extraction yields. DNA yields from these samples were below

or near the limit of detection, but similar to the DNA concentration of

ANME-2c_760 and Seep-1a_1441 samples. However, ANME-2c and

Seep-1a captures return only the expected single species and do not show

signs of nonspecific binding. ANME-2c_760 (50%) and Seep-1a_1441

(40%) probes had higher formamide concentrations than ANME-1_350

(30%). Only less specific probes such as Arc_915 andDelta_495a (25% form-

amide) returned the expectedpopulation at lower formamide concentrations.

Optimization of Magneto-FISH for other systems and/or nonaggregate for-

ming populations may be more successful when utilizing probes with

targeted, high specificities.

4. SUMMARY

Magneto-FISH provides a method to target microbial associations

from environmental samples for metagenomic and other molecular analyses

with high specificity. It is adaptable to a range of target populations within a

system, working from the vast array of already vetted FISH probes or devel-

oping new ones. It is also an affordable technique since it does not require

any special training or equipment beyond the contents of a normal micro-

biology laboratory. While the method was designed for ANME-2 aggre-

gates and associated bacteria, it can be applied to, and optimized for, a

range of microbial systems utilizing the recommendations described herein.

By enriching for associations prior to metagenomic analysis, the genetic

information obtained is for a working partnership that may otherwise be lost

in a bulk environmental analysis. This middle ground will be invaluable in

the effort to better understand all levels at which microbes function in an

environment and, in particular, in understanding howmicrobial associations

on small scales reflect larger scale chemical and nutrient cycling.
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Abstract

Symbioses between microbes are likely widespread and functionally relevant in diverse
biological systems; however, they are difficult to discover. Most microbes remain
uncultivated, symbioses can be relatively rare or dynamic, and intercellular connections
can be delicate. Thus, traditional methods such as microscopy are inadequate for effi-
cient discovery and precise characterization of novel interactions, their metabolic basis,
and the species involved. High-throughput metagenomic sequencing of entire micro-
bial communities has revolutionized the field of microbial ecology; however, genomic
signals from symbionts can get buried in sequences from abundant organisms and evi-
dence for direct links between microbial species cannot be gained from bulk samples.
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Thus, a specialized approach to the characterization of symbioses between naturally
occurring microbes is required. This chapter presents methods for combining
fluorescence-activated cell sorting to isolate and separate uncultivated symbionts with
molecular biology techniques for DNA amplification in order to characterize
uncultivated symbionts through genomic and metagenomic techniques.

1. INTRODUCTION

Symbioses occur between microorganisms in diverse biological sys-

tems. These associations range from delicate connections at cell surfaces

to integration of one symbiont into the cell of another, similar to an organ-

elle. The metabolic basis for the symbioses, the types of cellular structures

that link cells, their dynamics, and the relative autonomy of the symbiotic

partners, are likely as diverse and ecologically relevant as microbes

themselves.

The majority of microbes remain uncultivated, so study of complex nat-

ural microbial communities is required to discover and characterize novel

symbioses. Coupling of microscopy to fluorescence in situ hybridization

(FISH) has been a successful approach to studying uncultivated symbioses

(Orphan, House, Hinrichs, McKeegan, & DeLong, 2001). However, these

traditional methods are limited for several reasons. Morphological features of

the symbioses can be damaged during sample handling. This is relevant to

epiphytic symbioses or symbioses between delicate cells. Use of untreated

samples could reduce artifacts and preserve intercellular connections, but

garnering enough precise measurements of the symbionts’ cellular parame-

ters for statistical power is tedious. To characterize metabolisms of symbi-

onts, studies have applied stable isotope analysis along with FISH

(Orphan et al., 2001). However, assessing the full metabolisms and evolu-

tionary histories of symbionts is limited without genomic or metagenomic

analysis and it would be difficult to recover intact cells from FISH prepara-

tions for whole-genome sequencing. An ideal approach to characterizing

uncultivated symbionts will combine high-throughput methods that yield

data on cellular parameters, phylogeny, and metabolism.

Fluorescence-activated cell sorting (FACS) is a widely chosen method

for separating and concentrating cells from complex samples prior to geno-

mic analysis. Other methods such as serial dilution (Zhang et al., 2006),

micromanipulation (Hongoh et al., 2008; Kvist, Ahring, Lasken, &

Westermann, 2007), laser-capture microdissection (Navin et al., 2011),
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Raman tweezers (Brehm-Stecher & Johnson, 2004; Huang, Ward, &

Whiteley, 2009), and microfluidics (Blainey, Mosier, Potanina, Francis, &

Quake, 2011; Marcy et al., 2007) have also been used effectively to separate

cells prior to genetic or genomic analysis. However, for characterizing

uncultivated symbionts, these methods fall short of FACS in a number

of ways.

FACS machines deposit single events (individual cells or multiple cells in

association) into a variety of vessels quickly and accurately (Ibrahim & van

den Engh, 2003, 2007). Precise assessment of pigment, cell size, membrane

features, and genetic composition (cell-cycle analysis) can be obtained in

minutes for thousands of events (Ibrahim & van den Engh, 2007). Contam-

inating DNA is limited because only a very small droplet of liquid from the

source sample and sheath fluid accompanies each sorted event

(Stepanauskas & Sieracki, 2007). Finally, FACS is a relatively gentle. The

laminar flow fluidics of FACS prevents disruption of cells during sorting

and this is critical in the study of potentially delicate symbioses

(Ibrahim & van den Engh, 2007).

Genomic analysis can dramatically increase understanding of the basis for

cellular interactions and the ecosystem function of symbionts beyond mea-

suring cellular parameters (Tripp et al., 2010). However, current next-

generation sequencing applications require more nucleic acids than can

be obtained from thousands of sorted microbes. Thus, coupling FACS to

nucleic acid amplification methods is essential.

MDA is a major advance over using PCR for whole-genome amplifica-

tion (WGA) (Cheung & Nelson, 1996; Dean, Nelson, Giesler, & Lasken,

2001; Telenius et al., 1992; Zhang et al., 1992). MDA uses the Phi29

DNA polymerase to generate high quantities of double-stranded DNA that

can be longer than 10 kb, making it an excellent starting material for

sequencing applications and genomic analyses (Fig. 3.1).

Besides MDA, other nucleic acid amplification techniques can also be

useful in characterizing microbial symbioses (Fig. 3.1). Especially in delicate

associations, one symbiotic partner may remain unknown. In these cases,

FACS can be coupled to nested PCR, which is applied to sorted single

events (host–symbiont complexes), to amplify phylogenetically relevant

genes for sequencing. This is a relatively low-cost method of identifying

symbiotic partners before further sequencing efforts (Thompson et al.,

2012) (Fig. 3.1).

Together FACS, MDA, and nested PCR can provide researchers with

information on the species specificity of symbiotic associations, metabolic
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potential, ecological function, and evolutionary history of uncultivated

microbial symbionts. This chapter focuses on how FACS can be coupled

with genomic analysis to identify and characterize uncultivated symbionts

(Fig. 3.1).

2. FLUORESCENCE-ACTIVATED CELL SORTING

2.1. Flow cytometer features
While several high-throughput flow sorters are available, the BD Biosci-

ences Influx™ Cell Sorter has been the FACS of choice for several recent

studies on uncultivated symbionts (Cuvelier et al., 2010; Tripp et al., 2010;

Vaulot et al., 2012; Zehr et al., 2008). The Influx™ can be equipped with

10 laser paths supporting collection of 24 data parameters, with the choice of

lasers dependent on target cell types. A 488 nm laser (Sapphire Coherent) is

commonly used to study phytoplankton as it excites chlorophyll a (measured

with a band-pass optical filter of 692–40 nm) and other autofluorescent pig-

ments such as phycoerythrin (572–27 nm). Unpigmented cells can be sta-

ined with SYTO-13 (Invitrogen, Carlsbad, CA) (Del Giorgio, Bird,

Figure 3.1 Strategy to characterize uncultivated microbial symbionts using FACS
coupled to MDA for genomic analysis and to nested PCR for identification of unknown
partner cells to suspected symbionts. Dashed line represents strategies for symbiont
characterization that are effective following identification of all symbiotic partners.
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Prairie, & Planas, 1996; Stepanauskas & Sieracki, 2007) and 40,6-
diamidino-2-phenylindole and detected using the 488 nm or UV laser

(355 nm) (JDS Uniphase Xcyte Laser), respectively. The multiple lasers of

the Influx™ are especially useful when cells are hybridized to synthetic or

antibody-based probes. Functional fluorophores are available across the light

spectrum and are another means of distinguishing between cell populations

via FACS (Orcutt et al., 2008).

2.2. Preparation for sorting
Tominimize contamination, ultraclean conditions are required for cell sorting

prior to DNA amplification. Sample collection tubes and the sheath fluid res-

ervoir are treatedwithUV for 2 h before filling (Rodrigue et al., 2009). Sheath

fluid may be as simple as a 1% NaCl solution prepared with UV-treated

ddH2O and heat combusted NaCl (450 �C for 4 h), or a commercially avail-

able formula such as BioSure (BioSure, Grass Valley, CA, USA). Sheath fluid

and sample lines are cleaned by running warmwater followed by bleach solu-

tion (5–10%) and extensive flushing with UV-treated, DNA-free ddH2O

(Rodrigue et al., 2009; Stepanauskas & Sieracki, 2007).

Nozzle diameter sizes from 70 to 200 mm are available for the Influx™.

A 70-mm nozzle is commonly used and reliably sorts cells less than 10 mm in

width. Larger nozzles provide more reliable sorting of large particles (up to

25 mm for the 140-mm nozzle) and blockages are less likely when processing

samples containing large particles. However, sort droplet size increases with

nozzle size, which increases chances of contamination from the sheath fluid.

Lower sorting efficiency due to coincident drop occupancy is also a disad-

vantage of larger nozzle diameters. Choosing the smallest diameter nozzle

that still allows sorting of the largest target cells is recommended.

2.3. Sorting
The Influx™ default for triggering data collection and sorting is light scatter

in the forward direction (FSC). After preparing the fluidics, the laser align-

ment and focus are optimized using standard fluorescent beads (Spherotech,

Lake Forest, IL). The Influx™ is equipped with FACS™ Software (BDBio-

sciences) providing users a flexible interface to optimize analysis settings,

create sort gates, and collect data. Graphical interpretations and data analysis

are conducted in FlowJo (Tree Star, Inc., Ashland, MA, USA).

Environmental samples may contain organisms or particles that are larger

than the nozzle diameter. Prefiltration of samples with a pore size smaller

than the nozzle diameter (Partec Celltrics, Swedesboro, NJ, USA) will
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reduce risk of clogging the sample line or nozzle opening. The maximum

sort rate of the Influx™ is 40,000 events per second (Ibrahim & van den

Engh, 2007). For environmental samples, diluting the sample to an event

rate of less than 1000 events per second will reduce coincident drop occu-

pancy and enhance sorting efficiency. When sorting single cells, additional

dilutions or sorting target cell populations twice can help to guarantee pure

single-event sorts (Rodrigue et al., 2009). Setting the sort mode drop count

(1.0 Drop, 2.0 Drop, or 1.5 Drop) and sort mode attributes (Enrich, Single,

Pure, Yield, or Recovery) allow choices in tradeoffs between sorting

efficiency and purity (refer to the Influx™ user manual).

2.4. Locating the target symbiont population
Most environmental samples contain numerous populations of microbes in

addition to the target symbiotic organisms. In order to proceed efficiently

with DNA amplification and sequencing after sorting, it is necessary to iden-

tify a cell population that is enriched in the target symbionts. Identification

of the best sort region is accomplished by screening sorted populations of

unknown cells with a quantitative assay specific for one or both of the sym-

bionts (Zehr et al., 2008). The sort region determined to contain the target

organism(s) is a source of template for MDA or nested PCR.

Sort gates are created as a matrix of overlapping rows and columns that

encompass all cell populations in the sample (Fig. 3.2). Cell populations

known not to contain the target symbionts may be excluded from the sort

gates to enrich sorts of target symbionts. For example, the strong phycoer-

ythrin signal of the marine cyanobacterium Synechococcus can be used to

exclude these cells from sorts.

Efficient and quantitative screening of row and column sorts is best car-

ried out by a phylogenetically selective assay such as quantitative real-time

PCR (qPCR) targeting one or both symbionts. The qPCR assay is applied

to whole cells so sample losses that accompany DNA extraction are

prevented. Preparation of all reagents, tubes, and plates is conducted in a

UV-treated PCRworkstation to prevent contamination. Before sorting, fill

wells of qPCR tubes or plates with 10 ml of nuclease-free water. Initially,

sort populations of 500 cells per gate into each well, in replicate, and screen

alongside standards and no template controls (NTC) in a real-time thermal

cycler. The area of overlap between positive (amplification of the target gene

by qPCR) rows and columns pinpoints the sort region that contains the most

target symbiont (Fig. 3.2).
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3. METAGENOMIC SEQUENCING OF UNCULTURED
SYMBIONT POPULATIONS

Genomic analysis can be instrumental in determining the metabolism

of uncultivated symbionts (Tripp et al., 2010). However, genome sizes of

symbiotic partners can be vastly different. Especially in symbioses between

bacteria (smaller genomes) and microbial eukaryotes, whose genomes can be

much larger or present in multiple copy numbers, it is advantageous to iso-

late the one partner in an enriched sample to ensure adequate genome cov-

erage following sequencing. WGA via MDA is effective at amplifying even

very small amounts of DNA from sorted cells for next-generation

sequencing.

Figure 3.2 Flow cytometry density plot of 47,000 events from a coastal seawater sam-
ple showing multiple populations of unknown phytoplankton. Darker shading indicates
higher numbers of cells. Sort gates of rows (R) and columns (C) are positioned to cover
all phytoplankton populations. The sorts from each row and column are screened with a
qPCR assay specific to one symbiont. In this example, the qPCR screenwas positive (bold
type) for cells from gates C3 and R1, meaning the target population is present where
these gates overlap (large black box). With this information, additional sorts of cells from
two smaller gates (r1 and r2) are conducted and the target symbiont population is
pinpointed in r2. Standard 3 mm diameter beads (b) are included for internal reference.
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The enzyme Phi29 and kits forMDA are commercially available through

several companies. Previous work for sequencing symbiont populations

used the GenomiPhi V2 DNA amplification kit (GE Healthcare Life

Sciences) (Zehr et al., 2008), and more recent studies performing MDA

on single cells or cell populations have used the Qiagen RepliG Mini or

Midi kit (Bench et al., 2013; Reyes-Prieto et al., 2010; Yoon et al.,

2011) or RepliPhi Phi29 DNA polymerase (Epicentre Biotechnologies)

(Rodrigue et al., 2009) with success. Studies comparing a variety of

WGAmethods found that RepliG produced the highest yields of DNAwith

the least amplification bias across the genomes (Pan et al., 2008; Pinard et al.,

2006). In MDA reactions with very little template DNA, a significant con-

cern is the production of template-independent products (TIPs), which can

contaminate sequencing processes and confound bioinformatic analyses. To

avoid TIP contamination, start with larger numbers of cells (e.g., >5000

cells per reaction) when possible and limit the MDA reaction incubation

time (Pan et al., 2008). The number of sorted cells will depend on their

abundance in the sample, the expected diversity of the target population,

difficulty of cell lysis, or numbers of nontarget contaminating cells in the sort

gate. Amplification of genomic DNA from very few (1–100) Prochlorococcus

cells reached a maximum product yield within 5 h of incubation, with evi-

dence of TIP production after 6 h (Rodrigue et al., 2009). Based on those

results, the protocol below keeps MDA incubation times at 5.75 h.

3.1. Sampling to separate symbiotic partners
Separation of symbiotic partners depends on the physical strength of their

attachment. For delicate marine associations, symbiotic partners are sepa-

rated by filtration to concentrate the sample, vortex mixing, and a freeze/

thaw cycle. 100-fold concentrated samples are created by filtering 1 l of sea-

water onto Type GVDurapore filters (pore size depends on expected size of

target symbionts) with 10 psi vacuum pressure. The damp filter is immedi-

ately placed in a 15 ml polypropylene tube with 10 ml of sterile (0.22 mm
filtered) seawater with the cell-covered side submerged and facing the center

of the tube. Vortexing resuspends the cells from the filter. The concentrated

sample is frozen in liquid nitrogen and stored at �80 �C.
Prior to FACS analysis, the cell concentrate is thawed on ice then mixed

again by vortexing. The freeze–thaw cycle should disrupt any delicate inter-

cellular connections and leave the one symbiont intact as in a study on sym-

biotic cyanobacteria (Thompson et al., 2012; Zehr et al., 2008). Once
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thawed, the concentrated sample is used as soon as possible and certainly

within a few hours.

3.2. Performing MDA on sorted cells
From the concentrated sample, sorts of the target cell population are directed

into 100 ml aliquots of 1� Tris–EDTA buffer (10 mM Tris, 1 mM EDTA,

pH 8.0), in replicate, in sterile microfuge tubes. Briefly, spin the tubes to

collect any cells that may have landed on the tube walls and store

at �80 �C until MDA.

A modified version of a user-developed protocol for MDA using the

Qiagen RepliG Midi DNA amplification kit is appropriate for starting with

whole cells (Bench et al., 2013) and is as follows:

The 1.5-ml tubes used to receive sorted cells are marked where the pellet

will collect, then centrifuged at 14,000 rpm (20,800� g) for 40 min. Fol-

lowing centrifugation, use a fine pipette tip to remove supernatant, while

avoiding the pellet, which may not be visible. Vortex or flick tubes vigor-

ously to resuspend the cell pellet in any remaining liquid.

To each sample, add 2.5 ml of PBS and mix well. Then add 3.5 ml of
Qiagen Buffer D2 (2.5 ml 1 mM DTT and 27.5 ml Buffer DLB) and mix

well. Incubate the samples at 65 �C for 5 min, then place the samples on

ice and add 3.5 ml of Qiagen Stop buffer. Next, prepare the reaction master

mix in sterile UV-treated tubes. For one reaction, mix 10 ml RT-PCR grade

H2O (Ambion, Life Technologies), 1 ml RepliG Midi DNA Polymerase,

and 29 ml RepliGMidi Reaction Buffer. Combine one aliquot of the master

mix (40 ml) with the cell lysis mix in a sterile PCR tube and incubate at

30 �C for 5–16 h (5.75 h is recommended, see above) in a thermal cycler

with a heated lid. Following isothermal amplification, heat samples to

65 �C for 5 min, cool to 4 �C, then store at �20 �C. Positive and negative

control reactions are amplified alongside sorted cells. Prior to submission for

next-generation sequencing, amplified genomic DNA should be quantified

using Pico Green (Invitrogen Corporation, Carlsbad, CA) and checked for

quality and fragment-size distribution using the Agilent 2100 Bioanalyzer

(Agilent Technologies, Inc., Santa Clara, CA) DNA 7500 or 12000 chip.

3.3. Sequencing and bioinformatic analysis
of symbiont genomes

The choice of platform for sequencing the genome of a newly isolated or

identified symbiont will depend on a variety of factors, particularly genome
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size and available financial and computational resources. Nucleic acid

sequencing technology has advanced rapidly in the past two decades, from

capillary electrophoresis of dye-terminator Sanger sequencing to

pyrosequencing and more recently to very high-throughput platforms

which produce enormous amounts of sequence data (for a recent review,

see Shokralla, Spall, Gibson, & Hajibabaei, 2012). Despite the advancing

technologies, the older platforms remain available to researchers because

each method has some advantages over the others. For example, Sanger

sequencing is the most expensive (cost-per-base) technology, but none of

the newer technologies can yet match its standard 1000-base read-length.

So, for small-scale projects that require long continuous reads but do not

require very deep coverage, Sanger sequencing is optimal. At the other

end of the spectrum are the ultra-high-throughput technologies (e.g.,

SOLiD and Illumina) that have a very low cost-per-base and produce

millions of shorter (50–250 bp) reads in one instrument run, making them

a good choice for large genome or metagenome projects. One disadvantage

of shorter reads is a reduced ability to assemble genomes without a reference

(i.e., de novo assembly). However, the tremendous depth of coverage and

especially the availability of mate-paired or paired-end sequencing have

enabled successful de novo genome assembly of microbes (Iverson et al.,

2012). Furthermore, a direct comparison of pyrosequencing to Illumina

sequencing of a freshwater microbial community showed that, despite its

shorter read lengths, paired-end Illumina data produced comparable assem-

blies in terms of contig length and the portion of the community represented

(Luo, Tsementzi, Kyrpides, Read, & Konstantinidis, 2012). Of course,

processing and analyzing the enormous amount of sequence data produced

by the newest technologies also requires team members with bioinformatics

expertise and significant computer power (typically, multiprocessor, multi-

disk servers). Pyrosequencing technology falls between the two extremes in

both cost and read-length and is a good option for small- to mid-sized

genomes (or metagenomes) or for researchers without access to high-end

computing capabilities. Paired-end libraries can also compensate for the

lower depth of coverage provided by pyrosequencing to enable de novo

genome assembly as evidenced by the study of a symbiont whose symbiotic

lifestyle was only postulated at that time (Tripp et al., 2010).

A wide variety of bioinformatic tools are available for assembly and

annotation of genomic data generated using next-generation sequence data.

As with sequencing technologies, these tools are continually evolving and

the choice of tool or pipeline is often determined by the user’s experience
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and preferences. For sequence data from MDA product, it is important to

screen out TIP or contaminant sequences. However, analyzing all the indi-

vidual reads produced by current technologies requires significant compu-

tational time and processor power. Assembly can condense millions of reads

into a manageable number of contigs. Pyrosequencing (i.e., 454) data can be

assembled using the GS Data Analysis Software package (http://www.454.

com/products/analysis-software/), but the best program for de novo assem-

bly of Illumina data is debated (for detailed discussion of assemblers, see

Paszkiewicz & Studholme, 2010; Zhang et al., 2011). The contigs generated

by assembly can be screened using algorithms that identify open reading

frames (ORFs) and by sequence similarity searches (e.g., BLAST). TIP data

will be apparent as random sequences that do not have ORFs and will usu-

ally have no similarity to sequences in public databases. If DNA was ampli-

fied from a sample that had contaminating cells (e.g., if other species are

present in the sort gate containing the target symbionts), contigs can be fur-

ther screened by comparing them to genomes of closely related species.

Automated identification of ORFs and corresponding functional and taxo-

nomic annotation for microbial genomes (and metagenomes) can be

obtained by submitting contigs to online services. These include RAST

(Aziz et al., 2008) and the JGI IMG system (Markowitz et al., 2012), both

of which were useful for annotating the genome of a cyanobacterial symbi-

ont from FACS and MDA (Tripp et al., 2010; Zehr et al., 2008). Once a

genome has been assembled and annotated, the subsequent analyses will

often include detailed phylogenetic comparisons and determination of met-

abolic capabilities. Pathways that are novel or unexpectedly lacking can be

particularly meaningful for microbes suspected of existing in symbioses.

4. DETERMINING HOST IDENTITY AND METABOLISM

Analysis of individual symbiotic associations is critical to unequivo-

cally link the identity of an uncultivated symbiont to its host or symbiotic

partner. Furthermore, relatively high-throughput analysis of single associa-

tions is essential to explore the species specificity of the association and this

can be accomplished with nested PCR using universal primers for phyloge-

netically informative genes.

The physical connection between cells engaged in symbiosis can vary in

its tolerance to sample handling. Preventing disruption of intercellular con-

nections by turbulence, freezing, or by chemical treatment is essential to
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exploring intact associations. For open-ocean studies, the Influx™ can be

equipped for the field (Thompson et al., 2012; Worden et al., 2012), which

is required for analyzing untreated open-ocean samples. The target symbiont

can be located among cell populations from the untreated samples with the

same sort strategy described in Section 3.

4.1. Sorting single cells and screening by qPCR
Important considerations in applying nested PCR with universal primers to

single cells include (1) one event is sorted into each well, (2) contaminating

DNA is minimized, (3) the sample matrix (i.e., seawater) does not inhibit the

PCR, and (4) target cells readily lyse following freeze/thaw cycles or during

the first few cycles of PCR.

Aliquots of 10 ml (sorted events andNTCs) or 8 ml (standards) of nuclease-
free water are added to wells as in Fig. 3.3. Single events, either single cells or

multiple cells in association (i.e., the symbiont–host complex), are sorted indi-

vidually into 72 wells of a 96-well PCR plate. No events are sorted into wells

for standards or NTCs (Fig. 3.3). After sorting, cover plates with sterile sealing

foil, briefly centrifuge, and then store at �80 or �20 �C until screening by

qPCR. For qPCR, thaw plates and briefly centrifuge. Prepare master mix

for qPCR and aliquot 15 ml to all wells. Carefully add 2 ml of standards, in
replicate, to designated wells. Perform 45 cycles of amplification and analyze

the results according to standard qPCR procedures. Move the entire volume

(25 ml) of positive (amplification of approximately one gene copy) reactions to

new sterile PCR tubes and store at �20 �C before nested PCR.

4.2. Nested PCR of 16S and 18S rRNA genes from positive
qPCRs using universal primers

Nested PCR using universal primers for 18S and 16S rRNA genes is applied

to the positive reactions from the qPCR assay to determine the phylogeny of

the symbiotic partners. The nested PCR is useful for amplifying genes pre-

sent in low abundance. Product from one round of PCR using “outer

primers” to amplify a large fragment of the rRNA gene is used as template

in a second round of PCR that targets a smaller region of the amplicon using

“inner primers.”

For nested PCR, use a high-performance polymerase mixture such as

TaKaRa Ex Taq (Takara Bio, Inc.) to ensure amplification if targets are

difficult to amplify. For the first round of nested PCR, use the outer primers

EukA/B (Medlin, Elwood, Stickel, & Sogin, 1988) and Eub27F/Eub1492R
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(Weisburg, Barns, Pelletier, & Lane, 1991) for amplification of 18S and 16S

rRNA genes, respectively. 75 ml of PCR master mix should be added

directly to the saved reaction from the qPCR assay (25 ml) and amplified

for 35 cycles alongside positive and negative controls. Store completed outer

primer reactions at �20 �C or immediately use 1 ml as template in 25 ml
reactions for the second round of nested PCR with inner primers. Use

the internal primers Euk18S-555F/1269R (López-Garcı́a, Philippe,

Gail, & Moreira, 2003) and 358F/907R (Lane, 1991) for the 18S and

16S rRNA reactions, respectively.

Figure 3.3 Strategy for application of nested PCR, with phylogenetically informative
universal primers, to single-event sorts from untreated samples to determine the identity
of uncultivated symbionts.
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4.3. Sequencing rRNA genes from nested PCR
and phylogenetic analysis

PCR products from the inner primers are analyzed by gel electrophoresis;

any bands are cut from the gel, extracted (QIAquick Gel Extraction Kit),

and cloned using kits such as pGEM-T (Promega, Madison, WI) or

TOPO-TA (Life Technologies). The clones can be prepared by plasmid

mini-prep and sequenced. Quality control and generation of contigs for

identical or very similar sequences (>99%) can be generated in Sequencher

(Gene Codes Corporation, Ann Arbor, MI, USA) or similar analysis soft-

ware. Phylogenetic analysis and alignment of the sequences can be con-

ducted through BLASTn to GenBank (Benson et al., 2013) or through

other tools such as the Ribosomal Database Project (Wang, Garrity,

Tiedje, & Cole, 2007), SILVA (Quast et al., 2013), or SINA (Pruesse,

Peplies, & Glöckner, 2012). Negative controls often contain amplification

products after the qPCR and nested PCR procedures, so it is important

to work under as clean conditions as possible for highest efficiency of

sequencing nested PCR products (Thompson et al., 2012).
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Abstract

Genetic analysis of single cells is emerging as a powerful approach for studies of het-
erogeneous cell populations. Indeed, the notion of homogeneous cell populations is
receding as approaches to resolve genetic and phenotypic variation between single
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cells are applied throughout the life sciences. A key step in single-cell genomic analysis
today is the physical isolation of individual cells from heterogeneous populations, par-
ticularly microbial populations, which often exhibit high diversity. Here, we detail the
construction and use of instrumentation for optical trapping inside microfluidic devices
to select individual cells for analysis by methods including nucleic acid sequencing. This
approach has unique advantages for analyses of rare community members, cells with
irregular morphologies, small quantity samples, and studies that employ advanced
optical microscopy.

1. INTRODUCTION

The ability to amplify very small amounts of DNA, even single mol-

ecules, has been a reality for more than a decade (Dean, 2002; Dean,

Nelson, Giesler, & Lasken, 2001; Sykes et al., 1992; Vogelstein &

Kinzler, 1999). This approach was eventually applied to individual micro-

bial genomes (Kvist, Ahring, Lasken, & Westermann, 2006) and ultimately

coupled with high-throughput sequencing technologies to analyze

genomes of both laboratory-cultured organisms (Zhang et al., 2006) and

uncultured environmental microbes (Marcy, Ouverney, et al., 2007).

From this early work, single-cell whole-genome sequencing (SC-WGS)

expanded from proof-of-concept to an established and popular technique

that is applied widely in biology to supplement culture-based isolation/

genomic approaches (Fig. 4.1). SC-WGS has been used extensively to

access the genomes of yet-uncultivated organisms in environmental micro-

biology (Blainey, Mosier, Potanina, Francis, & Quake, 2011; Malmstrom

et al., 2013; Marcy, Ouverney, et al., 2007; Stepanauskas & Sieracki, 2007;

Swan et al., 2011; Woyke et al., 2009; Youssef, Blainey, Quake, &

Elshahed, 2011) and problems in medicine, for example, studies of patho-

gens and components of the human microbiome (Marcy, Ouverney, et al.,

2007; Pamp, Harrington, Quake, Relman, & Blainey, 2012). Applications

of single-cell genomics to human genetics are also becoming more wide-

spread (Fan, Wang, Potanina, & Quake, 2010; Wang, Fan, Behr, & Quake,

2012; Zong, Lu, Chapman, & Xie, 2012), and single-cell genetics has also

been used for lineage analysis (Frumkin et al., 2008). While nearly all single

amplified genomes (SAGs) have been produced using the multiple dis-

placement amplification (MDA) chemistry, a variety of different

approaches to isolating cells for SC-WGS have been implemented with

success (Blainey, 2013).

Molecular techniques have assumed an increasingly important role in

microbial ecology in recent decades, beginning with the application of gene
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Figure 4.1 Schematic diagram contrasting of methods to obtain genome sequences
from yet-uncultured microbial species. Established techniques such as metagenomics
(A) or culturing (B), and the two newer methods of single-cell whole-genome amplifi-
cation by fluorescence-activated cell sorting (C), or the optofluidic approach discussed
in this chapter (D). Advantages and features of each methodology are summarized in
the table (E). Parts A–D were adapted with permission from Blainey (2013), FEMS Micro-
biology Reviews 2013.
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sequencing to environmental DNA (Olsen, Lane, Giovannoni, Pace, &

Stahl, 1986). Subsequently, it became clear that many species prevalent in

the environment have no known relatives in culture (Rappé &

Giovannoni, 2003). This presented the grand challenge of identifying the

role of these unknown taxa in the environment, a task that remains unfin-

ished today. With the rise of metagenomics, the extent of gene diversity

became known for many environments (Venter et al., 2004). However,

evolution acts on assemblages of genes, and the reconstruction of genomes,

and thus the metabolism of cells, was hampered by the difficulty of assem-

bling genomes from any but lower-complexity microbial systems (Tyson

et al., 2004; Wrighton et al., 2012).

In recent years, SAGs have provided valuable genomic information for

dominant uncultured microorganisms (Dupont et al., 2011; Pamp et al.,

2012; Swan et al., 2011). In one example, SC-WGS revealed that the abundant

SAR324 group of marine deltaproteobacteria may couple carbon fixation to

sulfur oxidation, a prediction that was consistent with subsequent labeling of

cells with radioisotope tracers (Swan et al., 2011). This information has impor-

tant implications for theglobalocean sulfur andcarboncycles. It is expected that

similar advances in many underexplored environments will result from wider

application of SC-WGS. Genome sequences have also paved the way for cul-

turing previously uncultured strains in the laboratory by providing insight into

unanticipated metabolic requirements (Renesto et al., 2003).

Fluorescence-activated cell sorting (FACS) is a popularmethod forproduc-

ing SAGs today; however, optofluidic approaches, the topic of this chapter,

offer advantages for many applications. Microscopic sorting makes it possible

for the operator to sort cells visually and offers advantages in situations where

(1) cells or assemblages of cells havedistinctivemorphology, (2) fluorescent sig-

natures are tooweakor toocomplex for resolutionbyFACS, (3)onlyvery small

volumes of sample are available, or (4) large quantities of contaminating DNA

are present, such as in the isolation of intracellular parasites from cell lysates.

Other examples of problems thatmeet these criteria are small aggregates of cells

such as “marine snow” that may be too fragile to study with FACS, epiphytic

interactions, and syntrophic assemblages, such as anaerobicmethane-oxidizing

archaeal/bacterial consortia (Boetius et al., 2000).

2. OPTICAL TWEEZING FOR CELL ISOLATION

The production of SAGs requires two fundamental steps. First, the

isolation of individual cells from a bulk sample, and second, the amplification
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of the genomic contents of the isolated cell by WGA. Various approaches to

each of these steps and the impact of different technologies on contamina-

tion, the major challenge in single-cell genomics, have been reviewed pre-

viously (Blainey, 2013). We have implemented a particular cell isolation

approach, optical tweezing (Ashkin, 1992, 1997; Ashkin & Dziedzic,

1989; Ashkin, Dziedzic, & Yamane, 1987; Ashkin & Gordon, 1983), to

select individual microbial cells (Ashkin et al., 1987; Huber et al., 1995)

and separate them for individual analysis inside custom microfluidic devices,

where WGA can be carried out in nanoliter volumes while excluding

extrinsic contaminants (Blainey et al., 2011). Figure 4.2 provides a granular

breakdown of the component steps in the generation and sequencing of the

genome of single cells using the microfluidic/optical tweezing approach.

Optical tweezing presents two unique advantages that distinguish it from

other methods of cell isolation that derive from a unique feature of the

tweezing approach. First, movement of the cell is uncoupled from move-

ment of the cell’s immediate surrounding environment. This is to say that

the cell itself rather than a voxel (volumetric pixel) from the sample is

selected. This specificity for objects within the sample can be understood

based on the mechanism by which laser tweezers operate.

2.1. Applying forces to objects in solution with light
Optical tweezing (the terms optical/laser and tweezing/trapping are used

interchangeably here) relies on a difference in refractive index between

the cell and the surrounding solution. As such, cells (or other structures

with a boundary defined by a refractive index gradient), but not the solution

itself, can be trapped using this method. High-performance microscope

objectives can focus light very tightly to create an optical trap that has a

capture radius comparable to the wavelength of light used to create the trap.

These properties allow an optical trap to be used with surgical precision

to move one cell when many others are nearby, while minimizing the pos-

sibility of carrying forward an extraneous cell or foreign DNA. Contamina-

tion by environmental DNA or double sorting is a significant practical

concern in single-cell genomics, particularly in de novo applications, where

reference sequence to identify contaminating reads is not available. By con-

trast, other popular methods such as fluorescence-activated flow cytometry

and micromanipulation work by subdividing a liquid sample, and require a

high dilution of cells in clean buffer to reduce the chance of contamination.

While idealized representations often depict spherical objects being

trapped, in practice, cells of essentially any morphology can be moved using
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Figure 4.2 Flowchart for single-cell whole-genome amplification optofluidics. Sample
preparation and cell selection steps are shown in white; lysis-related steps are shown in
light gray; amplification and product recovery are shown in dark gray; postprocessing
steps are shown in black.
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an optical trap. Tiny coccoid cells with a maximum dimension of about

0.5 mm can be trapped (Blainey et al., 2011), as can high aspect ratio rods

(Dodsworth et al., 2013), or even huge filaments over 100 mm in length

(Pamp et al., 2012). Cells much larger than the dimensions of the optical trap

are effectively moved by tugging at the cell boundary.

2.2. Action at a distance
The second unique property of the optical trap is its ability to apply forces to

cells at a distance, without bringing instrumentation for manipulation into

contact with the cells or the sample solution. This property enables manip-

ulation of cells inside a closed (transparent) container. The notion of carrying

out single-cell genomics inside a sealed microfluidic device is extremely

appealing for the purpose of eliminating contamination from extrinsic

sources and automating the subsequent lysis and whole-genome amplifica-

tion of the sorted cells in tiny nanoliter volumes. The unique features of the

trap allow the order of operations to be reversed compared with other com-

mon single-cell workflows. In flow cytometry and micromanipulation, the

sample is first subdivided into isolate cells and then sealed in separate vessels

where lysis andWGA are carried out. The optical tweezer enables an inver-

sion of steps: the sample can first be introduced to a sealed vessel prior to the

isolation of individual cells.

2.3. Practical approach to SC-WGS with lower resources
One of the largest hurdles to overcome when attempting single-cell geno-

mics is the issue of reagent cost. Kits marked for WGA, including MDA,

currently cost on the order of $1 per reactionmicroliter. The cost of reagents

can be prohibitive for even moderate-scale studies when conventional reac-

tion volumes of 10–50 ml are used. Although ultra-clean WGA reagents can

be produced in-house at lower cost (Blainey et al., 2011), reducing reaction

volumes to the nanoliter scale on a microfluidic device (1 nl¼0.001 ml) is an
attractive alternative to sourcing low-cost reagents. For example, the series

of devices developed at Stanford carry out WGA in 60 nl volumes, using

about $0.06 worth of retail reagents per reaction (Marcy, Ishoey, et al.,

2007; Marcy, Ouverney, et al., 2007). If 40 conventional-scale (20 ml) reac-
tions normally requiring $800worth ofWGA reagents can be reduced to the

nanoliter scale, the reagent cost becomes insignificant and the incremental

cost for single-cell genomics becomes dominated by the cost of the micro-

fluidic device. Two-layer custom polydimethylsiloxane (PDMS) devices of
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the type presented in this review cost $50–100 each in low-volume

manufacturing (e.g., from the Stanford Microfluidics Foundry), yielding a

net cost savings for moderate scale single-cell genomics projects.

When capabilities for sorting and reaction setup are integrated in a single

benchtopmicrodevice, the specialized infrastructure for single-cell genomics

sample prep collapses to a single apparatus that sits on a bench in a standard

lab environment. An advanced laser-trapping microscope can be built from

about $100,000 in parts (far less if a suitable microscope is already available,

which is the case in many labs) and turn-key laser-tweezing microscopes are

priced around $200,000. These costs compare favorably with those for

flow cytometry equipment and cleanroom space. Paired with a modern

benchtop sequencing instrument, the optofluidic approach to single-cell

genomics is well suited to individual research labs, teaching labs, and portable

operation. Figure 4.2 gives an overview of the single-cell genomics process

using the optical trapping/microfluidic amplification approach from sample

to data.

2.4. Avoiding contamination
Reducing reaction volume pays an additional dividend in the reduction of

reagent-borne contamination (Blainey et al., 2011). In the example moving

from 20 ml to 60 nl reactions, the amount of contamination from reagents is

expected to drop more than 300-fold.

Overall, optical tweezing provides a means to isolate cells that intrinsi-

cally selects against carry-over contamination and can be used to pluck cells

from concentrated cell suspensions while leaving behind sample-borne con-

taminants. If paired with a capability for lysis and WGA in small volumes, a

great savings in reagent cost and reduced reagent contamination can also be

achieved.

2.5. Integrating microscopy and cell sorting
Optical trapping approaches to single-cell genomics retain all the character-

istics of classical microscopy: the ability to identify and characterize cells or

cell aggregates according to morphology as well as providing the option of

integrating a number of staining or labeling techniques. At present, micro-

fluidic approaches have lower throughput rates than single-cell genomics by

flow cytometry and might not be suitable for broadly assessing biodiversity.

However, the unique attributes of microfluidics open the door for the

application of novel screens for cell selection. When implemented in a
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semimanual approachwhere a human user selects cells under high-resolution

imaging (typically 100� phase contrast microscopy), the selection of cells

allows for direct interaction of the user with the sample in a notional “micro-

bial safari” where the user observes a variety of fauna, occasionally “bagging”

a trophy. Cells can straightforwardly be selected on the basis of any observ-

able characteristic such as size, morphology, intracellular structure, or even

faint fluorescence from native chromophores or reagents such as fluorescent

in situ hybridization probes (Yilmaz, Haroon, Rabkin, Tyson, &

Hugenholtz, 2010). Screens based on complex morphological characteristics

such as the selection of certain microaggregates are also feasible and are likely

to blur the distinction between single-cell genomics and metagenomics in

ways that reveal new information about communities of interest.

2.6. Low required sample volume
Finally, microfluidic approaches are extremely parsimonious with the sam-

ple. In principle, a sample containing a single cell can be introduced to a

device and intercepted with the laser trap for sorting. In practice, a 5-ml sam-

ple containing a few thousand cells in total is quite usable, indicating the suit-

ability of this approach to single-cell genomics for especially rare or precious

samples, where the volume required for other types of analyses may present a

significant commitment or risk.

2.7. Technical considerations for sorting using an optical trap
For objects larger than the wavelength of impinging light (often the case

when trapping cells with light, but not a necessary condition), a ray optics

analysis of the optical trap is valid (Rocha, 2009). An object captured in a

laser trap can be considered as a small lens that refracts (bends) and scatters

the light from the optical trap. When light moves through an interface from

a medium with one refractive index to a different medium with a different

refractive index, the direction of the light is changed and the cell experiences

a small reactive force in the opposite direction of this change. This happens

because photons passing through the object or scattering off of it can

exchange momentum with the trapped object, and in this way, apply force

to it. When the object is centered in the trap, the optical forces on the object

are balanced, but when the object is displaced from the center of the trap, the

applied forces are unbalanced, and due to the optical geometry of the trap,

the object experiences a force pushing it toward the center of the trap

(in three dimensions). The amount of momentum carried by each photon
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is small, so a large number of photons must interact with the cell for any

appreciable force to be applied. This necessitates the use of milliwatts of opti-

cal power for many applications, which corresponds to a very high power

density when focused to a diffraction-limited spot to form a laser

trap. The power density at the focus of an optical trap commonly exceeds

the optical power density at the surface of the sun by several orders of mag-

nitude. Surprisingly, this is not necessarily harmful to cells, which can easily

survive continuous trapping when near-infrared light is used (Ericsson,

Hanstorp, Hagberg, Enger, & Nystrom, 2000; Neuman, Chadd, Liou,

Bergman, & Block, 1999).

3. OPTICAL HARDWARE SETUP

3.1. Specifying the laser and microscope
A complete list of parts for the optical setup and microfluidic controller is

available in Supplement 2 (http://dx.doi.org/10.1016/B978-0-12-

407863-5.00004-6). Selection of a light source for minimally perturbative

manipulation of biological materials is limited to the near-infrared wave-

lengths where water and the stuff of life absorb only weakly. The choice

of wavelength is especially important as even a small amount of absorption

can be devastating to a cell exposed to the high optical power in an optical

trap. Although, in principle, any collimated light source of sufficient power

can be used for trapping, high-powered lasers are used almost exclusively.

Recommended wavelengths are 980 nm, which has been shown experi-

mentally to be one of the least biologically active wavelengths for use

(Liang et al., 1996; Neuman & Block, 2004; Neuman et al., 1999;

Zakharov & Thanh, 2008), and 1064 nm, a wavelength used in most com-

mercially available trapping systems (also accepted to be compatible with

cells). The 1064 nm lasers are readily available in high wattages with excel-

lent beam quality from $5000 to $15,000 in the 0.5–3W range often used for

optical trapping.

Considerations other than power and wavelength are relevant to trap-

ping. Solid-state, continuous-wave lasers (as opposed to pulsed lasers) are

recommended for trapping to avoid high peak powers and unwanted

multiphoton photophysical phenomena. To form a single, tight focus (help-

ful for small cells), the beam must have a Gaussian transverse mode (single

round spot brightest in the center with Gaussian intensity distribution across

the beam when projected, also known as “TEM-00”). Lastly, power is a

consideration. Although not the only factor in determining trapping force,
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a higher power light source will help increase trapping capabilities.

A minimum of 100 mW reaching the sample is necessary for practical trap-

ping, with higher powers allowing the application of more force to cells

(e.g., faster movement of cells). The optics used to condition the beam

for trapping attenuate the beam by absorption and back reflection. The laser

setup described in this chapter outputs a 1-W, 976-nm beam from the head

of the laser module, with about 250 mW reaching the sample (the largest

single loss in the optical train occurs at the microscope objective). An addi-

tional safety consideration when purchasing a laser source is the laser power

supply. A variable power supply is desirable, as it allows alignment of the

laser source at lower (less dangerous) power levels, while prolonging the life

of the laser.

When taking an automated or semiautomated microscopy approach to

microfluidic single-cell genomics, microscope and objective selection are

paramount. By far, the most convenient implementation entails an inverted

“fluorescence” microscope with an automated (motorized) stage.

Unwanted beam attenuation can be mitigated by careful selection of optical

components. Although many groups build simple microscopes for optical

trapping from individual components, a commercial inverted microscope

is desirable when one desires to use many different imaging configurations

(e.g., different magnifications and different techniques like phase, fluores-

cence, etc.) or would like to automate configuration changes. Typically,

the laser beam will be introduced to the microscope via the “fluorescence

excitation” path. Importantly, some microscopes have internal optics that

may need to be accounted for and possibly modified. Specifically, any dif-

fusing optics will need to be removed (preferably by the manufacturer) to

achieve a tight focus, as was necessary in the Leica model DMI6000B auto-

mated scopes used for our applications. Preferably, the microscope presents a

port with a clear path (no optics) to the dichroic mirror that reflects the fluo-

rescence excitation up to enter themicroscopeobjective. Figure 4.3 shows an

idealized (simplest) optical diagram (part A) and two as-configured layouts

specific to the Leica DMI6000B microscope (parts B and C).

We specified the Leica DMI6000B stand due to its full automation and

compatibility with particular Leica objectives known at the time to be avail-

able with high numerical aperture (NA), phase contrast, and acceptable

infrared (IR) transmittance (Neuman & Block, 2004). However, all major

microscope manufacturers today (Leica, Nikon, Olympus, Zeiss) are opti-

mizing objectives for improved IR transmittance (transmittance should not

be confused with correction for IR chromatic aberration), and useful features
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Figure 4.3 Simplified schematic diagrams showing an idealized light path for an
inverted microscope with a minimum of internal components (schematic A), and two
functional designs based around the Leica DMI6000B microscope stand (schematics
B and C). The suggested design in schematic A includes a 1064-nm, 3-W laser source
(1) chosen for its high power and ready availability, as well as its wavelength, which
is suitable for biological materials. The idealized design contains a beam expander
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consisting of a set of matched lenses preceded by a shutter (8; a Thorlabs part no. SH05
with a SC10 shutter controller was used in the configuration shown in B) placed at the
head of the laser to enable control the beamwithout cycling the laser. Beam positioning
and alignment is accomplished with a periscope consisting of two rotating mirrors
mounted at 90 �C angles. An expanded view of the periscope used in the second con-
figuration is presented in inset D (3; Thorlabs part no. RS99, equipped with dielectric
broadband mirrors, Thorlabs part no. BB1-E03). By placing the periscope mirrors at right
angles to each other, rotation of the mirrors can be used to coarsely position the beam
horizontally and vertically on the third mirror, eliminating the need for three indepen-
dent kinematic mounts. The periscope design used includes kinematic controls on the
top mirror mount, allowing for the fine pitch-and-yaw adjustments needed for position-
ing at the secondmirror. A third kinematic mount (6; Thorlabs part no. KM100 kinematic
mount with BB1-E03 mirror) is used to adjust beam angle. The two designs utilizing the
Leica DMI6000B microscope stand are somewhat more complex, largely due to the
number of internal optics in the scope stand. Both of these setups utilized a
1.0–1.1-W, 976-nm laser (Crystalaser model DL-980-1W-OX/DL980-1W; 2), the wave-
length chosen because of biological compatibility. The laser in the schematic B was
modified at the factory with a spatial filter (12) to improve beam shape and power dis-
tribution. This spatial filter had the added effect of expanding the beam to�8 mm, elim-
inating the need for additional beam expander optics. This design uses a periscope for
two of the mirrors as described above. A third kinematic mount provides correction for
beam angle (6). In this design, the shutter (8) is mounted outside of a customized mirror
house (4) that includes a dichroic mirror to allow for simultaneous trapping and fluores-
cence. Due to the mirror house optics designed to bring the fluorescence excitation
source into wide illumination field at the focal plane, a corrective achromatic lens (5)
was installed in the mirror house at the factory to correct expansion of the trapping
beam so that the beam would remain collimated upon entering the exit pupil of the
trapping objective. This design utilized a 100� magnification, 1.4 numerical aperture
(NA) apochromatic oil immersion objective as the trapping objective (10; Leica part
no. 11504107). An alternative design shown in schematic C was also used. This design
uses an independent corrective lens in the free space laser setup to offset the fluores-
cence optics and also includes a free space Galilean beam expander made from two
matching lenses located between the second and third kinematic mounts. In this setup,
the laser was mounted at a height and three individual generic mirrors and kinematic
mounts (7) were used to align the laser. As in the suggested setup, a shutter (9; Uniblitz)
was placed at the head of the laser. The trapping objective used here was 100� mag-
nification, 1.3 NA apochromatic oil objective (Leica part no. 11506197; 11). A simplified
diagram of the Leica DMI6000B internal components (inset E) is shown in the expansion
on the right of the figure. Because the optical design inside the microscope is Leica-
proprietary, the exact specifications are not indicated here. The important feature to
note is that expansion and focusing optics placed external to the scope stand must
be positioned so as to produce a collimated beam at the end of the light path prior
to entering the exit pupil of the trapping objective. An additional, important modifica-
tion is removal of the standard diffuser included in the Leica excitation light path (see
inset E). The diffuser is located on a circuit board inside the scope at the positionmarked
in inset E. Modifications to the scope internals are exacting andmore accurate diagrams
of the light path and scope internals can be requested from the manufacturer.
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like external phase contrast are also now available. An additional consider-

ation when choosing a microscope “stand” (the main body of the micro-

scope) is competitive pricing as well as adaptability to your application

and compatibility with particular software packages for automation. Prior

to making a final decision on a microscope, be sure to demand IR transmis-

sion curves for the trapping objective lens and internal optics, as well as a

comprehensive light path schematic indicating all internal optics the trap

beam will encounter. One final consideration in choosing a microscope

stand is selection of an appropriate automated stage. For our purposes, we

used Leica DMI6000B stands equipped with either the standard

Marhauser-Wetzlar stage available from Leica or the Applied Scientific

InstrumentationMS-2000 (Eugene, OR). The stage must be able to be con-

trolled both manually (e.g., via a joystick) and programmatically through a

software interface (often drivers for RS-232, Labview or a .dll file is pro-

vided). Ensure the stage has a high level of movement precision and can

be fluidly translated at speeds in the range 1–1000 mm/s. A linear encoder

is also useful, as it improves the accuracy of repeated positioning.

3.2. Choosing an objective lens
By far, the single most important factors to consider when designing any

optical trapping platform are IR transmission and NA of the objective lens

that will be used for trapping. Higher NA provides oblique rays on which

trapping in the focal dimension (z-coordinate) depends and dramatically

improves overall trapping performance. A minimum of 1.0 NA is required

for practical trapping, and NA of 1.3–1.5 is recommended. The objective

also needs to be able to transmit IR wavelengths efficiently; however, pri-

ority should be given to maximizing the NA as low transmission can be mit-

igated by increased laser input power. If the trapping performance is too

weak, the cell will easily escape the trap along the direction of the beam

propagation. In a microfluidic channel, the upper channel surface may

restrain the cell, allowing trapping of the cell in two dimensions against

the upper surface of the microchannel. Even so, a better-performing trap

able to hold the cell in three dimensions is strongly preferred because the

cell can be moved more quickly when suspended in the center of the micro-

channel cross-section, and the possibility that the cell sticks to the channel

surface is eliminated. Our applications utilized a 100� magnification 1.3 or

1.4 NA apochromatic oil immersion objective (Leica part nos. 506211 and

11506197).
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3.3. Alignment procedure and safety
IR light at the powers used for optical trapping is capable of quickly and per-

manently damaging the retina in certain exposure scenarios, and the upmost

care needs to be taken in terms of safety. Alignment of laser optics should only

be attempted with appropriate safety precautions. A laser safety class is rec-

ommended and is required at many research institutions. IR laser beams,

invisible to the naked eye, merit extra caution because emissions are not visu-

ally apparent, and the IR light does not trigger a blink reflex.When working

with lasers, appropriate shielding should be in place to ensure that laser light

will not impinge on untrained or unaware individuals. Laser goggles block-

ing the appropriate wavelengths should be worn at all times when there is a

possibility of laser emission. In general, the highly divergent laser light emit-

ted from the microscope objective during trapping falls below a permissible

exposure level after a short distance. A laser safety class should train users to

calculate this distance for their particular configuration. Even so, it is good

practice to place shielding above the stage to block user exposure to this

divergent emission. All work should be done standing with the plane of

the laser lines below the user’s eye level since stray beams are most likely

to occur within this plane. Care should be taken to never look directly at

the laser source or at reflective surfaces (e.g., mirrors) in the path of the laser.

Reflective surfaces in the work area and on the users’ body (rings, watches,

etc.) should be kept to a minimum. Importantly, the eyepieces on a micro-

scope used for optical trapping with IR light must be removed or perma-

nently disabled to eliminate the possibility that a user could directly view

the laser beam in the case of user error or microscope malfunction.

The end goal of alignment is to position an expanded and collimated laser

beam on the optical axis of the objective lens. To take advantage of the full

NA of the objective lens, the beam should fully fill the back aperture of the

objective, and thus prior to entry into the scope should be expanded to

slightly overfill the objective’s back aperture. A convenient way to build

a simple Galilean beam expander is from two lenses, one plano-concave

and one convex (a Keplerian beam expander constructed from two positive

lenses will also work). The two lenses should be selected to achieve the

desired degree of beam expansion according to the equation:

2 rð Þ f 2ð Þ=jf 1j ¼E

where r is the radius of initial beam, f1 is the focal length of plano-concave

lens, f 2 is the focal length of convex lens, E is the expanded beam
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diameter, and the space between the two lenses is the sum of the two focal

lengths.

Whenaligning the laser setup, at least threemirrors andadjustablekinematic

mounts (Thorlabs part no. KM100 kinematic mount with BB1-E03 mirror

were used in our application) should be used (alignment can be achieved with

two kinematic mounts, but is easier with three). Dielectric broadband mirrors

(Thorlabs part no. BB1-E03) are recommended due to their very high IR

reflectance (hence lowattenuation).The simplest setuppositions the laser aper-

ture at the same height above the table as the entry of the beam into themicro-

scope. Alternatively, two of the mirrors may be configured as a periscope (we

used Thorlabs part no. RS99 for this purpose) to raise the path of the beam

(Fig. 4.3B). If the laser lacks amodulation/shuttering capability, a shutter is best

placed between the laser source and the first mirror so that laser light can be

excluded from thework areawithout turning the laser on and off. For our pur-

poses, we mounted the Leica DMI6000B microscope stand in an amenable

fixedpositionon a 1 m�1 m�50 cmoptics tableprior to placementofmirror

optics. Somemicroscopes comewith accessories to directlymount the stand to

a standard optical table (drilled and tapped 1/4–20 on 1 in. centers or M6 on

25 mm centers). The laser was mounted in a fixed position appropriate for

our setup. Initially, all mirrors should be positioned based on measurements

such that thepathof the laserwill follow right angles as closely as possible at each

mirror. It is important to use the reflective face of the mirrors as your reference

for where the beam will be redirected, as the face of the mirror may project

proud of the mount. When initially placing the mirror mounts and mount

stands, it is good practice to physically verify their location and angles, and

not simply “eyeball” their initial position (there will be plenty to adjust even

with themost exacting initial placement ofoptics).Goodpracticedemands that

all optics on the table are fixed in position (directly bolted or clamped with

“dogs”) when the laser is active to avoid unexpected redirection of the beam

if an optic shifts or topples.

After the initial placement of the optics, alignment can begin. After

ensuring all shielding is in place and everyone present is alert, the laser

can be powered on. To align the laser, a clear way to visualize the end point

of the beam and assess alignment needs to be in place. A useful tool consists

of a short piece of optical tube (threaded aluminum tubing) 1–3 in. long

with an adapter that allows mounting on the objective turret. The tool

should have an iris next to the thread adapter, the length of the tube, then

a second iris, and a cap consisting of a phosphorescent plate (allowing visu-

alization of the invisible beam) with the center marked. For our purposes,
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we used Thorlabs part no. SM1A11 (adapter), SM1D12C (iris), SM1L30C

(3 in. slotted lens tube), SM1D12C (iris), SM1L05 (0.5 in. lens tube), with

VRC4D1 (phosphorescent disc) mounted using two retaining rings

(SM1RR). The configuration of our alignment tool is detailed in supplemen-

tary figure 1 (http://dx.doi.org/10.1016/B978-0-12-407863-5.00004-6).

Phosphorescent cards can be inserted into the laser path at multiple points

in the beam to track the position and angle of the laser.

Initially, rotating the positions of the mirror mounts should allow for

coarse positioning of the beam. When the laser is roughly aligned with

the optomechanical hardware in fixed positions, adjustment using the finely

threaded thumbscrews on the kinematic mounts can begin. The first two

mirrors should be used to adjust the position of the beam on the third mirror.

Adjustment of the third mirror should be reserved to correct the angle of the

beam. Between proper positioning of the optomechanical hardware, coarse

adjustment of mount position and fine alignment using the pitch-and-yaw

screws of the kinematic mounts, some portion of the beam can be made to

appear on the phosphorescent plate of the objective tool when it is posi-

tioned in place of the trapping objective. By continuing to use the first

two mirrors for positioning, the beam can be centered. By adjusting the

pitch-and-yaw of the third mirror, the angle of the beam can be corrected.

By placing an iris in between the final mirror and the entry point of the

scope (centered on the optical axis of the microscope), the beam can be

straightened as much as possible by ensuring that both this iris and the lower

iris on the objective alignment tool close evenly around the beam (visualiz-

ing the projected beam on the alignment tool phosphorescent plate). When

this is achieved, the beam is roughly aligned. The beam alignment can be

fine-tuned by bringing the trapping objective into place, mounting a micro-

scope coverslip or coverslip-mounted microfluidic device on the stage of the

microscope, and visualizing the light reflected when the trap is focused on

the upper surface of the coverslip with a CCD camera. By adjusting the mir-

rors in the beam path, the trap can be moved to the appropriate position

within the field of view and the angle of the beam fine-tuned by optimizing

the symmetry and concentricity of rings in the out-of-focus image of the trap

reflection. The trap can be made coincident with the image plane of the

microscope by adjusting the divergence of the trapping beam that enters

the microscope by adjusting the distance between the lenses making up

the beam expander. A diverging beam will form a trap above the imaging

plane of the microscope, while a converging beam will form a trap below

the imaging plane of the microscope.
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4. MICROFLUIDICS CONFIGURATION AND SETUP

4.1. Microdevice design
The most current single-genome amplification device is the 48x_v4 device

illustrated in Fig. 4.4. This chip can be ordered directly from the Stanford

Microfluidics Foundry, and mold sets can also be obtained for in-house

Figure 4.4 48-chamber microfluidic chip for single cell sorting and whole-genome
amplification. (A) Design of 48x_v4 device with key ports marked. (B) Photograph of
48-chamber device with corresponding ports marked. (C) Inset showing detail of two
reaction chambers in the 48x_v4 device. (D) Cross-sectional schematic corresponding
to part (C) indicating the trapping of a cell in the (upper) flow layer and the actuation
of valves by pressurization of channels in the (lower) control layer.
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production of microfluidic devices. Supplement S4 (http://dx.doi.org/10.

1016/B978-0-12-407863-5.00004-6) contains data files with the design

of the 48x_v4 microfluidic device, Supplement S5 (http://dx.doi.org/10.

1016/B978-0-12-407863-5.00004-6) describes the standard operating

procedure for fabricating molds for the 48x_v4 device, and Supplement S7

(http://dx.doi.org/10.1016/B978-0-12-407863-5.00004-6) is a sampleorder

sheet for obtaining molds and/or devices from the Stanford Microfluidics

Foundry.

The 48x_v4 device includes 48-arrayed independent reactor systems for

cell selection, lysis, and whole-genome amplification. The device consists of

two molded layers of PDMS mounted on a number one microscope cov-

erslip. The transparent nature of the PDMS and mounting on the thin cov-

erslip allows the application of most microscopy techniques and optical

trapping. We have designed a custom mount for the 48x_v4 device that

can be produced on a 3D printer and fits into the standard 110�160 mm

stage insert opening. The holder securely grips the device, flattening any

curling of the coverslip, protects the device from peeling forces, and pre-

vents damage to the coverslip. The design files/renderings of the chip holder

are provided in Supplement S3 (http://dx.doi.org/10.1016/B978-0-12-

407863-5.00004-6).

The microfluidic device utilizes a “push-up” approach to the actuation

of microfabricated valves. Control channels in the thin PDMS layer adjacent

to the coverslip are filled with water and pressurized to actuate valves (also

referred to as “gates”) on the device.Where the pressurized control channels

cross flow channels in the top device layer, the thin membrane separating the

two stretches to pinch off the microchannel in the flow layer (Fig. 4.4D).

Control lines are typically configured as dead-end channels and are filled

completely with water, taking advantage of the high gas permeability of

PDMS, which allows air to rapidly escape microchannels as fluid is pushed

in. Under normal use, the lines are under atmospheric pressure (valves

open), and 10–20 psi of air when actuated to close valves.

Each control line is coupled to an individual fluid reservoir with an over-

head pressure controlled by an electronic solenoid. The microfluidic con-

troller used to control the solenoids consists of a USB microcontroller

with 24 amplified digital output bits/channels, each of which powers a single

solenoid to select either atmospheric (valves on chip open) or “control” (val-

ves on chip closed) pressures. The solenoids are mounted on three 8-port

manifolds supplied with the desired “control” pressure by a gas regulator.

By sending a computer signal to control the solenoid states, the valves on

the chip can be opened or closed at the behest of a user or in automated

79Optical Cell Selection for Single-Genome Analysis

http://dx.doi.org/10.1016/B978-0-12-407863-5.00004-6
http://dx.doi.org/10.1016/B978-0-12-407863-5.00004-6
http://dx.doi.org/10.1016/B978-0-12-407863-5.00004-6
http://dx.doi.org/10.1016/B978-0-12-407863-5.00004-6
http://dx.doi.org/10.1016/B978-0-12-407863-5.00004-6
http://dx.doi.org/10.1016/B978-0-12-407863-5.00004-6
http://dx.doi.org/10.1016/B978-0-12-407863-5.00004-6


routines. The Stanford Microfluidics Foundry hosts information on the

capabilities, assembly, use, limitations, and alternatives to the USB chip con-

troller, as well as in-depth workshops on the design, fabrication, and use of

microfluidic devices (http://www.stanford.edu/group/foundry/).

The 48x_v4 chip is designed using two nominal control channel dimen-

sions (both square profile produced in SU8 resist): 100 mm wide and 25 mm
high, and 200 mmwide and 25 mmhigh. Two nominal flow channel dimen-

sions are also specified: small channels (round profile, produced in SPR

resist, valved by the narrow control channels) 100 mm wide and 7–13 mm
high (taller to accommodate larger cells) and large channels (round profile,

produced in AZ50 resist, valved by the wide control channels) 200 mmwide

and 50 mm high.

The 48x_v4 chip has been designed for robust operation, with valves

tuned (by varying control channel width from the nominal dimensions)

to operate at uniform pressure, extra space between components (and com-

ponent redundancy) to allow proper function in the face of fabrication

defects, and a large sealing area around the device perimeter for robust lam-

ination. We produce three 48x_v4 devices on a 10-cm wafer, which allows

ample space between devices for handling in the course of manufacture.

The 48_v4 variant was in fact designed for reuse, with extra features like

tuned outlet resistances that facilitate clean-out. PDMS devices are mechan-

ically robust, with valves able to cycle many thousands of times without

showing wear (Unger, 2000). The most challenging aspect of reuse is

preventing the DNA products of the previous cycle from contaminating

reactions in the current cycle. We validated a clean-out protocol utilizing

sodium hydroxide and 0.6% hypochlorite washes, plus a UV decontamina-

tion step (PDMS is transparent in the UV). This clean-out procedure was

found to be sufficient in eliminating a PCR-traceable test template from

the device (data not shown). With appropriate negative controls, reuse of

the 48x_v4 device is certainly a feasible option.

5. PROCEDURE FOR SORTING AND AMPLIFYING
SINGLE CELLS

Each reactor on the device is intended for the processing of an indi-

vidual cell, and consists of a “template chamber,” two “lysis chambers,”

and a “reaction chamber,” connected in series. Separating the template

chamber from the “sample lines” is an antechamber filled with clean buffer

and tapped for the addition of reagents from the “reagent line.” This
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configuration provides a “privileged” flow path for reagents to each reactor

that does not trace any channel where the bulk sample flows. A full pro-

tocol for using the 48x_v4 device is provided in Supplement S6 (http://dx.

doi.org/10.1016/B978-0-12-407863-5.00004-6).

Two independent “sample lines” run the length of the device, each

intersecting half of the reactors. Cells identified for selection under the

microscope are sorted by moving the targeted cell from the sample line

to the template chamber using the optical trap. The antechamber buffer

is kept clean by slightly pressurizing the antechamber (from a 2 psi feed

via the reagent line) prior to opening the gate (valve) separating it from

the sample selection line, preventing cells from inadvertently crossing into

the antechamber. After a cell is selected and moved into the antechamber,

this gate can be closed again and the cell can be taken through the

antechamber to the template chamber by transiently opening a second

valve, which is closed after the cell is placed in the template chamber.

Using this “air-lock” setup (the cell must pass through two valves on

the chip), cells can be individually passed to the template chambers while

the bulk sample solution is completely excluded from the template cham-

bers. This works despite the design necessity that the air-lock valves

operate in blocks of 12 template chambers (four blocks in all). Cells in each

of the four device blocks can be treated with different lysis or reaction

conditions, since the second air-lock valve controls the flow of reagents

into each cell’s reactor section. The ability to run different samples

independently on the two halves of the chip, and to apply as many as four

sets of reaction conditions, makes the device adaptable to different project

configurations and allows efficient optimization of conditions for a given

sample type. At the top of the device, provisions are made to inject positive

control solutions (typically cells or nucleic acids) directly into reactors

24 and 48. Properly selected controls can be very useful to distinguish

failures of lysis from failures of amplification.

The large surface area to volume ratios associated with microfluidic

arrays present issues of “sticking” where hydrophobic or electrostatic inter-

actions between the cells (when not held away from the walls using the opti-

cal trap) or reagent components and the walls of the device necessitate the

use of surface treatments or surfactants to mediate the interaction between

solution components and the walls of the device. We have found that

0.04–0.08% Pluronic F127 in the sample dilution buffer is extremely effec-

tive in preventing the sticking of most cell types to the device. Bovine serum

albumin (BSA) can be supplemented if necessary, but the level of

81Optical Cell Selection for Single-Genome Analysis

http://dx.doi.org/10.1016/B978-0-12-407863-5.00004-6
http://dx.doi.org/10.1016/B978-0-12-407863-5.00004-6


contaminating DNA should be assayed (Blainey et al., 2011), and measures

taken to source a low-contamination sample or degrade contaminants (UV

treatment is recommended, but can cause aggregation). Provided that ampli-

fiable DNA can be removed or destroyed, 8 mg/ml of BSA can be used in

both the sample dilution buffer as well as the sterile diluent. Many groups

have developed chemical and physical coatings that prevent adsorption of

cells and biomolecules to PDMS, but we find the application of dynamic

coatings (soluble surfactants such as Pluronic F127 and Tween-20) conve-

nient and effective.

Potassium hydroxide treatment (0.4 M, optionally with EDTA, DTT,

surfactants, and elevated temperature) is the most commonly applied lysis

treatment in single-cell genomics, but is not sufficient for the lysis of many

environmental microorganisms. Pretreatment (of the bulk sample or indi-

vidual cells on chip) with enzymes and/or detergents can be helpful in many

cases, but appropriate positive controls should be used to ensure thatWGA is

not inhibited by the lysis reagents. As a side note, a coverslip-mounted chip

was observed to survive cycling to liquid nitrogen temperatures with no ill

effects, indicating the possibility of lysis by ice crystal formation within the

device. Two 3.5 nl lysis chambers are provided in each reactor to allow the

flexible application of sequential lysis treatments. When one reagent is chan-

ged for another, the entire reagent delivery manifold is flushed out of the

central waste line to guarantee that the new reagent is applied at its full

concentration.

After lysis, the third 3.5 nl chamber can be used to chemically neutralize

any lysis conditions applied, for example, adding sodium acetate to neutral-

ize an alkaline lysis step. Subsequently, theWGA reaction buffer can be pre-

pared and applied to flush the lysate into the 50 nl reaction chamber for a

total reaction volume of 60 nl. For MDA, the device is incubated at

30–31 �C on a digital hot plate with the hydration line, which runs directly

under the reaction chambers, pressurized. The degree of hydration is an

important parameter in optimizing reactivity. Too little hydration and the

volume or the reaction will shrink as a net loss of water vapor occurs; too

much, and the chamber can swell, “burping” products from the outlet

and diluting the reactants. The correct amount of hydration depends on

the gas permeability of the PDMS and the ambient humidity. A humidity

chamber is useful and can consist of a sealed Pyrex dish that the microfluidic

device is placed into with a small amount of purified water. This is placed on

a hot plate with a temperature probe inserted into the chamber to regulate

the supply of heat from the hot plate. (The Thermo Scientific Super-Nuova
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model was used for this purpose; its advantages include probe-controlled

temperature as well as logging through an RS232 port.) Only the MDA

chemistry has been tested in the device, although other WGA chemistries

dependent on short high-temperature steps would likely work if provided

increased hydration pressure.

We add an intercalating dye (0.5� EVA Green) to the reactions and

monitor product accumulation in real time by taking fluorescence images

of the reaction chambers (a less informative alternative approach is endpoint

fluorescence monitoring with 1� SYBR). When complete, products are

recovered in parallel by applying Tris buffer to the reagent supply and flush-

ing the products into pipette tips inserted into the outlet of each reactor.

Individual recovery of the product from each reaction eliminates the possi-

bility of cross-contamination, while simultaneous recovery of the products

in parallel (the device has been optimized for a uniform flow rate across all

the chambers) enables rapid product collection in the pipette tips, with 5 ml
recovered from every reaction within a few minutes. Although the products

are diluted about 100-fold during this recovery step, leftover primers and

considerable phi29 DNAP activity exist in the product mixture. To avoid

interference with downstream assays such as PCR, it is strongly rec-

ommended that the products be heat treated (65 �C, 10 min will abolish

the polymerase and exonuclease activities of phi29 DNAP) and further

diluted and/or purified prior to other analyses.

6. SOFTWARE

The LabView graphical programming language was used to design an

integrated software interface for the scope, stage, andmicrofluidic controller.

Matlab, Micro-Manager, and a variety of commercial imaging programs can

also be used to coordinate hardware control and image acquisition. In our

implementation, the user is presented with a graphical interface (Fig. 4.5A)

that shows a liveviewof the chip through themicroscope (with fiducialmark-

ing the position of the optical trap within the field of view) and a chip sche-

matic indicating the status of control lines. The interface provides for manual

control of the on-chip valves, laser, stage, and camera, as well as automatic

functions such as setting preprogrammed valve states, moving to predefined

locations on the chip, time-lapse imaging across multiple fields of view, and

initialization routines for calibrating the stage. Although a previous design

relying on pumped flow for sorting was automated for user-independent
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sorting (Marcy, Ishoey, et al., 2007), the current software runs in a

semiautomated mode where the human user selects cells and initiates a

programmed sorting routine. Applications where the choice of freely diffus-

ing cells canbe reduced to amachine-vision task (e.g., by a fluorescence inten-

sity metric) may benefit from complete automation of the sorting process.

Valve control is integrated using the LabView drivers for the USB

microcontroller card used in the Stanford valve manifold controller design.

LabView drivers were used for control of the ASI and Marhauser-Wetzlar

motorized stages. In both setups, a coordinate teaching system was devel-

oped to automatically calculate the location of each sorting intersection

Figure 4.5 Example of dual-screen graphical user interface with integrated microfluidic
controls, stage automation, and video and image recording (A). Automated fluores-
cence data acquisition (B) and real-time kinetics curve of double-stranded DNA
formation in individual microfluidic reaction chambers (C).
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on the microfluidic device so as to improve the speed of cell sorting and help

with navigation at higher magnifications. Our system measured focal posi-

tions as well, interpolating the z-position of the flow channel in between

measurement points. For effective movement across large areas of the

device, a chip-mounting system such as our 3D printed holder that flattens

the coverslip and levels the device on the microscope stage is critical to pre-

vent excessive focus run-out with high-power trapping objectives, which

have a shallow depth of field. Alternatively, or in addition, an active auto-

focus system can be utilized to maintain the flow channels in sharp focus.

Computer-based control of the laser system is also highly recommended

to improve safety and facilitate automatic control of sorting operations.

The preferred solution is a laser that can be directly modulated by a digital

or analog signal. Alternatively, a stand-alone electronic shutter is also suitable

(e.g., Thorlabs part no. SH05 with SC10 shutter controller).

High-speed video imaging is critical to both manual and automatic

manipulations of cells with the trap as well as documentation of the cells

selected for analysis. A live-view frame rate of at least 25 frames per second

is critical for eyestrain-free viewing over long periods of time. For optimally

resolved and high-contrast fluorescence imaging of cells, the size of pixels on

thedetector shouldbebetween0.5� and1� theprojected sizeof diffraction-

limited objects in the field of view. For example, a 100� NA 1.4 objective

lens imaging green light would have a calculated resolution in the sample

of �0.6�525 nm/1.4¼225 nm, and the optimal pixel size would be

between 225 nm/2�100¼11 mm and 225 nm�100¼22.5 mm. For this

system, pixels smaller than 11 mm would compromise signal-to-noise ratio

for little gain in spatial resolution, while pixels larger than 22.5 mm would

compromise spatial resolution. Particularly useful is the integration of

application-specific imaging modalities into the GUI. These may include

fluorescence or interference-based imaging of cells and automated endpoint

or time-lapse fluorescence of DNA stains in each MDA reaction chamber as

illustrated in Fig. 4.5B and C. Additional facilities for video and image doc-

umentation of cells with automated file naming (by day, sample designation,

and chamber number) during sorting may also be built into the GUI.

7. PERFORMANCE AND LIMITATIONS

In practice, the optofluidic laser-tweezing/microfluidic WGA

approach provides a number of unique advantages as a method for highly

targeted single-cell genomics studies. With a well-engineered system and
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medium-sized cells, the speed at which cells can be manipulated can reach

�200 mm/s or more; however, as trapping forces are dependent both on the

size and shape of the cell, the maximum transport speed can vary. Optimal

cell sizes for fast sorting range from 1 to 10 mm in diameter, but larger cells or

groups of cells can be manipulated by trapping a portion of the structure and

moving at slower rates. Smaller cells of 0.5 mm can also be effectively manip-

ulated by reducing the rate of movement; in fact, individual viruses (Ashkin

et al., 1987), molecules (Katsura, Hirano, Matsuzawa, Mizuno, &

Yoshikawa, 1998), and even atoms (Chu, Bjorkholm, Ashkin, & Cable,

1986) can also be confined in simple, single-beam optical traps. The limiting

factor in trapping small cells is not usually the ability to achieve sufficient

confinement of the cell, but rather the ability to visualize the trapped cell

(highly sensitive approaches like fluorescence or scattering are typically

employed for detection of small particles in optical traps). Even manual

selection and sorting of cells can be performed quickly, with up to several

cells per minute being placed into their respective reaction chambers. Full

automation for amenable target cell types has a potential to increase this

speed further, with the ultimate limit being placed by the time needed

for image acquisition/processing and the maximum achievable speed of cell

movement. The optical trap rejects contaminating DNA more effectively

than methods based on subdivision of the input sample and does not require

dilution of the sample. Laboratory experiments have shown that the trapping

technique can remove cells from buffer containing 104 cp/ml of plasmid

with no carry-over amplification of the plasmid DNA (Dodsworth

et al., 2013).

Themicrofluidic technique produces nanogram quantities of DNA from

each successful reaction (�30 ng) that are sufficient for many analyses

including PCR and high-throughput sequencing (Blainey et al., 2011;

Marcy, Ouverney, et al., 2007). The 48-chamber design of the microfluidic

device provides ample opportunity for success. As an added benefit, the

complexity of the system is not overwhelming. In the hands of an experi-

enced user, the optical alignment is very repeatable and stable for months

to years, and the relatively straightforward design can be broken down

and set back up fairly easily, lending itself to travel or even field studies.

As a demonstration, one of the systems used in our experiments was shipped

fromOregon to Bermuda in 2012 for application as a teaching instrument in

a course on microbial oceanography.

The most significant limitation of the current implementation of this

optofluidic technology is throughput. The footprint of the 50 mm deep
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reactors and use of dedicated recovery ports limited the reactor density on

the 48x_v4 device, although there are no fundamental barriers to increase

the reactor density or size of the chip by reconfiguring the reactors and prod-

uct recovery method to achieve batchwise improvements in throughput of

several orders of magnitude. The genomic coverage achieved when

sequencing single-cell WGA product is highly variable and is thought to

be limited by incomplete postlysis accessibility of the genome and genome

fragmentation. Coverage is limited further by amplification bias, or the

uneven coverage of the genome common in single-cell WGA datasets.

Single-cell WGA coverage of environmental microbial genomes has been

reported at 13–41% with 160� sequencing (Woyke et al., 2011), although

much higher coverage has been observed in select cases. Since many reac-

tions are unsuccessful or result in lower coverage than needed for desired

analyses, it is advantageous to process many reactions to increase the number

of high-quality reaction products obtained. Despite the current limitation of

48 reactions per chip in the optofluidic approach, applications with limited

sample quantity, FACS-incompatible samples, selection criteria requiring

high-resolution microscopy, or that benefit from a low-cost casual operating

mode in the lab of an individual investigator may be suitable for the optical

trapping approach.

Specific examples of where this approach would be particularly practical

include:

– separation of known or unknown components of an enrichment culture

for WGA

– separation of cells from the environment or enrichment culture for isolate

culture

– selection of bacteria from tissue or intracellular parasites from a cell lysate,

where contamination from host DNA would be a serious concern

– acquisition of cells with a defining or interesting morphology or visible

phenotype

– manipulation of cell aggregates

– combinatorial approaches where high-quality microscopy documenta-

tion would be useful

– single-cell genomics using extremely small volumes of sample (1–20 ml).
The reagent and personnel costs for this technology are likely to be signif-

icantly lower than those associated with a facility designed for very high-

throughput single-cell genomics. In this vein, the approach is suitable for

laboratories where it is desirable to have a single-cell genomics capability

readily available, but where they are not necessarily the central focus of
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the research. It is also worth noting here, that while the microfluidic device

described here was designed specifically for single-genome amplification,

optical trapping is a microbiological technique that is applicable to a broad

variety of studies and integration with other culture-based, imaging-based

microfluidic and/or molecular approaches. We eagerly anticipate an expan-

ding role for optical trapping in a variety of novel microbiological studies in

the coming years.

ACKNOWLEDGMENTS
The authors acknowledge the work of Geoffrey Schiebinger for software development and

sequence data analysis, Nicholas Gobet in designing the first chip holder, and DavidMcIntyre

for assistance with optical trapping at OSU. P. C. B. was supported through the Burroughs

Welcome Fund via a Career Award at the Scientific Interface. Z. C. L. and the educational

laser-trapping system at OSU were supported through funding from the Gordon and Betty

Moore Foundation.

REFERENCES
Ashkin, A. (1992). Forces of a single-beam gradient laser trap on a dielectric sphere in the ray

optics regime. Biophysical Journal, 61, 569–582.
Ashkin, A. (1997). Optical trapping and manipulation of neutral particles using lasers.

Proceedings of the National Academy of Sciences of the United States of America, 94, 4853–4860.
Ashkin, A., & Dziedzic, J. M. (1989). Internal cell manipulation using infrared laser traps.

Proceedings of the National Academy of Sciences of the United States of America, 86, 7914–7918.
Ashkin, A., Dziedzic, J. M., & Yamane, T. (1987). Optical trapping and manipulation of

single cells using infrared laser beams. Nature, 330, 769–771.
Ashkin, A., & Gordon, J. P. (1983). Stability of radiation-pressure particle traps: An optical

Earnshaw theorem. Optics Letters, 8, 511–513.
Blainey, P. C. (2013). The future is now: Single-cell genomics of bacteria and archaea. FEMS

Microbiology Reviews, 37, 407–427.
Blainey, P. C., Mosier, A. C., Potanina, A., Francis, C. A., & Quake, S. R. (2011). Genome

of a low-salinity ammonia-oxidizing archaeon determined by single-cell and meta-
genomic analysis. PLoS One, 6, e16626.

Boetius, A., Ravenschlag, K., Schubert, C. J., Rickert, D., Widdel, F., Gieseke, A., et al.
(2000). A marine microbial consortium apparently mediating anaerobic oxidation of
methane. Nature, 407, 623–626.

Chu, S., Bjorkholm, J. E., Ashkin, A., & Cable, A. (1986). Experimental observation of opti-
cally trapped atoms. Physical Review Letters, 57, 314–317.

Dean, F. B. (2002). Comprehensive human genome amplification using multiple displace-
ment amplification. Proceedings of the National Academy of Sciences of the United States of
America, 99, 5261–5266.

Dean, F. B., Nelson, J. R., Giesler, T. L., & Lasken, R. S. (2001). Rapid amplification of
plasmid and phage DNA using Phi29 DNA polymerase and multiply-primed rolling cir-
cle amplification. Genome Research, 11, 1095–1099.

Dodsworth, J. A., Blainey, P. C., Murugapiran, S. K., Swingley, W. D., Ross, C. A.,
Tringe, S. G., et al. (2013). Single-cell and metagenomic analyses indicate a fermentative
and saccharolytic lifestyle for members of the OP9 lineage. Nature Communications, 4,
1854.

88 Zachary C. Landry et al.

http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0005
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0005
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0010
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0010
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0015
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0015
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0020
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0020
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0025
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0025
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0030
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0030
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0035
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0035
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0035
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0040
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0040
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0040
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0045
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0045
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0050
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0050
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0050
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0055
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0055
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0055
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0060
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0060
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0060
http://refhub.elsevier.com/B978-0-12-407863-5.00004-6/rf0060


Dupont, C. L., Rusch, D. B., Yooseph, S., Lombardo, M.-J., Richter, R. A., Valas, R., et al.
(2011). Genomic insights to SAR86, an abundant and uncultivated marine bacterial lin-
eage. The ISME Journal, 6, 1186–1199.

Ericsson, M., Hanstorp, D., Hagberg, P., Enger, J., & Nystrom, T. (2000). Sorting out bac-
terial viability with optical tweezers. Journal of Bacteriology, 182, 5551–5555.

Fan, H. C., Wang, J., Potanina, A., & Quake, S. R. (2010). Whole-genome molecular hap-
lotyping of single cells. Nature Biotechnology, 29, 51–57.

Frumkin, D.,Wasserstrom, A., Itzkovitz, S., Stern, T., Harmelin, A., Eilam, R., et al. (2008).
Cell lineage analysis of a mouse tumor. Cancer Research, 68, 5924–5931.

Huber, R., Burggraf, S., Mayer, T., Barns, S. M., Rossnagel, P., & Stetter, K. O. (1995).
Isolation of a hyperthermophilic archaeum predicted by in situ RNA analysis. Nature,
376, 57–58.

Katsura, S., Hirano, K., Matsuzawa, Y., Mizuno, A., & Yoshikawa, K. (1998). Direct laser
trapping of single DNA molecules in the globular state. Nucleic Acids Research, 26,
4943–4945.

Kvist, T., Ahring, B. K., Lasken, R. S., & Westermann, P. (2006). Specific single-cell iso-
lation and genomic amplification of uncultured microorganisms. Applied Microbiology and
Biotechnology, 74, 926–935.

Liang, H., Vu, K. T., Krishnan, P., Trang, T. C., Shin, D., Kimel, S., et al. (1996). Wave-
length dependence of cell cloning efficiency after optical trapping. Biophysical Journal, 70,
1529.

Malmstrom, R. R., Rodrigue, S., Huang, K. H., Kelly, L., Kern, S. E., Thompson, A., et al.
(2013). Ecology of uncultured Prochlorococcus clades revealed through single-cell
genomics and biogeographic analysis. The ISME Journal, 7, 184–198.

Marcy, Yann, Ishoey, T., Lasken, R. S., Stockwell, T. B.,Walenz, B. P., Halpern, A. L., et al.
(2007). Nanoliter reactors improvemultiple displacement amplification of genomes from
single cells. PLoS Genetics, 3, e155.

Marcy, Y., Ouverney, C., Bik, E. M., Losekann, T., Ivanova, N., Martin, H. G., et al.
(2007). Inaugural article: Dissecting biological “dark matter” with single-cell genetic
analysis of rare and uncultivated TM7 microbes from the human mouth. Proceedings of
the National Academy of Sciences of the United States of America, 104, 11889–11894.

Neuman, K. C., & Block, S. M. (2004). Optical trapping. The Review of Scientific Instruments,
75, 2787.

Neuman, K. C., Chadd, E. H., Liou, G. F., Bergman, K., & Block, S. M. (1999). Charac-
terization of photodamage to Escherichia coli in optical traps. Biophysical Journal, 77,
2856–2863.

Olsen, G. J., Lane, D. J., Giovannoni, S. J., Pace, N. R., & Stahl, D. A. (1986). Microbial
ecology and evolution: A ribosomal RNA approach. Annual Review of Microbiology, 40,
337–365.

Pamp, S. J., Harrington, E. D., Quake, S. R., Relman, D. A., & Blainey, P. C. (2012).
Single-cell sequencing provides clues about the host interactions of segmented filamen-
tous bacteria (SFB). Genome Research, 22, 1107–1119.
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Abstract

Flow cytometry and fluorescent dyes represent valuable experimental tools for studying
complex microbial communities, enabling the quantification and sorting of cells with
distinct levels of activity or damage, and providing information that can be difficult
to infer from metagenomic sequencing alone. Despite this potential, these single-cell
methods have seldom been applied to the study of host-associated microbial commu-
nities. Here, we present our recently developed protocols utilizing four distinct fluores-
cent dyes that label cells based on nucleic acid content, respiratory activity, and
membrane damage. These methods have been successfully applied to study the tril-
lions of microorganisms inhabiting the human gastrointestinal tract (the gut micro-
biota), in addition to a collection of isolates from five common gut-associated
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bacterial phyla. By merging these protocols with fluorescence-activated cell sorting and
downstream multiplex 16S rRNA gene sequencing, it is possible to rapidly assess the
taxonomic composition of each physiological category. These methods provide an ini-
tial step toward a robust toolkit allowing a rapid, culture-independent, and comprehen-
sive assessment of the physiology and metabolic activity of host-associated microbial
communities.

1. INTRODUCTION

The human body is home to trillions of microbial cells representing

thousands of species (Turnbaugh et al., 2009; Qin et al., 2010) that have

a profound effect on human physiology (Dutton and Turnbaugh, 2012;

Haiser and Turnbaugh, 2012). These microorganisms are widely distributed

among different body habitats and densely colonize the gastrointestinal tract

(referred to as the gut microbiota) (Costello et al., 2009; Maurice and

Turnbaugh, 2011). Recent metagenomic surveys have extensively

described the structure and dynamics of the gut microbiota and its vast array

of genes, the gut microbiome, in states of health and disease (Consortium,

H. M. P., 2012; Turnbaugh et al., 2009; Qin et al., 2010; Yatsunenko et al.,

2012). However, these techniques provide limited information about met-

abolic activity, necessitating other methods for the quantification and iden-

tification of the active or damaged cells within host-associated microbial

communities.

Flow cytometry (FCM) and cell sorting have been used in a variety of

ecosystems to access the physiology of cells within complex microbial com-

munities (Del Giorgio and Gasol, 2008; Shapiro, 2000). Combined with

appropriate fluorescent dyes, FCM allows the quantification of cells with

distinct levels of activity or damage, using the individual cell fluorescence

and light scatter signals. In addition, the stained cells of interest can also

be sorted and identified by sequencing the appropriate marker genes.

Here, we present an optimized protocol for the single-cell analysis of the

human gut microbiota, validated with bacterial isolates and the intact fecal

microbiota. First, we provide general information about the use of FCM and

the fluorescent dyes available. We then detail our optimized protocols for

characterizing the physiology of microbial cells from human fecal samples,

as well as methods for the sorting and downstream 16S rRNA gene sequenc-

ing, referred to here as FACS-Seq. Finally, we discuss various experimental

considerations and troubleshooting options.
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2. FLOW CYTOMETRY AND FLUORESCENT DYES

2.1. Viewing microbial communities with flow cytometry
The main benefits of FCM include speed, hundreds of thousands of events

processed allowing for robust statistical analyses, information about general

cellular features, and physiological information (for more information, see

the excellent review by Shapiro, 1995). Briefly, microbial cells in suspension

are exposed to a laser and the resulting light scatter and fluorescence emission

signals for each cell are acquired (Shapiro, 1995). Thousands of events per

second are recorded and characteristics such as cell abundance, size, shape,

intracellular content, and granularity can be rapidly determined. Additional

physiological information including nucleic acid content, membrane integ-

rity, respiratory activity, and intracellular enzymatic activity can also be

obtained by staining cells with fluorescent dyes prior to FCM acquisition

(Del Giorgio and Gasol, 2008; Maurice and Turnbaugh, 2013; Shapiro,

1995; Fig. 5.1A). By using a fluorescence-activated cell sorter (FACS), each

cell population can be sorted for downstream analyses (Fig. 5.1B).

2.2. Identifying metabolically active cells
Multiple dyes indicative of microbial physiology are available, but we have

chosen to focus here on four dyes (two indicative of metabolic activity and

two of cell damage; Fig. 5.1A) that have been extensively used in bacterial

cultures, aquatic ecosystems, biofilms, and even the human gut microbiota

(Del Giorgio and Gasol, 2008; Maurice, Haiser, and Turnbaugh, 2013;

Novo, Perlmutter, Hunt, and Shapiro, 2000). Most of the other available

dyes remain to be validated before their application to the humanmicrobiota

(Maurice and Turnbaugh, 2013).

Numerous studies indicate that cell growth and transcriptional activity

can be determined using nucleic acid-binding fluorescent dyes, such as

SybrGreen I. These dyes enter all microbial cells irrespective of the mem-

brane status, with strong affinity to double- and single-stranded nucleic acids

(Del Giorgio and Gasol, 2008; Martens-Habbena and Sass, 2006; Maurice

and Turnbaugh, 2013).

Extensive data from aquatic microbial communities show that microbial

cells tend to cluster into two groups, according to their relative green fluo-

rescence: cells with low (LNA) and high nucleic acid (HNA) content

(Bouvier, del Giorgio, and Gasol, 2007; Del Giorgio and Gasol, 2008).
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Relative nucleic acid content can serve as a proxy of cellular activity, with

several studies indicating that HNA cells exhibit higher rates of cell division

and metabolic activity than LNA cells (Bouvier et al., 2007; Wang,

Hammes, Boon, Chami, and Egli, 2009; Zubkov, Fuchs, Burkill, and

Amann, 2001). Both populations have also been observed in the human

gut microbiota, where the fluorescence differences could not be explained

by increased cell or genome size, and most probably reflected differences in

metabolic activity (Maurice et al., 2013).
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Figure 5.1 Identifying the active and damaged subsets of the human gut microbiota.
(A) Fluorescent dyes, intracellular targets, and resulting FCM signals. The dyes used to
determine cellular activity are highlighted in red, those for cellular damage in blue. (B)
Overall workflow for FACS-Seq.
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Metabolically active microbial cells can also be quantified with the

tetrazolium salt 5-cyano-2,3-ditolyltetrazolium chloride (CTC) (Rodriguez,

Phipps, Ishiguro, and Ridgway, 1992; Sherr, del Giorgio, and Sherr, 1999;

Sieracki, Cucci, and Nicinski, 1999). This salt is reduced to an insoluble red

compound, formazan, during both aerobic and anaerobic respiration

(Bhupathiraju, Hernandez, Landfear, and Alvarez-Cohen, 1999; Smith and

McFeters, 1997;Walsh, Lappin-Scott, Stockdale, andHerbert, 1995). Prelim-

inary data suggest that CTC can be applied to the human gut microbiota

(Maurice and Turnbaugh, 2013), but more extensive validation is necessary

prior to a wide application of this method.

2.3. Monitoring membrane integrity and polarity
Membrane integrity is a crucial indicator of cellular damage, and several

fluorescent vital dyes will not enter microbial cells with intact membranes.

For example, propidium iodide (Pi), commonly used to assess bacterial via-

bility, is a red nucleic acid dye excluded from cells with intact membranes

due to its size, molecular structure, and insolubility in the hydrophobic

membrane phase (Haugland, 2005; Strauber and Muller, 2010). Piþ cells

correspond to severely damaged cells (Fig. 5.1A).

Loss of membrane polarity is another physiological cue indicative of cell

damage and can be assessed with oxonol dyes such as bis-(1,3-

dibutylbarbituric acid)trimethine oxonol (DiBAC4). DiBAC4 is a negatively

charged molecule that binds to lipid-containing material, generally excluded

from cells because of their negative membrane gradient (Strauber and Muller,

2010; Suller and Lloyd, 1999). The dye is able to enter cells with a loss of

membrane polarity, detectable by their green fluorescence (Fig. 5.1A).

These physiological dyes target distinct cellular processes. Thus, proxies

of bacterial damage such as Piþ and DiBACþ cells might not always correlate

(Novo et al., 2000). No single dye will provide all the physiological infor-

mation about a microbial cell, and we therefore strongly recommend using

several complementary dyes.

3. EXPERIMENTAL PROCEDURES

3.1. Sample preparation
Reagents and equipment

– Reduced 1� PBS (rPBS: 80 g l�1 NaCl, 2 g l�1 KCl, 14.4 g l�1

Na2HPO4, 2.4 g l
�1 KH2PO4) containing L-cysteine (final concentration
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1 mg ml�1) and the oxygen indicator resazurin (final concentration

1 mg ml�1). Filter (0.2 mm) and store anaerobically. Once the rPBS is

clear again, it is oxygen free and ready to use.

– A monitored anaerobic chamber (e.g., Coy Laboratory).

– A tabletop centrifuge, with a swing-bucket or fixed-angle rotor adapted

to volumes �10 ml.

– Fresh human fecal samples with limited oxygen exposure.

Note: Additional validation may be necessary for samples from other

body locations.

Experimental protocol

1. Dilute a portion of a fresh human fecal sample 1:10 g ml�1 in 1� rPBS.

2. Vortex thoroughly.

3. Centrifuge 1 min at 700� g to pellet organic matter and larger particles.

4. Transfer to anaerobic chamber. Take 1 ml of bacterial supernatant and

transfer to a new Eppendorf tube.

Note: This volume can be adjusted according to your experimental

needs.

5. Spin 3 min at 6000� g to pellet bacteria.

6. Wash bacterial pellet with 1� rPBS and resuspend in 1 ml (or adjusted

volume from step 4).

7. Spin 2 min at 6000� g.

8. Repeat steps 6 and 7.

9. Repeat step 6. The bacterial suspension can now be further diluted and

stained for FCM analysis.

3.2. Quantifying microbial activity and cell damage
Reagents and equipment

– SybrGreen I (Invitrogen). Prepare a stock solution at 1000� following

the provider’s instructions and keep at �20 �C.
– CTC (Invitrogen). Prepare a stock solution at 50 mM following the pro-

vider’s instructions. This stock solution should be prepared fresh for each

experiment.

– Propidium iodide (Sigma-Aldrich). Prepare a stock solution at

10 mg ml�1 following the provider’s instructions and keep at �20 �C.
– DiBAC4 (Invitrogen). Prepare a stock solution at 0.5 mg ml�1 following

the provider’s instructions and keep at �20 �C.
– Reference fluorescent beads as internal standards. This setup was origi-

nally tested with 5.8 mm fluorescent beads (Spherotech Inc.), but 3 mm
Sphero Rainbow beads (BD Biosciences) can also be used.
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– A flow cytometer equipped with at least one solid-state 488 nm laser,

standard filter setup, and analysis software such as FlowJo (TreeStar

Inc.) or CellQuest Pro (BD Biosiences).

Experimental protocol

1. Dilute your anaerobic bacterial cell suspension 120-fold in 1� rPBS.

Note: This dilution factor can be adjusted according to your samples,

but resulted in appropriate cell concentration for the samples we have

analyzed to date.

2. Prepare and label FCM tubes in triplicate (technical staining replicates)

for each dye.

3. Proceed with an additional 2.5-fold dilution of your samples in rPBS for

bacterial physiology acquisition.

4. Pipette 500 ml of your diluted sample in triplicate FCM-labeled tubes,

and add the different dyes from your prepared stocks according to the

volumes and concentrations specified in Table 5.1. You should have

three staining replicates/dye used. Incubate in the dark under

anaerobic conditions.

5. Add 10 ml of green fluorescent beads. They should be prepared fresh, but
can be kept at 4 �C for up to 2 weeks.

Note: The bead concentration (�104 beads ml�1) should be verified

every time you do a FCM experiment, either with Countbright beads

(Invitrogen) or by epifluorescence microscopy.

6. FCM acquisition: Make sure the number of events per second is �1000

(can vary depending on the instrument). Acquisition plots should be

log scaled.

7. FCM analysis: Gate the cells of interest and the reference beads using the

appropriate fluorescence and light scatter channels. Do not include bead

doublets or triplets in your gate. Record the number of events, the fluo-

rescence, and light scatter values to control for any variation in the

FCM signals.

Table 5.1 Staining procedure

Dye
Volume of dye (ml)
in 500 ml total

Initial dye
concentration

Final dye
concentration

Staining
time (min)

SybrGreen I 0.5 1000� 1� 15

CTC 50 50 mM 5 mM 180

DiBAC 1 0.5 mg ml�1 1 mg ml�1 10

Pi 2 10 mg ml�1 40 mg ml�1 10

The dyes in italic indicate activity, whereas those in bold italic assess cell damage.
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Note: As DiBAC is sensitive to cell size, start by gating the microbial

cells using a forward and side scatter plot (FSC vs. SSC) to decrease the

number of false events and proceed with your analysis on this subset.

8. Convert FCM events to abundances, using the following equation:

Vb�Cb�Ecð Þ= Eb�Vsð Þ
where Vb¼bead volume; Cb¼bead concentration; Ec¼cell events;

Eb¼bead events; and Vs¼ total volume of sample. Proceed with determin-

ing the relative proportions of cells in each population relative to the total

SybrGreen I positive cells.

3.3. FACS-Seq
Reagents and equipment

– All the reagents listed for Section 3.2.

– 96-well plates with strip caps (VWR).

– 5 M Betaine (Sigma-Aldrich).

– 10� PCR buffer (100 mM Tris (pH 8.3), 500 mM KCl, 20 mM

MgSO4).

– 10 nM dNTP, diluted down to 2 nM (New England Biolabs).

– TAQ polymerase (5 units ml�1; Invitrogen).

– Barcoded primers targeting an appropriate marker gene (e.g., variable

region 4 of the 16S rRNA gene; Caporaso et al., 2011, 2012). Dilute

to 10 mM.

– A FACS equipped with at least one solid-state 488 nm laser, standard fil-

ter setup, and a 70 mm nozzle.

– A thermocycler (e.g., MJ Research).

– A centrifuge with plate holders (e.g., Sorvall Legend RT).

Experimental protocol

1. Dilute your anaerobic bacterial cell suspension 120-fold in 1� rPBS.

Note: This is the same step 1 as for the bacterial physiology

experimental setup.

2. Proceed with an additional 1.7-fold dilution of your samples in rPBS

for bacterial sorting.

3. Add the different dyes and incubate in the dark under anaerobic con-

ditions, according to Table 5.1. Add 10 ml of green fluorescent beads.

4. FCM acquisition: Determine a narrow gate around the cells of interest,

and sort at least 50,000 events into triplicate adjacent wells of a

96-well plate.
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5. Centrifuge the plate at 4400 rpm for 15 min at 4 �C to pellet the

bacterial cells.

6. Remove the supernatant, add 19.8 ml of PCRbuffer (2 ml 5MBetaine in

1� PCR buffer) and incubate the cell pellets for 30 min at 4 �C.
7. Lyse cells: Place plate in liquid nitrogen before placing in thermocycler

at 100 �C. Repeat procedure twice.

8. Add 2 ml 2 mM dNTP, 1 unit TAQ polymerase, and 1 ml each of the

10 mM forward and reverse primers.

9. PCR amplification: 94 �C for 3 min, 35 cycles of 94 �C for 45 s, 50 �C
for 30 s, and 72 �C for 90 s, with final extension at 72 �C for 10 min.

Note: These settings should be adjusted according to your specific

primer set.

10. Pool triplicate reactions and confirm amplification on 1.5% agarose gel.

11. Clean amplicons with AMPure XP beads (Agencourt).

12. Quantify each sample with the Quant-iT Picogreen dsDNA Assay

kit (Invitrogen).

13. Pool equimolar amounts of each sample and dilute the final pool to

10 nM (for sequencing on the Illumina HiSeq; otherwise, adjust final

concentration as needed).

14. Proceed with sequencing protocol.

Note: Loading samples at 4 pM on the Illumina HiSeq can reduce

errors due to the low complexity of amplicon samples. Alternatively,

samples can be pooled with a high-complexity shotgun library.

15. Proceed with data analysis using QIIME (quantitative insights into

microbial ecology; Caporaso et al., 2010), LEfSe (Segata et al.,

2011), and/or additional bioinformatics tools.

4. EXPERIMENTAL VALIDATION

4.1. Optimizing single-cell methods with isolates
and fecal samples

For each dye, we used unstained, stained, heat, and/or ethanol-treated samples

to determine the optimal dye concentration. Cells were discriminated from

noise or unstained cells using 2-parameter scatter plots of light scatter signals

(SSC) and the appropriate emission filter channel (FL1 or FL3) (Fig. 5.2A).

We validated our experimental approach with representative strains from

the fivemajor phyla found in the human gut:Eggerthella lenta (Actinobacteria),

Bacteroides fragilis (Bacteroidetes), Lactobacillus casei (Firmicutes), Escherichia coli

(Proteobacteria), and Akkermansia muciniphila (Verrumicrobia), and fecal
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communities from three unrelated individuals. The optimal SybrGreen

I concentration of 1� was based on previously reported values and was

assessed mainly with the gut isolates. Total cell abundance was obtained using

the FSC and SSC signals, and the SybrGreen I-stained cells. Considering all

isolates, both methods for determining cell abundance were equivalent

(Fig. 5.3A), confirming that SybrGreen I can stain all bacterial cells,

irrespective of their phylum. The proportion ofHNA cells during exponential

growth averaged 92.9�1.6% of the total cells, with the exception of

A. muciniphila (6.8�0.7% of the total cells). Although HNA and LNA cells
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Figure 5.3 Experimental validation of staining with gut isolates. (A) Correlation
between total cell counts obtained using the forward and side scatter values (FSC,
SSC) and the total cell counts determined after SybrGreen I staining (N¼5 bacterial iso-
lates with 2–3 replicates each). (B) Percentage of cells with altered membrane polarity
(DiBACþ) with or without heat treatment. (C) Percentage of cells with damaged mem-
brane integrity (Piþ) with or without ethanol treatment. Values in panels (B) and (C)
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have been associated with distinct levels of activity in microbial communities,

more extensive analyses of representative cultured isolates and mock commu-

nities are needed.

The optimal concentrations for DiBAC and Pi were determined based

on a dose–response curve of the dyes for untreated samples (gut isolates and

fecal communities), heat-treated samples (60 �C, 10 min), and ethanol-

treated samples (70% final concentration, 10 min) (Fig. 5.2A). This allowed

us to confirm dye uptake when cells are exposed to stressful conditions.

DiBAC concentrations higher than 1 mg ml�1 overestimated the damaged

cells, both in the normal and heat-treated samples, with more damaged cells

than the total cells. On average, the proportions of damaged DiBACþ cells

remained low during exponential phase of the gut isolates (4.5�1.2%

DiBACþ) andwere higher in untreated fecal communities (27.4�2.3% across

three individuals, N¼21). These values significantly increased in the heat

treatments (Fig. 5.3B), reaching 68.5�8.5% and 92.7�13.5% of total cells

for the isolates and the fecal communities, respectively (Maurice et al.,

2013). We tested Pi concentrations ranging from 0.02 to 0.1 mg ml�1 with

normal and ethanol-treated samples.We determined an optimal Pi concentra-

tion of 0.04 mg ml�1; Piþ cells reached nearly 100% of total cells in the

ethanol-treated samples and higher concentrations did not significantlymodify

the proportions of Piþ cells in the untreated samples. Damaged Piþ cells also

remained low during the exponential growth of the gut isolates (3.4�0.7%

Piþ cells) and averaged 17.2�2.1% in human fecal samples (N¼21). These

proportions increased with the ethanol treatments to 59.5�8.0% for the

gut isolates and 97.7�6.8% for the fecal microbiota (Fig. 5.3C).

The experimental procedure for CTC staining was only optimized with

fecal samples, using previously published concentrations for anaerobic bac-

teria (Bhupathiraju et al., 1999). However, we did test different incubation

times, using once again untreated and stained samples, untreated and

unstained samples, formaldehyde-killed and stained samples, as well as rPBS

incubated with CTC (no cells). Incubation times longer than 3 h increased

the proportions of CTCþ cells in the killed samples threefold, although the

values remained below 1%. On average, 12.0�2.2% of the fecal micro-

biota was CTC positive.

4.2. Validating the FACS-Seq protocol on the human
gut microbiota

We tested three crucial aspects of the FACS-Seq protocol: (i) the accurate

sorting of the cell population of interest, (ii) the minimum number of sorted
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cells necessary for reliable PCR amplification, and (iii) microbial community

structure prior to and after cell sorting.

First, sorted cells were reanalyzed by FCM, and were highly enriched

within the initial sorting gate (>72% of cells, range: 67–88%), without

any detectable change in fluorescence and SSC values (Fig. 5.4A). Events

from each subset were also visualized by epifluorescence microscopy (data

not shown), confirming the presence of the sorted cells. Next, we sorted

incrementing numbers of cells, from 30,000 to 75,000 cells, that were used

for PCR amplification of the 16S rRNA gene. Successful PCR amplifica-

tion was obtained with �50,000 sorted cells. We also determined that the

centrifugation step was necessary, as residual PBS from FACS inhibited

PCR amplification. Centrifugation did not lead to significant cell loss

(<5%), as confirmed by FCM.

Next, we compared the overall structure of the gut microbiota (by

gating the entire SybrGreen I population) to the HNA and LNA subsets

(Fig. 5.4B). As expected, the entire gut microbiota exhibited an intermedi-

ate community structure to the sorted LNA and HNA populations

from the same individual. However, we did detect a clear difference

between unsorted samples and the sorted gut microbiota (Maurice et al.,

2013), suggesting that there may be technical biases introduced during

FACS-Seq and/or that fecal samples contain substantial levels of free nucleic

acids from lysed cells. Additional follow-up experiments are necessary to

tease apart these, and potentially other, confounding factors.

5. TROUBLESHOOTING

5.1. Sample handling issues: Storage and
oxygen exposure

In order to ensure representative measurements of bacterial physiology, it is

essential to minimize sample handling prior to analysis. We tested the effect

of sample storage by comparing fresh samples to those maintained at�80 �C
for <3 months, from the same three unrelated individuals (Fig. 5.2B, left

panel). Freezing significantly increased the proportions of all physiological

categories (ANOVA, p<0.0001), and we therefore recommend using fresh

fecal samples.

We also tested the effects of both short- and long-term oxygen

exposures. Fresh fecal samples were collected and either transferred

immediately to our anaerobic chamber and processed under anaerobic con-

ditions with rPBS, or processed under aerobic conditions. We compared
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bacterial physiology immediately, 2, 4, and 24 h after sample collection.

Samples processed under aerobic conditions consistently exhibited

higher proportions of DiBACþ, Piþ, and HNA cells, relative to the

samples kept under anaerobic conditions. This was significant even for

samples processed immediately, that is, within 15 min after collection

(DiBACþ aerobic¼18.4�0.6% vs. DiBACþ anaerobic¼10.5�0.6;

Piþ aerobic¼9.8�0.2% vs. Piþ anaerobic¼5.5�0.3; HNA aerobic

¼85.8�3.2% vs. HNA anaerobic¼49.3�4.0; Student’s t-tests, all

p<0.001), but this increase was most obvious after 4 h of oxygen exposure.

This suggested that oxygen exposure is critical for bacterial physiology. We

further explored this issue by comparing the physiology of cells only

processed with rPBS versus cells initially diluted and centrifuged in normal

PBS before being transferred to the anaerobic chamber and further processed

with rPBS (Fig. 5.2B, right panel). This very short oxygen exposure did not

significantly impact the proportions of DiBACþ cells or of HNA cells, but

there was a significant increase in the proportions of Piþ cells (Student’s

t-test, p<0.0001). Samples should therefore be diluted as quickly as possible

into rPBS before further downstream experimentation.

5.2. General troubleshooting tips
– How to identify the cells of interest: Compare your stained samples to

unstained samples and stained killed samples (e.g., heat, ethanol, formal-

dehyde, or UV treated; Fig. 5.2A).

– The cell counts are not consistent: Check your reference bead concentration.

Acquire enough events for your reference beads to ensure correct calcu-

lations (�1% of total events).

– Cell proportions are >100%: Ensure that you have acquired enough refer-

ence beads events (see previous note). For complex communities, make

an initial FSC versus SSC gate to select only microbial cells (based on size

and cellular content), before proceeding with your analysis. Cells with

autofluorescence and/or chloroplasts can also be excluded from the anal-

ysis by using red versus green fluorescence plots.

– Avoid contamination: For the FACS-Seq protocol, make sure your 96-well

plate is DNA and RNA free. Unused wells should always be capped.

Ensure that the PBS used for FCM is as sterile as possible.

– No PCR amplification: Make sure that there is no PBS remaining in the

wells with sorted cells. Modify the number of sorted events you need

for correct amplification based on the specific population being sorted.
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Abstract

A protocol is presented here for the construction of BAC (bacterial artificial chromo-
some) libraries from planktonic microbial communities collected in marine environ-
ments. The protocol describes the collection and preparation of the planktonic
microbial cells, highmolecular weight DNA purification from those cells, the preparation
of the BAC vector, and the special ligation and electrotransformation procedures
required for successful library preparation. With small modifications, this protocol can
be applied to microbes collected from other environments.

1. INTRODUCTION

Construction of bacterial artificial chromosome (BAC) libraries form

marine samples has proved to be a successful tool to study microbial com-

munities via understanding their phylogenetic affiliation, physiological and

metabolic properties, and ecological function (Béjà, Aravind, et al., 2000;
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Béjà et al., 2002; Béjà, Suzuki, et al., 2000; de la Torre et al., 2003;

Feingersch & Béjà, 2009; Feingersch et al., 2010; Loy et al., 2009;

Sabehi, Béjà, Suzuki, Preston, & DeLong, 2004; Sabehi et al., 2005). This

tool allows cloning of high molecular weight (HMW) genomic DNA frag-

ments that are recovered from microbial cell populations into BAC cloning

vector. BAC vector contains an origin of replication derived from the

Escherichia coli F plasmid and allows the cloning and stable maintenance of

HMWDNA fragments of up to 300 kb (Shizuya et al., 1992). Since bacteria

have small genomes, only a few BAC clones are required for full coverage of

a bacterium genome. Thus, this approach has advantages in the genomic

analysis of microbial populations.

Construction of large insert-containing BAC libraries from marine sam-

ples involves the following steps: first, collecting a large water sample and

filtration or concentration through a desired size filter mesh to concentrate

the cell population; second, purification of HMW DNA from the cells,

followed by subsequent enzymatic digestion and size selection for HMW

DNA fragments; third, ligation of the purified size-selected fragments into

a specially prepared BAC vector, and finally, transformation of the ligated

recombinant BACs into E. coli and subsequent selection and archiving of

positive recombinant BAC containing colonies for further analysis.

2. BAC LIBRARY CONSTRUCTION PROCEDURES

2.1. Competent cell preparation for BAC transformation
via electroporation

The transformation of BAC clones into E. coli employs electroporation. For

this purpose, electrocompetent cells are required. The E. coli strain DH10B

[F�, mcrA, △(mrr-hsdRMS-mcrBC) j80dLacZ△M15, △lacX74, deoR,

recA1, endA1, araD139, △(ara, leu)7697, galU, galK, l�, rpsL, nupG] is rec-
ommended for BAC cloning since this strain is efficiently electroporated and

transformed with large DNA clones (Sheng, Mancino, & Birren, 1995).

E. coli DH10B competent cells are prepared as described by Sheng et al.

(1995) as follows. As this strain is resistant to the antibiotic streptomycin,

cultures in the following steps are grown with streptomycin sulfate salt

(Sigma) with a final concentration of 10 mg/ml. E. coliDH10B single colony

from a freshly streaked agar plate (1.5% Bacto agar) is picked and inoculated

into a starter culture of 2 ml LB medium (1% Bacto tryptone, 0.5% Bacto

yeast extract, and 1% NaCl) in a tube with a volume of at least five times
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the volume of the culture. The culture is incubated for �12 h at 37 �C
with vigorous shaking (�200 rpm). The fresh saturated starter culture is

then diluted 1:1000 into 1 l of SOB medium (2% tryptone, 0.5% Bacto

yeast extract, 0.05% NaCl and 2.5 mM KCl, pH 7, without MgCl2), in

Erlenmeyer with a volume of at least five times the volume of the culture

and grown at 37 �C with vigorous shaking (�200 rpm) to an OD550 of

0.7 (no higher than 0.8). The culture is divided into 250 ml centrifuge tube.

The cells are then harvested by centrifugation at 4000� g for 10 min at 4 �C.
The pellet is resuspended in a volume equal to the original culture volume of

prechilled to 4 �C 10% sterile glycerol and centrifuged again and this step is

repeated. Then, the pellet is resuspended in �30 ml of 10% glycerol and

centrifuged in one centrifuge tube at 6000� g for 10 min at 4 �C. The pellet
is resuspended in 2 ml of 10% glycerol per liter of initial culture volume,

and aliquots of 30 ml are immediately snap-frozen in liquid nitrogen and

stored at �80 �C.

2.2. BAC vector preparation for cloning
The preparation of the BAC vector for cloning includes the following steps:

purification of a BAC vector from E. coli host culture, digestion with

restriction enzyme and dephosphorylation of the BAC vector ends with

alkaline phosphatase to prevent self-ligation in the ligation step, and finally,

testing the efficiency of the digested and dephosphorylated BAC vector. The

BAC vector pIndigo536, a derivative of pBeloBAC11 (Kim et al., 1996) is

recommended for the construction of BAC libraries. pIndigo536 BAC vector

encodes for chloramphenicolacetyl transferase and provides resistance to

chloramphenicol. E. coli DH10B cells carrying the pIndigo536 vector are

grown as shown in the following steps, with a final chloramphenicol concen-

tration of 12.5 mg/ml. A single colony from a freshly streaked agar plate is

picked and inoculated into a starter culture of 2 ml LB medium. The culture

is incubated for�12 h at 37 �Cwith vigorous shaking (�200 rpm). The fresh

saturated starter culture is then diluted 1:1000 into 1 l of LB medium and

grown for�12 h at 37 �Cwith vigorous shaking (�200 rpm). The BAC vec-

tor is extracted from the bacterial culture using a Qiagen large-construct kit

(Qiagen) according to manufacturer’s protocol. This kit is suitable for the

purification of a single-copy vector and allows the purification of a high qual-

ity vector DNA free of the host genomic DNA. The pIndigo536 BAC vector

restriction enzyme digestion can be performed using eitherHindIII or BamHI

restriction enzymes since their sites are located within the reporter gene lacZ,
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which allows identification of recombinants by insertional inactivation and

blue/white selection. Digestion of the BAC vector is done using HindIII

restriction enzyme digestion as follows: Mix 10 mg BAC vector, 0.1 mg/ml

BSA, 7.5 ml of 10� NEBuffer 2, 10 units HindIII restriction enzyme

(New England BioLabs), and double-distilled (dd) H2O in a final volume

of 75 ml. The reaction mixture is incubated at 37 �C for at least 5 h. The lon-

ger reaction incubations are necessary to ensure full digestion of the vector.

Following digestion, the BAC vector treated with alkaline phosphatase to

dephosphorylate the vector ends. The reaction is performed as follows: First,

prepare 25 ml of alkaline phosphatase reaction cocktail containing 10 units of

CIP alkaline phosphatase (NewEngland BioLabs), 2.5 ml of 10�NEBuffer 2,

0.1 mg/ml BSA, and ddH2O to a final volume of 25 ml. Next, add 25 ml of
alkaline phosphatase reaction cocktail to the 75 ml restriction enzyme BAC

digest (above), and incubate the reaction for 1 h at 37 �C. The BAC vector

should not be overexposed to the alkaline phosphatase because it can damage

the sticky ends produced by the restriction enzyme. TheHindIII digested and

dephosphorylated vector (7.4 kb) is next separated in 1% agarose gel by gel

electrophoresis and extracted using the QIAEX II gel extraction kit

(Qiagen). The estimation of the vector concentration can be performed by

spectrophotometry using a NanoDrop or similar device. The purified vector

is stored at �20 �C in aliquots until use. It is recommended to prepare the

digested and dephosphorylated BAC vector immediately before construction

of the BAC library, since the cloning efficiency decreases when the treated

vector is stored for long periods. It is recommended to test the efficiency

of the digested and dephosphorylated BAC vector before starting the con-

struction of the BAC library by performing the following reactions and quality

control checks: Test Reaction 1, self-ligation of the HindIII digested BAC

vector to check the efficiency of the restriction reaction. Test Reaction 2,

self-ligation of the HindIII digested and dephosphorylated BAC vector to

check the efficiency of the dephosphorylation reaction. Test Reaction 3, liga-

tion of the HindIII digested and dephosphorylated BAC vector with HindIII

cut phage Lambda DNA as follows: 50 ng HindIII digested and

dephosphorylated BAC vector, 15 ng of Lambda DNA cut with HindIII,

10 ml of 10� T4 DNA ligase buffer, 5 units T4 DNA ligase (New England

BioLabs), and ddH2O to a final volume of 100 ml. Ligation and transformation

conditions should be performed as described below.Most of the colonies from

the Test Reaction 1 should be blue because of self-ligation of the vector. In

Test Reaction 2, colony yield should be low. If there is a high percentage of

blue colonies in Test Reaction 2, then the vector may not be fully digested or
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not fully dephosphorylated, and if there is a high percentage of false-positive

(white) colonies, then the vector has been damaged during the dephosphor-

ylation treatment. In those cases, the vector needs to be prepared again. In Test

Reaction 3, most of the colonies should bewhite; if so, then the treated vector

is ready for use.

Nowadays, different commercial ready-to-use BAC vectors are available

from several manufacturers as well.

2.3. Seawater sample collection and purification of HMW DNA
There are on average about 5�105 prokaryotic cells per milliliter in the

continental shelf and the upper 200 m of the open ocean water

(Whitman, Coleman, & Wiebe, 1998). Because BAC library construction

demands a large amount of starting material (�1010–1011 cells), a large vol-

ume (about 1000 l) of seawater is necessary to concentrate the required

number of cells. Since the interest here is to construct a BAC library from

the prokaryotic population, size filtration should be performed to remove

the large eukaryotic cells, and collect the prokaryotic population. The sea-

water sample can be prefiltered through a GF/A glassfiber filter (Whatman)

and concentrated by tangential flow filtration using the Pellicon systems

(Millipore), to about 0.5–1.0 l final volume. Further concentration is per-

formed by centrifugation at 30,000� g at 4 �C for 0.5 h. The cell pellet is

resuspended in 0.5 ml of 0.2 mm filtered seawater. The quality of the isolated

DNA is important for the construction of the BAC library, as large DNA

fragments are required. HMWDNA purification from the cells is performed

following the protocol described by Béjà, Suzuki et al. (2000) and Stein,

Marsh, Wu, Shizuya, and DeLong (1996) in which the concentrated cells

are embedded in agarose plugs, which provide physical support and prevent

DNA shearing during the DNA purification: A 1% SeaPlaque GTG agarose

(Lonza) is prepared in 0.2 mm filtered seawater and kept at �42 �C. The
concentrated cells are then mixed with an equal volume of 1% SeaPlaque

GTG agarose drawn into 1 cc syringes and chilled on ice for 10 min to solid-

ify the agarose. It is critical to perform this step quickly since the agarose-cell

suspension may solidify before being pulled into the syringe. The cell-

containing agarose plugs are then placed in 20 ml STE buffer (1M NaCl,

0.1 M EDTA, pH 8.0 and 10 mM Tris–HCl, pH 8.0) and incubated in a

rotating incubator for 1 h at room temperature. To lyse the cells, the agarose

plug is transferred to low salt concentration buffer and treated with lyso-

zyme. The STE buffer is replaced with 15 ml lysis buffer (0.1M EDTA,

115Preparation of BAC Libraries from Marine Microbial Populations



pH 8.0, 10 mM Tris–HCl, pH 8.0, 50 mM NaCl, 0.2% sodium

deoxycholate (deoxycholic acid) (Sigma), 1% sarkosyl (N-lauroylsarcosine

sodium salt) (Sigma) and 1 mg/ml lysozyme (Sigma)), and incubated in a

rotating incubator for 1 h at 37 �C. For protein digestion, the plug is then

treated with proteinase-K. The lysis buffer is replaced with 40 ml ESP buffer

(1% sarkosyl and 1 mg/ml proteinase-K (Sigma), in 0.5M EDTA, pH 8.0),

and incubated in a rotating incubator for 16 h at 50 �C and this step is

repeated. The plug is then moved into 50 ml of 50 mM EDTA, pH 8.0

and stored at 4 �C until use.

Before proceeding with the plug, it is important to inactivate and to wash

the proteinase-K traces from the plug since it can affect the enzymatic reac-

tions in the following steps. The plug is washed with a solution containing

10 mM Tris–HCl, pH 7.5, 0.1 mM EDTA, pH 8.0, and 1 mM

phenylmethylsulfonyl fluoride (PMSF) (Sigma) three times for 2 h each with

slow rotation at room temperature. This is followed by three washes with

the same solution without PMSF for 2 h each with slow rotation at room

temperature. The plug can then be stored at 4 �C until use.

2.4. Partial digestion of the HMW DNA for cloning
HMW DNA fragments with a size range between 150 and 350 kb are pre-

pared for cloning by enzymatic digestion. In order to determine the optimal

enzymatic reaction conditions that yield fragments at this size range, reac-

tions with different enzyme concentrations are set. The partial digestion

of the HMW DNA in plug is performed following the protocol described

by Béjà, Suzuki, et al. (2000) and Stein et al. (1996). A series of restriction

reactions are set with different restriction enzyme concentrations. Gel slices

with a thickness of �1 mm from the plug are cut using a microscope cover

glass, added to an Eppendorf tube containing 200 ml mixtures of 1�
NEBuffer 2, 0.1 mg/ml BSA, 4 mM spermidine (Sigma), and ddH2O to

a final volume of 200 ml. The tubes are then incubated for 30 min on ice

for buffer exchange. To treat the DNA in the gel slices with restriction

enzyme, the solution is then replaced with a mixture plus HindIII enzyme

with different concentrations (e.g., 0, 0.25, 0.5, 0.75, and 1 unit; optimal

enzyme concentrations need to be determined empirically) and incubated

for 1 h on ice to allow diffusion of the enzyme into the gel slice. To achieve

partial restriction enzyme digestion, the DNA is exposed to the enzyme for a

short incubation by incubating at 37 �C for 20 min and the reaction is
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immediately stopped by adding 1/10 volume of 0.5 M EDTA, pH 8.0 and

placed on ice.

The HindIII digested DNA in the gel slices is run in a gel and separated

by pulse field gel electrophoresis (PFGE), which allows separation of large

fragments of DNA. The gel slices are loaded on 1% SeaPlaque GTG agarose

in 1� TAE buffer (40 mM Tris–acetate and 1 mM EDTA). The loading of

the gel slices into the gel wells can be done by using a microscope cover glass.

PFGE lambda Ladder DNA (New England BioLabs) is loaded in wells

flanking the sample wells. The PFGE is performed on a clamp homogeneous

electrical field CHEF-DR II PFGE machine (Bio-Rad). The electrophore-

sis conditions are: 6 V/cm, 20–40 s pulses, 18 h, and 12 �C.
It is important to avoid staining of the gel containing the HMW DNA

used for the cloning by ethidium bromide or other DNA staining solutions

and exposing to UV, since these damage DNA. After PFGE, the flanking gel

portions containing the marker are cut, stained with a highly sensitive stain,

GelStar nucleic acid gel stain (1X) (Lonza) and then examined under a UV

light. The region between 150 and 350 kb is marked by making incisions

on the gel. Then, the two gel pieces are aligned with the unstained gel por-

tion that contains the digested HMW DNA. The gel portion containing

the DNA fragments between 150 and 350 kb from the unstained part

of the gel are cut by following the incisions on the gel pieces containing

the marker. Then, the two gel pieces containing the digested DNA flanking

to the gel portion containing the 150–350 kb are stained with GelStar

nucleic acid gel stain (1X) and examined by UV. The optimal enzymatic

reaction conditions ensure that most of the fragments at the size range of

150–350 kb are used for a large-scale digestion. A gel after PFGE of

HMW DNA digested with different concentrations of HindIII is shown

in Fig. 6.1. The region between 150 and 350 kb is excised and used as

DNA inserts for BAC library construction. The flanking regions of the

gel are stained. When the enzyme concentration increases, the HMW

weight of the DNA (marked by white arrows) decreases. The optimal

enzyme concentration for a large-scale digestion is 1 unit of HindIII, since

using this concentration renders most of the DNA fragments between 150

and 350 kb, and most of the HMW DNA is digested.

2.5. HMW DNA extraction from gel
HMWDNA extraction from gel is done by digestion of the gel by GELase.

The gel pieces containing the HMW digested DNA are washed three times
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for 20 min each with 1� TE (10 mM Tris–HCl, pH 8.0, and 1 mM EDTA,

pH 8.0) supplemented with 50 mMNaCl to exchange the 1�TAE running

buffer. The treatment with GELase is done according to the manufacturer’s

instructions, except omitting the GELase buffer since the enzyme is active in

1�TE supplied with 50 mMNaCl. The Agarose pieces are melted at 65 �C
and transferred to 45 �C. One unit of GELase (Epicentre) per 100 mg of gel

is added and incubated at 45 �C for 1 h for gel digestion. A rough estimation

for the concentration of the HMWDNA can be performed by running ali-

quots of the DNA in a gel together with different concentrations of uncut

Figure 6.1 PFGE of partially digested DNA frommicrobial population. PFGE of microbial
genomic DNA digested by different HindIII concentrations (0, 0.25, 0.5, 0.75, and 1 unit).
When the enzyme concentration increases, the HMW DNA (marked by white arrows)
decreases. HMW DNA restriction fragments between 150 and 350 kb are cut from
the gel and used as DNA inserts for BAC library construction. Markers are shown on
the left. M, PFGE lambda Ladder DNA (New England BioLabs).
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Lambda DNA (Promega) (e.g., 5, 10, 25, 50, 75, and 100 ng). HMW

digested DNA with a concentration of >5 ng/ml can be used for the

BAC library construction. The HMWdigestion DNA can be stored at 4 �C.

2.6. HMW DNA ligation into the BAC vector
Since the HMWDNA is digested with one restriction enzyme, the chimera

between two unrelated DNA fragments can occur and can be inserted into

the same clone. To avoid this problem, the ligation between the vector

and the inserts is done with high vector to inset ratio. HMWDNA pipetting

in the following steps has to be done by using broad-end tips (regular tips

could be used after cutting their ends), to prevent DNA shearing. The liga-

tion reaction is done by the combination of about 200 ng of digested and

size-selected HMWDNA with digested and dephosphorylated pIndigo536

BAC vector in a molar ratio of 1:10, insert to vector. The mixture is then

incubated at 55 �C for 10 min to denatured hybridized sticky ends and

cooled on ice. Five units of T4 DNA ligase, 10 ml of 10� T4 DNA ligase

buffer and ddH2O to a final volume of 100 ml are added. The ligation reac-

tion conditions are as follows: incubation at 16 �C for 16 h followed by

incubation at 65 �C for 20 min to heat inactivation of the T4 ligase, this step

increases the transformation efficiency (Zhu & Dean, 1999).

2.7. Transformation of the ligation products into E. coli
The transformation of the ligation products into E. coli is done by electro-

poration. The ligation buffer has to be exchanged with 0.5� TE. This is

done by drop dialysis of the ligation reaction on nitrocellulose filters,

0.025 mm pore size (Millipore) against 0.5� TE for 1 h. Following dialysis,

25 ml of the ligation products are combined with 30 ml DH10B ele-

ctrocompetent cells on ice then transferred into prechilled ice in 1 mm

cuvette. The electroporation is performed using a Gene Pulser II electropo-

ration system (Bio-Rad) using the following parameters: voltage set to

13 kV/cm, resistance to 100 O, and capacitance to 25 mF (Sheng et al.,

1995). The cells are immediately suspended in 0.5 ml SOC (2% Bacto

tryptone, 0.5% Bacto yeast extract, 0.05%NaCl, and 20 mM glucose), trans-

ferred to a culture tube and incubated for 1 h at 37 �C to recover. Following

incubation, the cells are plated on LB agar plates containing 12.5 mg/ml

chloramphenicol, 50 mg/ml X-gal, and 25 mg/ml IPTG and incubated at

37 �C for 16 h. The efficiency of the cloning and the transformation should

be determined. If the percentage of the white colonies is high (more than
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60%), and the clones have large inserts (as described below) then one can

proceed to large-scale cloning and transformation for construction of a large

BAC library.

2.8. Determination of the average size of the clones
To determine the average size of the cloned DNA in the library, BAC clones

(about 50 white colonies picked randomly) are purified from white colonies

recovered from the BAC transformation. The colonies are inoculated in 2 ml

LBmediumwith 12.5 mg/ml chloramphenicol and grown for�16 h at 37 �C
with vigorous shaking (�200 rpm). BAC clone purification is performed

using a standard alkaline lysis procedure (below). Cultures are transferred to

a microcentrifuge tube and centrifuged at 18,000� g for 1 min in a table-

top microcentrifuge. The pelleted bacterial cells are resuspended in 0.3 ml

P1 solution (50 mM Tris–HCl, pH 8, 10 mM EDTA, pH 8, and 100 mg/ml

RNase A (Sigma)). Then 0.3 ml of P2 (0.2 N NaOH and 1% SDS) is added

and the tubes are gently inverted six times to mix. Then, 0.3 ml of P3 (3M

KOAc, pH 4.8–5.5) is added and tubes are inverted six times and incubated in

ice for 5 min. The tubes are then centrifuged at 18,000� g for 10 min. The

supernatant (�750 ml) is transferred into a new tube containing equal volume

of cold isopropanol. The tubes are mixed by six inversions and incubated at

�20 �C for 1 h. To pellet the DNA, the tubes are centrifuged for 15 min at

maximal speed (>18,000� g) at 4 �C. The DNA pellet is washed with 0.5 ml

cold 70% ethanol and centrifuged again at maximal speed at 4 �C. The DNA

pellet is airdried to remove ethanol traces for �10 min and resuspended in

40 ml of 10 mM Tris–HCl, pH 8.5.

To determine the size of the inserts in the isolated clones, the clones are

digested withNotI, which its sites located on both sides of theHindIII clon-

ing sitting in the BAC vector. Digestion of the clones is done as follows:

200 ng BAC clone, 2 ml of 10�NEBuffer 3, 0.1 mg/ml BSA, 1 unit ofNotI

restriction enzyme (New England BioLabs), and ddH2O to a final volume of

20 ml. The reaction is incubated for 1 h at 37 �C. The digested clones are

then run and separated in 1% Seakem Gold agarose gel (Lonza) in 0.5�
TBE (45 mM Tris–borate and 1 mM EDTA, pH 8) by PFGE under the fol-

lowing conditions: 6 V/cm, 5–15 s pulse, 13 h, and 14 �C. The gel is stained
with GelStar nucleic acid gel stain (1X). Example of NotI digested BAC

clones with different size range inserts is shown in Fig. 6.2. By evaluating

the insert sizes of the random clones examined, one can estimate the average

insert size in the BAC library.
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2.9. Library construction and storage
The final step is to perform a large-scale cloning and transformation to con-

struct a large library with all the available DNA. The transformed cells

should be plated in 145 mm agar plates. The white colonies are picked to

96-well or 384-well plates, filled with 180 or 60 ml, respectively, of LB with

7% glycerol (v/v) and 12.5 mg/ml chloramphenicol. The plates are incu-

bated at 37 �C for �16 h and stored at �80 �C.
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Abstract

One of the most important challenges in contemporary microbial ecology is to assign a
functional role to the large number of novel genes discovered through large-scale
sequencing of natural microbial communities that lack similarity to genes of known
function. Functional screening of metagenomic libraries, that is, screening environmen-
tal DNA clones for the ability to confer an activity of interest to a heterologous bacterial
host, is a promising approach for bridging the gap between metagenomic DNA
sequencing and functional characterization. Here, we describe methods for isolating
environmental DNA and constructingmetagenomic fosmid libraries, as well as methods
for designing and implementing successful functional screens of such libraries.

1. INTRODUCTION

Community DNA and RNA sequencing have become key tools in

microbial ecology. Recent technological advances, including next-generation

sequencing, combined with new sampling methods and single-cell genomics,

have made feasible sampling and analysis of natural microbial communities at

a scale unthinkable just a few years ago (Ottesen et al., 2011; Urich et al., 2008;

Zhang et al., 2006). Yet determining the functional roles of newly discovered

sequences remains challenging, as a large fraction shows no significant simi-

larity to previously annotated sequences. For example, it is not uncommon

to find that 40–60% of nonribosomal RNA gene reads in marine depth

profiles have no significant match in the non-redundant NCBI database,

and these numbers are even higher when using functional databases

like KEGG or COG (Shi, Tyson, Eppley, & DeLong, 2011; Stewart,

Ulloa, & Delong, 2011). Similar numbers of unannotated sequences are

found in other environments (Urich et al., 2008). Therefore, developing

approaches to assign biochemical and ecological functions to novel sequences

is critical.

Transcriptomic approaches have been used to associate gene expression

to natural or experimentally induced environmental conditions (McCarren

et al., 2010; Shi et al., 2011; Stewart et al., 2011). These studies identify

genes that may be important in specific environments, but their individual

biochemical functions are often elusive. An alternative approach, nucleotide

sequence-based screening (Courtois et al., 2003; Okuta, Ohnishi, &

Harayama, 1998) requires a priori knowledge of sequences of interest. In

contrast, functional screens, in which environmental library DNA clones

are screened for their ability to confer a function of interest to a heterologous

host, require no sequence knowledge and thus can provide direct evidence
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of function for previously unknown genes. Functional screens are particu-

larly powerful when combined with in vitro biochemical analysis of purified

proteins (McSorley et al., 2012), and with traditional metagenomic and

metatranscriptomic analyses that provide useful information about the

occurrence and ecological distribution of newly identified genes in other

microbes (Martinez, Tyson, & Delong, 2010). In this chapter, we describe

methods for constructing and screening environmental DNA libraries in

fosmid vectors (Fig. 7.1). While an exhaustive review of the relevant liter-

ature is beyond the aim of this chapter, we discuss general considerations,

illustrate possible strategies, and provide selected examples, with the aim

of empowering the reader to design successful functional screens.

2. GENERAL CONSIDERATIONS: GENOMIC LIBRARY
VECTOR AND HOST

2.1. Choice of genomic library vector
One of the first considerations when designing a functional screen is the

desired insert size for the genomic library. Many plasmid vectors can

maintain DNA inserts of 4–10 kb, are relatively easy to use, and offer

high copy number and inducible promoters to control expression levels.

Libraries based on such vectors have been used successfully in functional

screens when only one or few genes are required to obtain the desired

phenotype (Maresca, Braff, & DeLong, 2009; Owen, Robins,

Parachin, & Ackerley, 2012). However, these vectors are inadequate for

cloning the larger gene clusters required to express more complex

metabolic pathways.

Construction of large-insert libraries requires either multicopy cosmid

vectors or, for added stability, single-copy fosmid or bacterial artificial chro-

mosome (BAC) vectors, the latter of which are derived from the E. coli

F-factor replicon (Kim, Shizuya, de Jong, Birren, & Simon, 1992; Shizuya

et al., 1992). Cosmid and fosmid libraries, which are introduced into E. coli

by phage infection, are packaged using bacteriophage l components and thus

their insert size is restricted to 35–40 kb. BACs on the other hand, normally

introduced into E. coli by transformation, can accommodate inserts up to

300 kb significantly increasing the odds of containing complete gene clusters

and reducing the number of clones required to obtain the desired coverage. In

our view, however, the use of fosmids strikes a good compromise between the

requirement for inserts large enough to include complete gene clusters and the

relative ease of fosmid environmental library construction.

125Preparation of Fosmid Libraries and Functional Metagenomic Analysis



2.2. Choice of heterologous screening host
E. coli is themost commonheterologoushost used in functional screens because

of the vast resources available in terms of vectors, ease of manipulation, genetic

tools, andbiochemical knowledge.However, the success of a functional screen

depends on the ability of the host to express environmental DNA and to pro-

vide precursors and modifying enzymes. Thus, the use of an alternative heter-

ologous host may sometimes be advantageous, as when screening for natural

products synthesized by polyketide and nonribosomal peptide synthaseswhich

are not easily expressed in E. coli (Wenzel & Muller, 2005).

Copy-up fosmid vector

Package and infect copy-up
capable E. coli

Purify, end-repair, and
size-fractionate metagenomic DNA

Ligate with copy-up fosmid vector

Plate library in LB chloramphenicol

Array library and screen
Pool colonies and
isolate fosmid DNA

Transform screening strain with fosmid pool
and screen

Negative control Environmental library

Single copy (-Ara)

Multiple copy (+Ara)

Figure 7.1 Process for extraction and cloning of environmental DNA into fosmid vector
and screening of metagenomic libraries. Large genomic fragments obtained from
uncultured microbial microorganisms are end-repaired, ligated with fosmid vector,
and packaged in vitro. After infection of a copy-up E. coli strain, the metagenomic library
can be screened directly, either in the absence of arabinose (single copy) or in the pres-
ence of arabinose which increases the copy number of the fosmid and may result in
increased expression (represented here as colored colonies). Alternatively, the clones
can be arrayed and frozen for screening (bottom left), or pooled and used to prepare
a fosmid DNA pool to transform additional hosts (bottom right).
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Functional screening of metagenomic libraries in hosts other than E. coli

requires specialized shuttle vectors that can be maintained in the second host

either by autonomous replication or by integration into the chromosome.

Autonomous replication in the alternative host can be accomplished using

vectors with broad host-range origins of replication. For example, the shut-

tle BAC vector pGNS-BAC uses the RK2 minireplicon for high-copy rep-

lication in diverse Gram negative species (Kakirde et al., 2011). In another

example, Johnston and colleagues have used a wide host-range cosmid to

construct environmental gene libraries for screening in E. coli, Pseudomonas

aeruginosa, and the alpha proteobacterium Rhizobium leguminosarum

(Li, Wexler, Richardson, Bond, & Johnston, 2005; Wexler, Bond,

Richardson, & Johnston, 2005). Cosmid libraries are transferred among

these different species by conjugation of individual clones or en masse using

pooled libraries. Importantly, the authors showed that the genes uncovered

using functional screens for novel alcohol dehydrogenase and tryptophan

biosynthetic genes were different in the different hosts, highlighting the

advantage of using multiple hosts in functional screens (Li et al., 2005;

Wexler et al., 2005).

Some shuttle vectors have the ability to integrate into the chromosome

of the second host using engineered phage integrase-mediated site-specific

DNA recombination. For example, Courtois and colleagues (Courtois et al.,

2003) screened by PCR a soil library constructed in an E. coli–Streptomyces

shuttle cosmid. Positive cosmids were transferred into Streptomyces lividans by

spheroplast transformation and then integrated into the S. lividans chromo-

some and tested for expression. Improved shuttle BAC vectors that can be

easily transferred by conjugation and have chromosome integration features

are also available (Martinez et al., 2004; Miao et al., 2005).

Screening environmental libraries in multiple bacterial hosts is greatly

facilitated by more versatile shuttle BAC vectors and high-throughput con-

jugation, described by Martinez et al. (2004). Using this system, a single

BAC library can be screened in parallel in E. coli, Streptomyces, and an

engineered Pseudomonas putida strain, allowing researchers to take advantage

of the known variation in expression patterns of some small-molecule

gene clusters.

The construction of BAC libraries is discussed by Beja et al. in Chapter 6.

The remainder of this chapter focuses on the construction and functional

screening of fosmid environmental libraries in E. coli. The functional screen-

ing strategies described here can be applied to all other types of metagenomic

libraries and to other heterologous hosts.
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3. CONSTRUCTION OF FOSMID ENVIRONMENTAL
LIBRARIES

3.1. Isolation of environmental DNA frommarine samples
Because construction of fosmid libraries requires DNA inserts in the 35–45 kb

size range, the embedding of cells in agar plugs for DNA isolation that is

required for BAC library construction is unnecessary (Chapter 6). However,

to avoid excessive shearing, allDNAextraction steps should be performedwith

gentle mixing and vortexing should be avoided. Using the method described

below, we routinely obtain marine metagenomic DNA samples of the appro-

priate size range necessary for library construction (DeLong et al., 2006). Spe-

cializedmethods to removehumic acids that interferewith library construction

from soil samples, or thatmake use of additional cell wall hydrolases to improve

DNA isolation from certain microbes, have been described elsewhere

(Courtois et al., 2001; Liles et al., 2008; Rondon et al., 2000).

1. Harvest microbial biomass by filtration into 0.2-mm Sterivex filters

(Millipore). Required sample volumes vary depending on the environ-

ment. While 20 L is usually sufficient for marine surface water samples,

larger volumes are recommended for deep samples because of their lower

microbial biomass (DeLong et al., 2006). For marine planktonic samples,

prefilter samples through a 1.6-mm GFA glass filter (Whatman) to

remove particles. After filtration, add 1.8 ml of DNA lysis buffer

(0.75M sucrose, 40 mM EDTA, 50 mM Tris–HCl, pH 8.0) to the

Sterivex filter and freeze at �80 �C for later use. The sucrose is used

to keep samples isosmotic with seawater, so its concentration may need

to be changed depending on the salinity of the habitat sampled.

2. Thaw Sterivex filter on ice. Add 50 ml of fresh lysozyme solution

(25 mg lysozyme in 200 ml of water). Incubate for 1 h at 37 �C with

intermittent mixing.

3. Add 100 ml of fresh proteinase K solution (20 mg proteinase K in 200 ml
of water) and 100 ml of 20% SDS. Incubate at 55 �C for 1 h with

intermittent mixing.

4. Remove lysate from Sterivex filter using a 3-cc syringe and place gently

in a 15-ml centrifuge tube. Rinse the filter with 1 ml lysis buffer and pool

with initial lysate.

5. Add an equal volume of phenol:chloroform:isoamylalcohol (25:24:1),

pH 8. Mix gently by inversion and centrifuge at 3500� g for 10 min.

Remove aqueous phase to new tube and repeat extraction.
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6. Extract with an equal volume of chloroform:isoamylalcohol (24:1)

as above.

7. Concentrate DNA by spin dialysis using an Amicon Ultra-4 filter 30k

cutoff (Millipore). Wash three times with 2 ml of TE buffer (10 mM

Tris–HCl, pH 8.0, 1 mM EDTA) and concentrate down to approxi-

mately 200 ml. Remove liquid with a micropipettor, using care not to

damage the membrane. Rinse membrane with 30 ml of TE and pool.

8. Purify high-molecular-weight (HMW) DNA by CsCl density gradient

centrifugation (this step, although not required, results in more efficient

cloning). Mix 180 ml (3–5 mg) of DNA with 160 mg of CsCl and 10 ml
of ethidium bromide (5 mg/ml). Spin at 100,000 rpm for 20 h in a

TLA100 fixed angle rotor (Optima TL Ultracentrifuge, Beckman Coul-

ter). Visualize HMWDNA band using a long-wave UV lamp and care-

fully remove band with a 1-ml syringe and a 20-gauge needle. Extract

three times with equal volumes of water-saturated butanol. Wash

DNA with TE and concentrate down to 52 ml using an Amicon Ultra

spin filter as above.

3.2. Library construction using vector pCC1FOS™
The CopyControl™ Fosmid Library Production Kit (Epicentre, Madison,

WI) is convenient for preparing environmental DNA fosmid libraries, as

this system allows vector copy number to be adjusted. pCC1FOS™ contains

both the single-copy F-plasmid origin of replication, and the oriV origin,

which can be induced to allow high-copy plasmid replication

(Wild, Hradecna, & Szybalski, 2002). In this system, the trfA gene, required

for oriV function, is located in the E. coli chromosome under control of the

araC–PBAD regulatory region. Thus, clones can be maintained in single copy

for stability in the absence of inducer, or induced to high copy by adding

L-arabinose to the growth medium to induce trfA expression, which then

activates oriV, resulting in up to 100 plasmid copies per cell. High-copy con-

ditions can result in increased gene expression, sometimes allowing identi-

fication of library hits not detectable under single-copy conditions

(Martinez, Bradley, Waldbauer, Summons, & DeLong, 2007; Martinez

et al., 2010). Similar conditionally amplifiable fosmid systems are also avail-

able from Lucigen (Lucigen Corporation), but in this case vectors are

designed to eliminate read-through of insert genes from vector promoters.

This could have negative consequences for functional screening, as native

environmental promoters may not function efficiently.
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Environmental DNA is cloned using the CopyControl™ Fosmid

Library Production Kit (Epicentre) following the manufacturer’s protocol,

with some modifications as follows:

1. End-repair 52 ml HMWDNA with 8 ml end-repair buffer, 8 ml 2.5 mM

dNTP mix, 8 ml 10 mM ATP, and 4 ml end-repair enzyme mix at room

temperature for 1 h. Heat inactivate at 70 �C for 10 min.

2. Size-fractionate HMW end-repaired DNA by pulsed-field gel electro-

phoresis on a CHEF-DR-II system (Bio-Rad, Hercules, CA) using

1% SeaPlaque low-melt agarose (Cambrex, Baltimore, MD) under the

following conditions: 10 �C, 6 V/cm for 15 h and 5–15 s pulse time

in 1� TAE (40 mM Tris-acetate, 1 mM EDTA, pH 8.0) buffer.

3. Stain gel with SYBR gold (Molecular Probes, Eugene, OR) and visu-

alize on a Dark Reader transilluminator (Clare Chemical Research,

Dolores, CO). Excise gel regions containing genomic DNA in

40–50 kb region. This staining and non-UV illumination approach

avoids UV damage of the DNA. If using a UV transilluminator, stain

and visualize only the size markers to avoid UV damage to

genomic DNA.

4. Melt gel slice at 70 �C for 10 min and digest with 5 ml of gelase (1 unit/ml,
Epicentre) for 2 h at 45 �C. Inactivate gelase at 70 �C for 10 min, place

tube on ice for 10 min, and spin at 13,000 rpm for 10 min to remove

remaining oligosaccharides.

5. Wash three times with 2 ml TE buffer on an Amicon Ultra-4 100k

(Millipore) and concentrate size-fractionated DNA to about 30 ml.
6. Combine 0.5 mg of size-fractionated DNA with 1 ml of 10� Fast-Link

ligation buffer, 1 ml 10 mM ATP, 1 ml of the CopyControl™

pCC1FOS™ vector (0.5 mg/ml), and 1 ml Fast-Link ligase in 10 ml final
volume (for a 10:1 insert:vector molar ratio) and ligate at room temper-

ature for at least 4 h. We routinely set up four ligations, thus using the

majority of the size-fractionated DNA.

7. Package fosmid clones in vitro using MaxPlax™ Lambda Packaging

Extracts according to the manufacturer’s instructions.

8. Grow E. coli EPI300™ in LB containing 10 mM MgSO4 and 0.2%

maltose to an OD600 of 0.8. Mix 250 ml of undiluted phage mix with

10 ml of E. coli EPI300™, incubate 1 h at 37 �C, and plate 600 ml per
Q-tray (Genetix, Christchurch, MA) containing LB agar with 12 mg/ml

chloramphenicol, using sterile glass beads to spread the cells. Phage stock

dilution and plating densities may need adjustment for different size agar

plates or other variables.
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9. Be sure that all fluid is absorbed before placing the plates at 37 �C; if nec-
essary, first dry inoculated plates in a sterile laminar flow hood. Incubate

plates at 37 �C for up to 24 h. Estimate the total number of fosmid clones.

3.3. Storing fosmid libraries
Libraries can be stored in different ways depending upon their intended use(s).

Arrays. Although arraying a library is labor intensive, arrays provide a

permanent record and a reliable source of fosmid DNA for subsequent

DNA sequencing, and also allows for multiple successive screens. If a func-

tional screen is to be performed in E. coli EPI300™, the library can be

arrayed manually or robotically (e.g., using a Genetix QPix (Genetics)) in

96- or 364-well plates with the appropriate volume of LB containing

12 mg/ml chloramphenicol and 10% glycerol. Plates are incubated at

37 �C for up to 24 h and then stored frozen at �80 �C. For functional
screens, a sterile replicator can be used to inoculate screening plates from

partially thawed array plates.

Colony pools. Alternatively, infected cells can be stored in pools by

harvesting colonies from selective plates using a sterile spreader and

resuspending them in sterile LB containing 12 mg/ml chloramphenicol

and 10% glycerol. The suspension is mixed and stored in aliquots at

�80 �C. Aliquots can be thawed and screened at a later time. However,

because of the resulting clone amplification many more clones need to be

analyzed to obtain the desired coverage.

DNA pools. If the screen is to be performed in a different E. coli strain,

fosmid DNA can be extracted from the pooled colonies and stored in ali-

quots for future transformation.

4. GENERAL CONSIDERATIONS FOR WORKING
WITH FOSMIDS

4.1. Preparation of fosmid DNA
Because high-copy number occasionally leads to the loss of certain clones or

accumulation of insert deletions, we routinely maintain fosmid clones in sin-

gle copy by growing them in the absence of L-arabinose. For DNA isolation,

fosmid clones are gown in 2 ml of LB with 12 mg/ml chloramphenicol at

37 �C for 24 h. 0.2% glucose may be added to prevent leaky expression

of trfA, thus ensuring single copy (Wild et al., 2002), although this is not

usually required. For high-copy induction, 0.02% L-arabinose is used as
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recommended (Wild et al., 2002). A commercial autoinduction solution is

also available from Epicentre.

Fosmid DNA is best isolated using standard alkaline lysis methods

(Sambrook, Fritsch, &Maniatis, 1989), with the added precaution of mixing

by inversion rather than vortexing in order to minimize shearing. Commer-

cial products such as Quiagen plasmid miniprep spin columns should be

avoided, as plasmid yields are poor for plasmids larger than 10 kb. For

high-throughput fosmid isolation, we use the AutoGenprep 960

(AutoGen Inc., Holliston, MA) which can extract fosmid DNA from up

to four 96-well plates at a time.

While standard alkaline lysis methods yield fosmid DNA in sufficient

amount and quantity for individual fosmid transformations, when preparing

fosmid DNA pools for electroporation, we have found it is best to further

purify fosmid DNA in a cesium chloride density gradient (Sambrook

et al., 1989).

4.2. Retransforming fosmids
Because of their large size, transformation of fosmids by electroporation is

less efficient than electroporation of smaller plasmids. We recommend using

1.2 kV/cm, 200 O, and 25 mF, as described by Sheng, Mancino, and Birren

(1995), and high-efficiency electrocompetent cells. For retransforming

fosmid pools, we highly recommend pilot experiments with pooled

DNA to determine optimal conditions for obtaining desired coverage and

plating density.

4.3. Sequencing fosmids
When using functional screens, large-insert clones of interest are best

sequenced by taking advantage of in vitro transposition systems that generate

a collection of clones with single random transposon insertion (e.g.,

EZ-Tn5™ KAN-2 Insertion kit (Epicentre), the GPS-1 Genome Priming

System (NEB)). Fosmid inserts can be sequenced bidirectionally outward

from the transposon insertion site using the primers provided in the kit.

The advantage of this method is that individual transposon insertion mutants

can be screened directly in the functional assay to determine the role of the

disrupted gene in the phenotype of interest. For example, we have used this

method to analyze the functions in retinal biosynthesis and light-driven ATP

production of genes on a marine fosmid insert (Martinez et al., 2007).
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For fosmid DNA sequencing, we typically pick individual transposon

insertion clones into four 96-well plates and sequence two of the plates with

forward and reverse primers using fluorescence-based Sanger sequencing.

While this is typically sufficient for sequencing the entire insert, additional

sequencing might be required to find a transposon insertion in every

predicted gene of interest.

5. FUNCTIONAL SCREENS

The range of functional screens that can be performed with an envi-

ronmental library is immense. As long as there is an assay for the function of

interest and a bacterial heterologous host lacking that function, a functional

screen is possible. For the purpose of this chapter, we will focus on general

considerations and provide some examples that will illustrate various strat-

egies that can be used when designing a functional screen. Because of space

limitations, the list of cited screens is undoubtedly incomplete.We apologize

for any omissions and refer the reader to the literature for more

specific information.

5.1. Use of heterologous hosts with chromosomal mutations
Functional screens most often comprise screening for a gain-of-function

conferred by a cloned environmental DNA fragment. If the heterologous

host is already proficient in the function of interest, a mutant defective in

this function is used for the gain-of-function screen. Several examples of

such functional screens of environmental libraries have been published,

including the identification of trp genes using a tryptophan auxotroph

(Li et al., 2005) and the isolation of phosphonate biosynthetic clusters in

an E. coli strain containing a deletion of the endogenous phn cluster

(Martinez et al., 2010). For such screens, pooled metagenomic libraries

are transformed into electrocompetent cells of the desired mutant host

and transformants are selected in the appropriate medium.

Recently, the Keio collection of E. coliK-12 strains containing in-frame,

single-gene knockout mutants in almost every nonessential gene has been

constructed (Baba et al., 2006) and made available to the scientific commu-

nity via GenoBase (http://ecoli.aist-nara.ac.jp). In this collection, transpo-

sons replace the gene of interest, but they can be easily excised (Datsenko &

Wanner, 2000), leaving a clean unmarked, in-frame deletion of the desired

gene. This collection is clearly an invaluable resource for obtaining func-

tional screening hosts.

133Preparation of Fosmid Libraries and Functional Metagenomic Analysis

http://ecoli.aist-nara.ac.jp


5.2. Expression enhancement
The conditions needed for optimal expression of environmental genes in

heterologous hosts are context-specific and not readily generalizable. How-

ever, we and others have found that slow-growth conditions and/or lower

temperatures often result in increased expression. For example, incubating

colonies for 3 days at 30 �C (Rondon et al., 2000) or 1 day at 37 �C followed

by 6 days at room temperature (MacNeil et al., 2001) has been successful in a

variety of soil library functional screens. We have also observed that in the

case of clones selected for their ability to use phosphonate, an alternative

P source, real hits appeared even after incubation of screening plates for

20 days at 30 �C (Martinez et al., 2010). For extended incubations, care

should be taken to incubate plates either in a humidified incubator or sealed

in plastic sleeves to prevent desiccation of the agar. In addition, a negative

control plate with cells transformed with empty vector should always be

prepared and monitored closely.

Another strategy to increase gene expression is to increase clone copy

number using a selectively amplifiable vector such as pCC1FOS™, as

described above (Wild et al., 2002). For example, we have found that adding

0.02% L-arabinose to LB plates resulted in a greater than 10-fold increase in

the number of colored clones in marine fosmid libraries constructed in

pCC1FOS™ (unpublished observations). Further, these conditions were

required for the detection of marine clones expressing a complete

proteorhodopsin-based photosystem in E. coli (Martinez et al., 2007). On

the other hand, some clones were sufficiently expressed in single copy

but became toxic to the host under copy-up conditions (Martinez et al.,

2010). Thus, it is worth considering performing the functional screen under

both single-copy and copy-up conditions to increase the probability

of success.

Since copy-up requires expression of a chromosomal araC–PBAD-

regulated trfA gene, we have used P1vir transduction to transfer this gene

to an alternative screening strain to confer copy-up capability (Martinez

et al., 2010). This method should be applicable to any RecAþ strain, includ-

ing those in the E. coli Keio collection (Baba et al., 2006).

5.3. Format
Functional screens can be performed in a variety of formats. Screening col-

onies on agar plates may be the least labor intensive, as it does not require

high-throughput liquid handling and can be used to screen very large
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numbers of clones using relatively few plates, especially when the screen

involves selecting for growth resulting from gain-of-function (Martinez

et al., 2010).

Environmental libraries can also be screened using liquid cultures in

microtiter plates. Although more labor intensive than colony screening, this

approach is used when it is necessary to prepare high-throughput crude pro-

tein extracts for screening in enzymatic assays (Suenaga, Ohnuki, &

Miyazaki, 2007) or to prepare crude small-molecule extracts for antibacterial

screening (Martinez, Kolvek, Hopke, Yip, &Osburne, 2005) or other high-

throughput assays.

Finally, functional screens can be performed using fluorescence-

activated cell sorting (FACS) when the desired phenotype results in fluores-

cence. This occurs, for example, when coupling regulatory regions to gfp

expression (Martinez, Hopke, MacNeil, & Osburne, 2005; Uchiyama,

Abe, Ikemura, & Watanabe, 2005). This powerful technique allows high-

complexity libraries to be grown as a single liquid culture prior to sorting

and to then screen extremely high numbers of clones with ease.

5.4. Examples
Examples of functional screens are listed below.

5.4.1 Enzyme-activity-based screens
One of the pioneering studies using functional screens to identify novel

functions in large-insert environmental libraries focused on identifying

antibacterial, lipase, amylase, nuclease, and hemolytic activities (Rondon

et al., 2000). The soil BAC library was plated on a variety of diagnostic agar

plates, and positive clones were identified by characteristic phenotypes. For

example, clones encoding hemolytic activity were identified by the appear-

ance of a clear halo around the colony on blood agar plates. Some additional

examples of enzyme-based screens are included below.

5.4.2 Pigmentation screens
Although not a specific target, screening libraries for pigmented colonies has

led to the identification of several interesting activities in soil libraries,

including the biosynthetic gene cluster encoding the antibiotic violacein

(blue pigment) (Brady, Chao, Handelsman, & Clardy, 2001) and novel anti-

biotics turbomycin A and B (brown pigment) (Gillespie et al., 2002). Fur-

ther, orange clones in a marine fosmid library contained a complete and
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functional proteorhodopsin-based photosystem that allowed E. coli to make

ATP from light (Martinez et al., 2007).

5.4.3 Antibacterial and antifungal screens
Antibacterial activity can be identified by a zone of inhibition surrounding

an environmental library colony overlaid with a lawn of sensitive bacteria

on an agar plate (MacNeil et al., 2001; Rondon et al., 2000). Similar assays

for antifungal activity were used to identify a gene cluster encoding the

biosynthesis of the antifungal compound tambjamine in the marine bacte-

rium Pseudoalteromonas tunicata (Burke, Thomas, Egan, & Kjelleberg, 2007).

5.4.4 Antibiotic resistance screens
Riesenfeld, Goodman, and Handelsman (2004) screened a soil meta-

genomic BAC library for fragments that conferred resistance to

aminoglycoside antibiotics and found the soil environment to be a reservoir

of novel antibiotic resistance genes.

5.4.5 Chitinase screens
Chitinases from uncultured marine microorganisms have been identified by

their ability to cleave the fluorogenic chitin analogue 4-methylumbelliferyl

beta-D-N,N0-diacetylchitobioside (Cottrell, Moore, & Kirchman, 1999).

5.4.6 Screens for genes that allow utilization of a specific substrate
These screens are based on the ability of a library clone expressed in a het-

erologous host to confer the capability to use a substrate the host cannot nor-

mally use. Examples include genes for utilization of 4-hydroxybutyrate as

sole C source (Henne, Daniel, Schmitz, & Gottschalk, 1999), utilization

of phosphonates as the sole P source (Martinez et al., 2010), and identifica-

tion of different classes of trp genes (Li et al., 2005).

5.4.7 High-throughput screens of library extracts to detect
enzyme activity

A particularly interesting example from the point of view of methodology

was the identification of novel extradiol dioxygenases by screening crude

extracts of high-copy fosmid clones for the ability to degrade catechol

(Suenaga et al., 2007). In this case, HTP extracts were prepared using a

bacterial lysis product (BugBuster plus Benzonase, Novagen) in a simple

two-step procedure.
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5.4.8 Screens for modulators of eukaryotic cell growth
Gloux and colleagues screened a gut microbiome library for clones that

could modulate eukaryotic cell growth in vitro (Gloux et al., 2007). They

used a two-step microplate screening method in which clone libraries were

first grown in microtiter plates and then lysed using glass beads. Bacterial

lysates were then added to fibroblast cultures, and their growth was assessed

by means of crystal violet staining.

5.4.9 Intracellular biosensor screens
Intracellular biosensors are reporter systems in which the gene encoding an

easily detectable protein such as GFP is placed under control of a promoter

that is activated in response to an activity of interest. Positive (GFP-

expressing) clones are then isolated by FACS. For example, a reporter system

consisting of luxR–PluxI–gfpwas used to identify clones that inhibit or induce

quorum sensing in E. coli (Williamson et al., 2005).

This approach can also be used to screen for catabolic genes by substrate-

induced gene expression (Uchiyama et al., 2005) exploiting the fact that

bacterial catabolic genes, which have linked regulatory regions, are often

regulated by substrate concentration. Using this method, a metagenomic

library was constructed in an operon-trap gfp-expression vector and screened

by FACS for catabolic genes, based on substrate-induced fluorescence of

their regulatory regions.

5.5. Increasing the odds
The chance of success of a functional screen depends in part on the repre-

sentation of the desired genes in the metagenomic library. Given the com-

plexity of natural environmental samples, identifying functions present in

only a small minority of the population can be daunting. Simply increasing

the number of clones screened can be one means of improving the odds, and

methods that incorporate FACS, as described for biosensor screens, greatly

amplify screening capacity.

Methods that increase the representation of the desired organisms in the

metagenomic library can greatly increase the odds of success. One approach

is to construct libraries from enrichment cultures that favor the growth of

microbes containing the targeted functions. For example, in order to iden-

tify genes encoding alcohol oxidoreductase activity, environmental samples

were first enriched for microorganisms able to grow in the presence of

glycerol, followed by library construction and screening in E. coli for the
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production of carbonyls from polyols on indicator agar (Knietsch,

Waschkowitz, Bowien, Henne, & Daniel, 2003).

Another interesting approach is to combine stable isotope probing

with metagenomic analysis. Dumont, Radajewski, Miguez, McDonald,

and Murrell (2006) added 13CH4 to an environmental sample to preferen-

tially label the DNA of methylotrophs. 13C-labeled gDNA was then

separated from bulk unlabeled community DNA in a density gradient

and used to construct a metagenomic library enriched for DNA from

organisms that had obtained the majority of their C from the labeled sub-

strate. This approach enriches the library for organisms involved in a par-

ticular metabolic process, thus increasing the chances of identifying genes

of interest.

Finally, a whole community library can be prescreened to increase the

odds of finding a desired activity. This is particularly useful when the final

screen has limited throughput. For example, Courtois and colleagues

(Courtois et al., 2003) screened a pooled library by PCR to identify the small

number of clones encoding polyketide synthase genes in a large soil library.

Those clones were then transferred into Streptomyces to analyze small-

molecule production by HPLC. Methods for prescreening libraries by

assessing the activation of a variety of stress-response promoters fused to

gfp have also been published, although their usefulness remains to be tested

(Martinez, Hopke, et al., 2005).

5.6. Characterization of functional screen hits
A hit in a functional screen must first be confirmed by retransforming

the plasmid, fosmid, or BAC into a fresh host. Once the phenotype is

confirmed, we recommend preparing a random transposon insertion

library using the EZ-Tn5™ KAN-2 Insertion kit (Epicentre) or equivalent

to sequence the insert as described above. After protein-encoding

genes have been predicted, selected transposon insertion mutants may

be used to deduce the role of the inactivated genes. This is particularly

valuable when the predicted genes lack significant similarity to proteins

known to be involved in the activity of interest (Martinez et al., 2010).

In this case, transposon insertions in every predicted gene were

individually tested for utilization of 2-aminoethylphosphonate; two of

the 25 predicted genes encoded a novel phosphonate degradation pathway.

The novel enzymes were then characterized biochemically in vitro

(McSorley et al., 2012).
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6. CONCLUSIONS

One of the major challenges of contemporary microbial ecology is to

interpret the vast amount of genomic and metagenomic information that is

accumulating as a result of large sequencing projects (DeLong, 2009). In the

marine ecosystem, for example, more than 6 million proteins have been

putatively identified, many of which lack functional annotation (Yooseph

et al., 2007). Because few environmentally relevant microorganisms can cur-

rently be grown in the laboratory, let alone manipulated genetically, tradi-

tional approaches for linking genes to functions are of limited use. In this

context, functional screening of metagenomic libraries in heterologous hosts

offers an alternative approach for assigning functions to hypothetical genes

identified in metagenomic surveys (Martinez et al., 2010). A major limita-

tion of this approach is the requirement for expression and correct protein

assembly and localization in the heterologous host. Increasing the repertoire

of shuttle vectors, taxonomically diverse heterologous hosts, and high-

throughput library transfer methods will undoubtedly facilitate large-scale

functional screening and improve the rate of functional assignment to hypo-

thetical genes. Despite the limitations, functional screens offer a powerful

means to identify genes not previously associated with a particular function

of interest. When subsequently combined with traditional biochemical

characterization methodologies and with analyses of relevant genomic,

metagenomic, and metatranscriptomic data, this approach can yield invalu-

able information regarding the function, distribution, and expression of the

ecologically relevant novel activities in the environment.
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Abstract

Microbes are now well recognized as major drivers of the biogeochemical cycling that
fuels the Earth, and their viruses (phages) are known to be abundant and important
in microbial mortality, horizontal gene transfer, and modulating microbial metabolic
output. Investigation of environmental phages has been frustrated by an inability to
culture the vast majority of naturally occurring diversity coupled with the lack of robust,
quantitative, culture-independent methods for studying this uncultured majority. How-
ever, for double-stranded DNA phages, a quantitative viral metagenomic sample-to-
sequence workflow now exists. Here, we review these advances with special emphasis
on the technical details of preparing DNA sequencing libraries for metagenomic
sequencing from environmentally relevant low-input DNA samples. Library preparation
steps broadly involve manipulating the sample DNA by fragmentation, end repair
and adaptor ligation, size fractionation, and amplification. One critical area of future
research and development is parallel advances for alternate nucleic acid types such
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as single-stranded DNA and RNA viruses that are also abundant in nature. Combinations
of recent advances in fragmentation (e.g., acoustic shearing and tagmentation), ligation
reactions (adaptor-to-template ratio reference table availability), size fractionation
(non-gel-sizing), and amplification (linear amplification for deep sequencing and linker
amplification protocols) enhance our ability to generate quantitatively representative
metagenomic datasets from low-input DNA samples. Such datasets are already provid-
ing new insights into the role of viruses in marine systems and will continue to do so as
new environments are explored and synergies and paradigms emerge from large-scale
comparative analyses.

1. ON THE IMPORTANCE OF ENVIRONMENTAL VIRUSES
AND VIRAL METAGENOMICS

Viruses infect all forms of life from the smallest microbes to the largest

plants and animals. The outcomes of these infections can range from no dis-

cernible impact (some chronic or lysogenic infections) to death (lytic infec-

tions), but together viruses likely have profound impacts across all

ecosystems on Earth as they number over �1031 planet-wide—

approximately 10 times more viruses than prokaryotes (Wommack &

Colwell, 2000). Particularly, well studied are marine bacterial viruses

(phages) (Suttle, 2007), which kill �20–40% of bacteria per day (Suttle,

2005; Weinbauer, 2004), move 1029 genes per day (Paul, 1999), and exist

as a prophages within the genomes of about half the microbes at any given

time (Paul, 2008). This implicates marine viruses in altering global biogeo-

chemical cycling (the “viral shunt” keeps substrates from higher trophic

levels, Fuhrman, 1999; Wilhelm & Suttle, 1999), structuring microbial

communities (with most theory focused on “kill the winner,” Thingstad,

2000; Weinbauer & Rassoulzadegan, 2004), and moving genes from one

host to another, possibly driving microbial niche differentiation (e.g.,

Sullivan et al., 2006).

One phage–host system—cyanobacterial viruses (cyanophages) that

infect abundant, marine Prochlorococcus and Synechococcus (Sullivan,

Waterbury, & Chisholm, 2003)—has been relatively well studied due to

its ecological importance and amenability to culturing. In fact, cyanophages

harbor core “host” photosynthesis genes that are expressed during infection

(Clokie, Shan, Bailey, Jia, & Krisch, 2006; Dammeyer, Bagby, Sullivan,

Chisholm, & Frankenberg-Dinkel, 2008; Lindell, Jaffe, Johnson,

Church, & Chisholm, 2005; Thompson et al., 2011), can recombine with
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host copies to alter the evolutionary trajectory of their host’s photosystems

(Ignacio-Espinoza & Sullivan, 2012; Lindell et al., 2004; Sullivan et al.,

2006), and are modeled to improve phage fitness by boosting photosynthesis

during infection (Bragg & Chisholm, 2008; Hellweger, 2009). This “pho-

tosynthetic phage” paradigm demonstrates that an infected cell is intimately

controlled by its viral predator and calls for deeper investigation to document

other coevolutionary paradigms in representative model systems from the

diversity of viruses and hosts in nature.

Problematically, however, the bulkofmicrobial hosts and their viruseshave

not yet been cultivated. In fact, 85% of 1100 genome-sequenced phages derive

from only 3 of the 45 known bacterial phyla (Holmfeldt et al., 2013), and these

statistics are worse for archaeal and eukaryotic hosts. This is changing as new

marine phage–host systems emerge (Holmfeldt et al., 2013; Zhao et al.,

2013).However, thedisparitybetweenknownpotential hosts and those in cul-

ture ledenvironmental virologists to culture-independentmethods (e.g.,meta-

genomics) to survey natural viral communities. Environmental viral

metagenomes preceded those of theirmicrobial hosts by2 yearswith thedevel-

opment of the linker-amplified shotgun library method (Breitbart et al., 2002;

Schoenfeldet al., 2008;Tysonetal.,2004;Venter et al., 2004) andeven inspired

Norman Anderson (Viral Defense Foundation) and N. Leigh Anderson

(Plasma Proteome Institute) to propose sequencing, cataloging, and tracking

viruses in human blood to treat human disease (Anderson, Gerin, &

Anderson, 2003). Such efforts have not yet been realized, but in the environ-

mental sciences, application of viral metagenomics has indeed led to a number

of important discoveries (Breitbart, 2012).

Environmental viral metagenomic studies over the past decade have

revealed how little we know—the bulk of viral metagenomes are (Cesar

Ignacio-Espinoza, Solonenko & Sullivan, 2013) or completely new to sci-

ence (reviewed in Hurwitz & Sullivan, 2013)—but new biology has

emerged including evidence for recombination between ssDNA and

ssRNA viruses (Rosario, Duffy, & Breitbart, 2012), delineation of compo-

sitional differences between freshwater and marine viral communities

(Roux, Krupovic, Poulet, Debroas, & Enault, 2012), and the discovery

of novel and diverse auxiliary metabolic genes found in viral metagenomes

(Sharon et al., 2011). More recent work expands the above “photosynthetic

virus” paradigm from photosynthesis genes in cyanophages to diverse host

metabolic genes in a majority of phages (Hurwitz, Hallam, & Sullivan, in

review-a; Hurwitz & Sullivan, in review-b). This, in combination with

decades-old coliphage studies, suggests that the metabolic output of an
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uninfected cell drastically differs from that of a metabolically reprogrammed

virus-infected cell. While few quantitative data are available, ocean virus–

microbe interactions clearly impact the global carbon cycle, often dictating

whether carbon in any individual microbial cell is sequestered to the deep

ocean or released to the atmosphere through respiration of viral lysates

(Fuhrman, 1999).

The challenge to developing a quantitative understanding of viral roles

in ecosystems has been the lack of optimized tools to study viruses in a

quantitative manner. For viral community sequence space, however, there

is now an optimized, quantitative ocean viral metagenomic sample-to-

sequence workflow (Fig. 8.1) that has been thoroughly evaluated using

replicated metagenomic analyses to understand impacts of choices made

in viral particle concentration and purification, nucleic acid amplification,

and sequencing library preparation and platform choice (Duhaime, Deng,

Poulos, & Sullivan, 2012; Duhaime & Sullivan, 2012; Hurwitz, Deng,

Poulos, & Sullivan, 2013; John et al., 2011; Solonenko et al., 2013). This

new quantitative data type has facilitated exciting discoveries, including

uncovering the most abundant viruses in the oceans (Zhao et al., 2013)

and advancing informatic solutions to organize unknown viral sequence

space (sensu Yooseph 2007 protein clusters) (Hurwitz et al., 2013). This

organization is tremendously powerful for viromic studies, as it helped

reveal that the core Pacific Ocean virome (POV) is made of only 180 pro-

teins, its pan-genome is relatively well sampled (�422k proteins), and the

bulk of these proteins—even those core to all samples—are functionally

Concentration

Purification

Amplification

SequenceSample
seawater

FeCl3 precipitation
of viral particles

(John, Mendez, et al., 2011)

CsCl plus DNAse
(Hurwitz, Deng, et al., 2012)

Linker Amplification
(Duhaime, Deng, et al., 2012)

Viral
DNA

Amplified
viral DNA

DNA
extraction

Figure 8.1 Overview of the environmental viral metagenomic sample-to-sequence
workflow. The four basic steps in the creation of viral metagenomic data are illustrated,
including references for suggested protocols for sequencing dsDNA viruses from
marine samples. Reprinted with permission from Duhaime and Sullivan (2012).
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unknown, but abundant, and presumably driving viral effects on ecosystem

function. Further, the POV dataset has revealed that viral metabolic repro-

gramming extends far beyond cyanophage manipulation of photosynthe-

sis, as it appears that Pacific Ocean viruses manipulate all of central

microbial metabolism during infection, which profoundly alters our per-

ception of viral roles in global carbon cycling. Specifically, Pacific Ocean

virus gene content suggests that viral communities manipulate all

starvation-related central metabolic pathways during infection in ways that

could define viral niche space across hosts and the water column. Finally,

protein clusters are powerful ecological inference tools. Specifically, they

can (i) serve as a universal metric for comparing community viral

diversity—something currently problematic due to reliance upon quanti-

fication derived from assembly output not yet tuned for metagenomic

datasets—and (ii) offer a basis on which one can apply OTU-based ecolog-

ical theory, independent of known function, using new and expanding

community tools (e.g., QIIME).

Clearly, viral metagenomics will lead to myriad discoveries and, with

careful optimization of the sample-to-sequence workflows, to help develop

a more comprehensive understanding of the roles viruses play in the function

of Earth’s ecosystems.

2. THE DNA VIRAL METAGENOMIC SAMPLE-
TO-SEQUENCE PIPELINE

Prior to constructing sequencing libraries, one needs to obtain a viral

community concentrate and nucleic acids. This sample-to-sequence

workflow (Fig. 8.1) is relatively well established now for double-stranded

DNA (dsDNA) viruses and involves prefiltration to remove cellular mate-

rial, concentration and purification of viral particles, and DNA extraction.

While choice of prefilter is dependent upon environmental microbial con-

centrations and types, as well as the research questions being investigated, the

remaining steps are now relatively well constrained (exceptions in the fol-

lowing paragraph) as follows. Viral particles are concentrated by FeCl3 pre-

cipitation (John et al., 2011), with choice of purification (DNAse alone,

DNAseþcesium chloride density gradient ultracentrifugation, or

DNAseþ sucrose density gradient ultracentrifugation) (Hurwitz et al.,

2013), and the resulting limiting DNA (usually less than a few tens of nano-

grams) available for linker amplification techniques yielding metagenomes
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that are �1.5-fold biased by %GþC content (e.g., Duhaime et al., 2012),

which sharply contrasts up to �10,000-fold biases of phi29-based whole-

genome amplification methods (Yilmaz, Allgaier, & Hugenholtz, 2010;

Zhang et al., 2006), although this value for phi29-based amplification

may be an overestimate, since the measurements were done under the chal-

lenging conditions of single-cell amplification.

Based upon SYBRGold particle counts, the current sample-to-sequence

workflow captures the vast majority of detectable viral particles. However,

there remain issues and opportunities for research and development, partic-

ularly for studies needing to document less common phage types. These

include the following: (i) very large viruses are problematic because the pre-

filters are either too small (0.2 mm) or else coselect many microbes (e.g., 0.8

or 0.45 mm), (ii) lipid-containing viruses may require tweaks to concentra-

tion and purification protocols, (iii) the current methods are optimized for

dsDNA viruses. On this latter point, it is possible that RNA viruses are mis-

sed because RNA is not commonly extracted from viral concentrates, and

ssDNA viruses are missed because we cannot detect these well by staining

(Holmfeldt, Odic, Sullivan, Middelboe, &Riemann, 2012) and density gra-

dients often select against them (Thurber, Haynes, Breitbart, Wegley, &

Rohwer, 2009). Notably, however, some studies have enriched for ssDNA

viruses using one of the inherent systematic biases of the phi29 whole-

genome amplification enzyme (Kim & Bae, 2011; Kim et al., 2008).

The nucleic acid extraction step is particularly challenging for microbial

samples and thought to be one of the largest sources of bias in microbial

metagenomes (Morgan, Darling, & Eisen, 2010). However, this step is

unlikely to be problematic for environmental viruses because microbes have

incredible diversity in cell membranes resulting in highly variable accessibil-

ity of their DNA. In contrast, viruses use a relatively simple method for

protecting their DNA—protein capsids—which lends itself to nearly uni-

versally effective DNA extraction protocols. Protocols to date have largely

focused on extracting DNA from viral concentrates, but there are also

methods available for studying RNA and ssDNA metagenomes (Culley,

Lang, & Suttle, 2006; Filiatrault et al., 2010; Roux et al., 2012). In fact,

recent work suggests that RNA viruses may represent half of the viruses

in the oceans (Steward et al., 2013), and methods exist to simultaneously

separate ssDNA, dsDNA, and RNA from the same viral sample

(Andrews-Pfannkoch, Fadrosh, Thorpe, & Williamson, 2010). Clearly,

viruses with other nucleic acid types are promising targets for exploration

in the environment. However, we focus here on DNA viruses since the
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sample-to-sequence pipeline is nowwell understood. Specifically, this chap-

ter focuses on DNA library construction from natural viruses for meta-

genomic sequencing, including optimizations necessary for obtaining

high-quality data from limiting DNA input amounts that are common to

such samples.

3. THE LIBRARY PREPARATION PROCESS

Over the last decade, many variations in library preparation have

emerged. However, the overall process is relatively constrained to manipu-

lating the sample DNA by fragmentation, end repair and adaptor ligation,

size fractionation, and amplification (Fig. 8.2).

3.1. Fragmentation
Obtaining the desired size of genomic DNA for sequencing library prepa-

ration requires fragmenting the DNA using a variety of options (summarized

in Table 8.1 and detailed below). The overall goals of these methods are

identical—to create fragments of the desired size while minimizing loss

through efficient DNA recovery and narrowing the resulting fragment

length distribution—but each method has strengths and weaknesses.

Traditional DNA fragmentation for genome sequencing projects was

done using hydrodynamic shearing, nebulization, or enzymatic digestion,

but these approaches have significant limitations for application to meta-

genomics. Nebulization mechanically breaks long DNA strands by forc-

ing a nucleic acid solution through a narrow opening with varied air

pressure. The advantages of nebulization are (i) random breakage with

a relatively small fragment size range and (ii) no need for expensive

equipment beyond pressurized air, while the disadvantages are (i) low

throughput as only one sample can be fragmented per nebulizer and

(ii) loss of up to 50% of total DNA which necessitates several micrograms

of input DNA as starting material (Quail, 2010; Quail et al., 2008).

Another mechanical shearing method, hydrodynamic shearing, uses the

shear forces generated when repeatedly streaming a DNA sample through

a narrow opening to generate large (>2 kb) and relatively tightly sized

fragments, a great advantage for mate-pair protocols. As in nebulization,

some material is lost, and a high sample minimum of several micrograms

of DNA is required (see HydroShear Technical Brochure, 2009). Alter-

native to mechanical shearing, traditional protocols have used enzymatic

digestion by endonucleases either with specific and known cleavage sites
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Figure 8.2 Schematic of common steps in next-generation sequencing library preparation. The methods represented include multiple dis-
placement amplification (MDA, a phi29 whole-genome amplification method), an amplification of raw genomic DNA; linear amplification for
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Table 8.1 A summary of several common library prep protocols available for Illumina, 454, and Ion Torrent sequencing systems
Input
DNA

Fragmentation
method

DNA ends
treatment

Ligation
method

Adaptor
type

Sizing
method Amplification Sequencing References

Illumina

TruSeq

1 mg Acoustic shear End

Repair &

A-Tailing

T/A

overhang

Y-adaptors Gel

extraction

Adaptor

specific

Illumina TruSeq

Sample Prep

Guide

454 GS

FLXþ
1 mg Nebulization End

Repair

Blunt

ended

Dual

dsDNA or

Y-adaptors

Bead None 454 GS FLXþ
Library Prep

Manual

Ion Torrent 100 ng

or 1 mg
Acoustic or

enzymatic

shear

End

Repair

Blunt

ended

Dual

dsDNA

Gel

extraction

Adaptor

specific

Ion PGM Ion Torrent

Library Prep

Manual

Multiple

displacement

amplification

1–100 ng Endonuclease LC

Dependent

LC

dependent

LC

dependent

LC

dependent

Random

Hexamer

LC

dependent

Yilmaz et al.

(2010)

Linker-

amplified

library

construction

>10 pg Acoustic shear End

Repair

Blunt

ended

Dual

dsDNA

Bead or

gel

extraction

Adaptor

specific

454 Duhaime

et al. (2012)

Linker-

amplified for

deep

sequencing

3–40 ng Nebulization End

Repair &

A-Tailing

T/A

overhang

Identical

dsDNA

Gel

extraction

Transcription Illumina Hoeijmakers

et al. (2011)

Continued



Table 8.1 A summary of several common library prep protocols available for Illumina, 454, and Ion Torrent sequencing systems—cont'd
Input
DNA

Fragmentation
method

DNA ends
treatment

Ligation
method

Adaptor
type

Sizing
method Amplification Sequencing References

Linker-

amplified

shotgun

library

1 mg HydroShear End

Repair

Blunt

ended

Identical

dsDNA

None Adaptor

specific

Sanger Breitbart

et al. (2002)

Nextera XT 1 ng Simultaneous fragmentation and tagging Dual

dsDNA

Bead Adaptor

specific

(limited

cycle)

Illumina Nextera XT

Sample Prep

Guide

DNA amounts refer to the recommended starting DNA necessary for the protocol (unsheared viral dsDNA). Four fragmentation options are represented across these
protocols, but most are intercompatible except for the transposase, where fragmentation and adaptor attachment happen in one step. Adaptor types are Y-adaptor, which
includes two separate adaptors that share a region of homology and form a Y structure during ligation, dual adaptors, two different adaptors ligated on either end of a
genomic DNA fragment, and identical adaptors, where the same adaptor is ligated on both ends of the genomic DNA fragment. Some methods of attaching dual adaptors
generate many adaptor combinations, requiring a purification/enrichment step to obtain properly ligated library fragments (ones with different adaptors on each end).MDA
is done before fragmentation and is thus compatible with many different types of downstream sequencing preparation, with the affected steps marked as library construction
(LC) dependent.



for controlled genomic DNA fragmentation or with more permissive

cleavage sites for nonspecific shearing of DNA. Advantages of enzymatic

digestion include (i) no need for equipment investment, (ii) random

digestion (for nonspecific enzymes), (iii) marginally tunable sizing by

adjusting the restriction reaction conditions, while the disadvantages

are (i) nonrandom fragmentation (for specific cut-site restriction endonu-

cleases), (ii) poor control for generating large fragments (e.g., NEB

Fragmentase kit), and (iii) lower reproducibility (Adey et al., 2010;

Linnarsson, 2010).

In contrast, newer library preparation protocols fragment DNA using

acoustic shearing or tagmentation (Nextera kit, Illumina TruSeq kit,

Duhaime et al., 2012). To generate fragmented DNA, acoustic shearing

simply uses cavitation to randomly break up the DNA (Quail, 2010), while

tagmentation combines fragmentation with adaptor attachment in one

transposition reaction (Adey et al., 2010). These two methods pervade

modern library protocols due to several desirable features. First, both

can produce fragments with narrow size distributions that are optimal

for short-read sequencing (e.g., 150–300 bp, Henn et al., 2010), which

is not efficiently done with nebulization or enzymatic digestion (Quail

et al., 2008). Notably, downstream sizing may not be needed for acoustic

shearing but is required for tagmentation to remove small fragments where

size distributions extend as low as 40 bp (Nextera XT manual; Adey et al.,

2010). Second, acoustic shearing and tagmentation are high-efficiency

methods: acoustic shearing because it incurs virtually no sample loss

because it is performed in closed tubes, and tagmentation because it

reduces sample manipulation. Third, acoustic shearing, in particular, has

reduced chance of contamination because the entire process is done in a

closed tube. Finally, both methods can be scaled for high-throughput

work. For example, acoustic shearing can already be done in 96-well plate

format and has recently been utilized in microfluidic applications (Tseng,

Lomonosov, Furlong, & Merten, 2012), with development heading

toward automated microfluidic ml-scale sequencing library preparation

(Vyawahare, Griffiths, & Merten, 2010). The disadvantages of these

methods are that acoustic shearing requires expensive equipment or fee-

for-service access, while tagmentation leads to slight %GþC biases in

genomes (Marine et al., 2011) and metagenomes (Solonenko et al.,

2013), presumably due to insertion biases inherent to the transposase

(Adey et al., 2010).
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3.2. Insert size choices
Many library preparation options should be tuned to accommodate the type

of sequence data best suited to the research question being addressed. For

example, metagenomic sequencing has predominantly relied on data

derived from a single sequencing read per DNA fragment. However, two

sequencing reads per DNA fragment (paired-end sequencing) can be

obtained by attachment of different sequencing adaptors to DNA fragment

ends to allow directional sequencing off each end. This strategy can be used

to provide longer “reads” for small-insert libraries where the two sequencing

reads overlap each other. For large-insert libraries, such paired-end data can

drastically increase metagenomic assembly contig sizes (e.g., Rodrigue et al.,

2010). Several assembly algorithms use paired-end information for genome

scaffolding, with Allpaths-lg (Gnerre et al., 2011), the most popular, and

options in Velvet (Zerbino, McEwen, Margulies, & Birney, 2009), Abyss

(Simpson et al., 2009), and SOAP-denovo (Luo et al., 2012) also available.

Notably, these algorithms were designed for single genome assembly and

have problems handling large differences in coverage (>100) present in

metagenomic data, in which high coverage contigs may be mistaken for

repeat regions or lead to misassembly due to heterogeneity, while low-

coverage contigs may become overly fragmented due to low read overlap

(Peng, Leung, Yiu, & Chin, 2012). Two recently published methods,

IDBA-UD (Peng et al., 2012) and MetaVelvet (Namiki, Hachiya,

Tanaka, & Sakakibara, 2012), address the above issues and are capable of ana-

lyzing metagenomic paired-end data, but either method has yet to be used

on viral metagenomic data.

Currently, paired-end sequencing libraries are limited to small

(<800 bp) insert sizes due to limitations in bridge amplification clustering

(Illumina Paired End Sample Prep Guide, Rev. E., February 2011) and

emPCR (GS FLX Ti General Preparation Method Manual, April 2009).

One way to overcome this hard limit is by mate pairing (similar to long-

range paired-end or paired-end tag libraries), whereby longer DNA frag-

ments are circularized by ligating the two ends together and then fragmented

down to <800 bp size compatible with paired-end library construction and

sequencing. Current mate-pair library size limits are 40 kbp, with mate-pair

creation efficiency decreasing and size distribution variation increasing as

insert sizes increase (Asan et al., 2012). As well, a major reason why

mate-pair libraries are not standard in environmental metagenomic surveys

is the requirement for prohibitively large amounts of starting DNA, for
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example, 50 mg for a 35-kb mate-pair library (Asan et al., 2012). Successful

use of mate-pair data yields a new level of organization to metagenomic data

(Iverson et al., 2012).While such quantities are currently impossible for viral

metagenomic studies, there is potential for creative amplification-based

solutions which could augment environmental DNA to the point where

environmental virologists may also benefit from mate-pair data.

3.3. End repair and adaptor ligation: A key step in low-input
DNA library construction

Fragmentation commonly results in ssDNA ends which require repair to

prepare for dsDNA adaptor ligation (Table 8.1). In fact, end repair is part

of every protocol except tagmentation, where the transposition reaction

leaves no damage to DNA ends and includes addition of adaptors. Some pro-

tocols, such as Illumina and LADS, utilize A-tailing to create an overhang to

which T-tailed adapter sequences are ligated so as to leverage improved effi-

ciency over blunt-end ligation and prevent concatenation of template DNA

(Bratbak, Wilson, & Heldal, 1996). However, because A-tailing adds

another step to the procedure in whichDNAmay be lost (i.e., DNA binding

to tubes, Ellison, English, Burns, & Keer, 2006), many protocols utilize

blunt-end ligation for adding adaptor sequence to the fragments (Table 8.1).

The indispensable step in library preparation is the addition of adaptors to

the genomic DNA fragments, which eventually act as a primer site during

the sequencing reaction. Most protocols achieve this using ligation, with the

exception of tagmentation, where the transposition reaction attaches the

adaptors (Table 8.1). Adaptor sequences vary by sequencing technology

and application (overview in Fig. 8.3). Adaptors can contain just the

sequencing primer site, commonly also with a barcode incorporated to iden-

tify pooled libraries sequenced together on one run. Custom barcodes are

easy to develop for the 454 and Ion Torrent systems (examples available

at http://www.eebweb.arizona.edu/faculty/mbsulli/protocols/TMPL_

LAs.pdf), but more complicated for Illumina sequencing where barcoding

of the first several sequenced bases disrupts the identification of clustered

reads on the sequencing plate (Rohland & Reich, 2012). Particular library

methods can have variations in the attached sequences, including the T7

promoter for transcription in the LADS protocol, the mosaic end sequence

that is necessary for transposition in the Nextera tagmentation protocol, and

sequences specific for amplifying library fragments (e.g., P5 and P7

sequences in the TruSeq Illumina protocol and LADS, or the A-linker in

Linker Amplification). A Y-adaptor instead of dual dsDNA adaptors has also
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been used to prevent the loss of library DNA due to the attachment of incor-

rect combinations of adaptors (see 454 General vs. 454 Rapid prep kits, also

Zheng et al., 2010).

The success of adaptor ligation is critical to the generation of a robust

sequencing library, particularly for low-input DNA samples where optimiz-

ing the adaptor-to-template (calculated as free DNA ends) ratio is critical

(Solonenko et al., 2013). For particularly low-input DNA libraries, adaptors

can also be used to amplify DNA prior to sequencing preparations as shown

for LADS (Hoeijmakers, Bartfai, Francoijs, & Stunnenberg, 2011) and LA

(Duhaime et al., 2012) in Fig. 8.3. Notably, LADS and LA amplifications

are much preferable to amplifications using random hexamer primers and

gDNAlinker Abarcodeadaptor A linker A adaptor B

rd1 seq primer

seq adaptor 1index 1P5 seq adaptor 2 P7index 2gDNA

rd1 seq primer

rd2 seq primer

gDNAbarcodeadaptor A adaptor B

rd1 seq primer

seq adaptor 1   seq adaptor 2 P7gDNAP5T7

rd1 seq primer

gDNAlinker A linker ApSMART vector pSMART vector

rd1 seq primer

rd2 seq primer

rd2 seq primer

rd2 seq primer

rd2 seq primer

seq adaptor 1, ME P7P5 index 1 index 2ME, seq adaptor 2gDNA

rd1 seq primer

Linker Amplified Library Construction (LA)

Illumina TruSeq

454 GS FLX+ / Ion Torrent

Linker Amplified for Deep Sequencing (LADS)

Linker Amplified Shotgun Library (LASL)

Nextera XT

rd2 seq primer

Figure 8.3 Overview schematic of adaptor sequences involved in commonly used library
preparation technologies. This figure represents an overview of finished library fragments
generated using each library preparationmethod discussed in this review. Particular focus
is placed on (1) the presence of index or barcode regions that allow a library to be pooled
with other libraries for efficient sequencing, (2) the location of sequencing primers illus-
trated as arrows here, indicating the parts of each fragment that will appear in the final
sequencing output (and potentially require trimming), and (3) auxiliary sequences such as
T7, P5, and P7 that are important for library amplification. ME stands for mosaic end, a
subsection of the Nextera sequencing adaptor that allows transposition to occur.
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phi29, which result in nonquantitative and nonreproducible library compo-

sition (Yilmaz et al., 2010) where quantities can vary as much as 10,000-fold

from starting concentrations (Zhang et al., 2006).

3.4. Sizing and other options
From gel sizing to beads and chip-based systems, there are many options

available for controlling the size of library fragments (summarized in

Table 8.1). Gel sizing has traditionally been used for DNA sizing, but it

is problematic for low-input DNA samples as there may be too little

DNA to visualize it on a gel and the protocols suffer from inefficient

yields (�50%) and intersample contamination (Duhaime et al., 2012). Sizing

is, however, critical for targeting a small range of fragment sizes so as to

improve final library quality (Linnarsson, 2010; Quail et al., 2008). An

overabundance of small DNA fragments may alter the stoichiometry of

adaptor ligation reactions or overpopulate the library during PCR amplifi-

cation steps. Tightly sized input DNA is also particularly valuable for

downstream analyses (e.g., scaffolding for genome assembly) that rely upon

paired-end or mate-pair information (Simpson et al., 2009). Acoustic shear-

ing can even produce a fragment distribution that is narrow enough that

sizing can be skipped (Solonenko et al., 2013). The Pippin Prep is a more

accurate method of gel sizing, and while it requires more investment in

equipment, this method is recommended for low-DNA viral metagenomic

protocols (Duhaime et al., 2012). The LabChip XT system is another

automated sizing method with greater accuracy compared to gel sizing,

but currently this has a higher price point. By far, the most cost-effective

and high-throughput sizing method uses carboxylic acid coated beads

(SPRI, Ampure XP, or My One) to capture different sizes of DNA

(Borgstrom, Lundin, & Lundeberg, 2011; Rohland & Reich, 2012). Lastly,

columns commonly used to remove extra nucleotides, primers, or adaptors

and adaptor dimers may also function as a sizing step, as small DNA frag-

ments are removed (>100 bp for QiaQuick PCR Cleanup Kit).

3.5. Amplification protocols for enrichment, quantity,
and signal detection

Once DNA has been processed as above, there remains only the need to

amplify the resultant DNA molecules before sequencing. Amplification

serves several purposes in metagenomic sequencing library protocols. First,

limited amplification cycles (10 or fewer for Illumina TruSeq prep) enrich
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the DNA pool for molecules containing correctly ligated adaptors. Second,

for low-input DNA samples, amplification can be used to augment sample

DNA so as to have enough material to survive library preparation loss steps.

Amplification is also used to improve signal detection when a pool of syn-

chronized sequenced reads is required (e.g., 454, Illumina, Ion Torrent).

Commonly, this is a separate, final step in library preparation before

sequencing—an amplification to create the �1000 copies that are read by

the sequencer. Notably, these PCRs are done with each template isolated

in some manner: 454 and Ion Torrent utilize emPCR on a primer-covered

bead, while Illumina uses bridge amplification to generate localized “clus-

ters” on a primer-covered sequencing plate (Metzker, 2010). Third, the

amplification step is of critical importance and associated choices should

not be made lightly. This is because whole-genome amplification methods

lead to nonquantitative metagenomes (Yilmaz et al., 2010), while PCR-

based amplification is prone to several biases including stochasticity of ampli-

fication, heteroduplex formation, chimeric amplicons, and %GþC bias due

to the polymerase, high-temperature amplification conditions, and differen-

tial priming (reviewed in Duhaime & Sullivan, 2012). However, for PCR-

based amplification methods, conditions can be optimized to yield less biased

products (Adey et al., 2010), including adjustment of cycling conditions and

addition of stabilizing compounds (Schwientek, Szczepanowski, Ruckert,

Stoye, & Puhler, 2011), linear amplification (LADS, Hoeijmakers et al.,

2011) to lower cross-amplicon competition for primers (Shaw, 2002), and

leaving out the amplification step entirely when DNA amounts are not lim-

iting (>1 mg (Kozarewa et al., 2009) for Illumina, standard 454 protocol).

Because emPCR and bridge amplification physically isolate amplicons from

each other, the signal amplification reactions are a minimal source of bias,

with artificial duplicates being the largest issue and observed only for

emPCR-based technologies (454 and Ion Torrent; Gomez-Alvarez,

Teal, & Schmidt, 2009). Notably, single-molecule sequencing developments

may improve these technologies further (Wanunu, 2012).

3.6. Library quantification
The final step of any library preparation procedure is quantification of

the library before loading the library for sequencing by emPCR for 454

or Ion Torrent and bridge amplification for Illumina. Correct quantification

prevents the library DNA from being overloaded, which can lead to mixed

signals, or underloaded, which underutilizes sequencing capacity. Library
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concentration information also gives the user the opportunity to strategically

pool several libraries when sequencing depth requires less than one run or

lane. Several methods are available for this procedure including qPCR,

and titration-free qPCR (Zheng et al., 2010), but typically this step is done

by the sequencing center and is not a choice for the user to make.

3.7. Sequencing reaction and technologies
Ultimately, each sequencing technology differs not only in preparation

(reviewed here) but also in type of sequencing data generated (reviewed

in Glenn, 2011; Kircher &Kelso, 2010;Metzker, 2010). Briefly, two impor-

tant features are the cost efficiency of sequencing data and the read length.

Illumina sequencing is the current leader in cost with tens of millions of reads

per run, with high potential to overwhelm downstream bioinformatic

processing pipelines (Chiang, Clapham, Qi, Sale, & Coates, 2011). 454

GS FLX produces the longest reads available in a next-generation system,

an important characteristic for assembly, as well as routine metagenomic

analysis (Wommack, Bhavsar, &Ravel, 2008). Beyond these predominantly

genome-centered reviews, our own previous work used replicated meta-

genomics to evaluate the impact of sequencing platforms on the resulting

viral metagenomes and showed that the choice of sequencing technology

may be less of an influence on the content of metagenomic data than choices

made during library preparation (Solonenko et al., 2013).

4. CONCLUSIONS

As new library preparation methods are developed, viral meta-

genomics continues to become less expensive and more reproducible, as

well as more accessible to an expanding diversity of viral types. While the

viral metagenomic sample-to-sequence workflow is relatively well

established now for dsDNA viruses, there is a need for parallel research

and development toward quantitative metagenomic processing steps for

accessing ssDNA and RNA viruses in the environment. Mindful of this,

it is clear that modern sequencing capacity now empowers metagenomics

to adopt experimental designs involving technical replicates (Knight

et al., 2012) and that such designs have proven critical for understanding

impacts of library preparation methods and sequencing platforms on the

resulting viral metagenomes (Solonenko et al., 2013). Implied in these goals

is the use of efficient, replicable methods for generating viral metagenomes,

an important part of metagenomic experimental design. Making informed
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choices at key steps in metagenomics library preparation, such as fragmen-

tation, ligation, and amplification, may reduce the chances of unexpected

failure of library preparation or bias in metagenomic sequencing data. As

such, refined metagenomic datasets coupled with myriad emerging viral

ecology tools that allow access to single viral genomes, link wild viruses

to their hosts, and evaluate viral community morphology (Allen et al.,

2011, 2013; Brum, Schenck, & Sullivan, 2013; Deng et al., 2013;

Tadmor, Ottesen, Leadbetter, & Phillips, 2011) are transforming the land-

scape of questions that researchers can ask. Together, these advances beckon

a new era for the field where we can finally develop a mechanistic under-

standing of the principles governing variations in natural virus and microbial

communities, one virus and one host at a time.
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Abstract

Metatranscriptomics has increased our working knowledge of the functional signifi-
cance and genetic variability of microbial communities, yet there is still limited informa-
tion concerning how gene expression and regulation in a microbiome influences
interactions with a host organism. During a pathogenic infection, eukaryotic organisms
are subject to invasion by bacteria and other agents, or these “pathogens” can switch
from a commensal to pathogenic trophic relationship with the host. Understanding
how these trophic relationships initiate and persist in the host requires deciphering
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the functional response of the host and the microbiome, so-called Dual RNA-Seq.
This technique is both fast and relatively cheap compared to proteomics and met-
abolomics and provides information on the potential functional interactions that occur
between microbes, and with the host. These metatranscriptomic analyses can also be
coupled with metagenomic analyses and statistical models to provide an in-depth
approach to systems biology. In this chapter, we detail a standardized method to pro-
cess and analyze host-associated microbial metatranscriptomes independent of the
associated host.

1. INTRODUCTION

Metagenomics has become an important tool for analyzing complex

microbial community structure in free-living and host-associated environ-

ments. Metagenomic analysis allows researchers to identify the major and

minor players in microbial communities and determine functional relation-

ships with one another in complex microbial systems. Despite the power of

this tool, the ability of researchers to model microbial functions is limited by

current databases that describe the functional attributes of genes and the

resultant proteins that can be predicted (Giannoukos et al., 2012). With

the incorporation of metatranscriptomics, we can study the expressed func-

tional capacity of communities by utilizing high-throughput sequencing of

mRNA transcripts. Here, we explore techniques developed to sequence

transcriptional responses from host-derived microbial communities

(Westermann, Gorski, & Vogel, 2012). This is a particularly complex system

in which samples can be used to generate RNA from both the host and

the microbial community in question, for example, an intestinal epithelial

biopsy will contain microbial communities associated with the tissue, as well

as host cells, which must be appropriately separated using the techniques

described here, and sequenced to enable characterization of the transcrip-

tional response of both host and microbiome. Metagenomics coupled with

metatranscriptomics is becoming more necessary as the scientific commu-

nity generates more evidence that microbial community metabolism can

significantly impact health, well-being, and behavior in animals, as well

as, productivity and disease state in plants. A rapid way to assess this is to

sequence the relative changes in the transcription of genes from the micro-

bial communities associated with the organism of interest, and then under

experimental conditions to determine whether these responses have the

capability to generate metabolites that could impact the host. When
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combined with metaproteomics and metabolomics of the same community

and environment, respectively, it is possible to use this tool to reconstruct

microbial–host interactions at the metabolic level, enabling the elucidation

of mechanisms underling host and microbial responses to given stimuli. As

with anymethodology, there are some stumbling blocks associated with per-

forming metatranscriptomic analyses, that is, acquisition of sufficient

amounts of high-quality RNA. It is important to note that RNA is

extremely unstable and susceptible to degradation. It is essential that proper

preparation methods, sterile equipment, and RNase removal products are

used before any RNA work begins to maintain the integrity of the RNA

while processing. As shown previously (Urich, Lanzen, Huson,

Schleper, & Schuster, 2008), it is possible to sequence all the RNA in a sam-

ple and pull out the sequences that pertain to the mRNA that describes func-

tional responses. This is an ideal strategy as it removes bias associated with

RNA handling, preparation, and concentration of mRNA; however, it is

limited to the number of samples that can be handled and the cost of gen-

erating enough coverage of the mRNA to observe significant changes in less

abundant transcripts. This extremely deep coverage is necessary because on

average 90–95% of total RNA in any cell is ribosomal RNA, which swamps

the signals for the functionally relevant mRNA. Therefore, removal of

rRNA has become commonplace (Frias-Lopez et al., 2008; Gilbert et al.,

2008; Poretsky et al., 2009), so as to enrich for the functional mRNA signal.

This means that less sequencing effort is required to generate a relevant (arbi-

trarily) coverage of the transcriptional response of the microbial community.

In the eukaryotic host, this is not a significant problem as we can utilize

nature’s own tagging system of a poly-A tail at the end of each mRNA frag-

ment to selectively isolate and sequence the mRNA. However, as microbial

mRNA is rarely polyadenylated, we must enrich the mRNA signal in each

sample, so that we can process thousands of samples in parallel even if we

have to introduce the possibility of certain biases in data interpretation.

2. MATERIALS

2.1. Kits
1. MoBio PowerMicrobiome RNA Isolation Kit

2. Life Technologies Turbo DNA-free

3. Invitrogen Dynabead Oligo(dT)25
4. Agilent RNA 6000 Nano Kit

5. Agilent RNA 600 Pico Kit
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6. Epicentre Ribo-Zero Magnetic Gold Kit (Epidemiology)

7. Epicentre ScriptSeq v2 RNA-Seq Library Preparation Kit

8. Epicentre ScriptSeq Index PCR Primers Set 1

2.2. Reagents and equipment
1. Phenol:chloroform:isoamyl alcohol (25:24:1), pH 6.5–8.0

2. Qubit RNA Assay for Qubit Fluorometer

3. Epicentre FailSafe PCR Enzyme Mix

4. 100% Absolute Ethanol

5. Agencourt AMPure RNAClean XP beads

6. Agencourt AMPure XP beads

7. Magnetic Stand or Rack (1.5 ml or 96 well)

8. Invitrogen Qubit Fluorometer

9. Agilent 2100 Bioanalyzer

3. COMPONENTS

3.1. DNA/RNA purification
It is recommended to start this protocol with at least 1 mg of high-quality

total RNA. Bacterial messenger RNA comprises less than 10% of the total

RNA from host-associated tissue samples, with the majority of the RNA

associated with the host and microbial ribosomal RNA. Considering the

small amount of material and the instability of mRNA, it is necessary to

use a purification kit that will recover as much mRNA as possible, while

keeping the integrity of the mRNA intact during processing. We recom-

mend performing three purifications in the process of depleting the ribo-

somal RNA and generation of metatranscriptomic libraries that can be

scaled to expected outcomes. In this protocol, we suggest Agencourt

AMPure XP and Agencourt AMPure RNAClean XP beads as they consis-

tently display higher recovery rates than column filtration, regardless of frag-

ment size. In addition, input material can be adjusted to produce maximum

yields regardless of initial DNA or RNAmaterial. It is recommended to run

a 1.8� reaction, that is, utilizing 180 ml of beads for a 100 ml reaction. This
will capture all fragments in solution, for example, ribosomal RNA deple-

tion and cDNA generation. After generating the cDNA library via PCR, we

suggest a 0.9� reaction with AMPure XP beads. This reaction removes all

fragments under 125 bp, including primer dimers. It is necessary to remove

small fragments and primer dimers prior to sequencing as they will
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preferentially amplify during the sequence library generation, for example,

Illumina as described here, and outcompete your sequencing libraries

during sequencing.

3.2. Quantification
Appropriate quantification of libraries is recommended when using next-

generation sequencing technologies. Invitrogen’s Qubit Fluorometer is

highly recommended as it utilizes a fluorescent dye that binds to nucleic

acids for quantification. We recommend avoiding the Nanodrop, as it con-

sistently overestimates nucleic acid concentrations. Unlike the Nanodrop,

the Qubit Fluorometer can discriminate between DNA and RNA when

both templates are present, where trace amounts of DNA will contaminate

an RNA-mediated extraction. It is recommended to quantitate RNA con-

centrations after each step, for example, total genomic extraction, DNase

treatment, and eukaryotic mRNA depletion using the Qubit RNA Assay

Kit for the Qubit Fluorometer. To do this, follow the below instructions:

1. Make a Qubit working solution by diluting the Qubit RNA reagent

1:200 in Qubit RNA buffer using a sterile plastic tube.

2. Load 190 ml of Qubit working solution into tubes labeled standard 1

and 2.

3. Add 10 ml of standard 1 solution and standard 2 solution to the appro-

priate tube and mix by vortexing for 2–3 s.

• Note: These are positive and negative controls used to calibrate

the instrument.

4. Load 198 ml of Qubit working solution into each individual assay tube.

5. Add 2 ml of DNA to each assay tube and mix by vortexing 2–3 s. The

final volume of this solution should equal 200 ml.
• Note: The amount of sample and working solution added to each

assay tube can vary depending on concentration of the sample. The

sample can vary between 1 and 20 ml and the working solution can

vary between 199 and 180 ml with the final volume equaling 200 ml.
It is recommended to use 2 ml of sample to produce the most

accurate results.

6. Allow all the tubes to incubate at room temperature for 2 min.

7. Select RNA assay on the Qubit Fluorometer. Select run a

new calibration.

8. Insert the tube containing standard 1, close lid, and press read.

9. Remove standard 1 and repeat step 8 for standard 2.
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10. Insert sample, close lid, and press read.

11. Calculate concentration using dilution calculation on Qubit Fluorom-

eter by selecting original volume of sample added to the assay tube.

12. Repeat steps 10 and 11 until all samples have been quantified.

3.3. RNA integrity and size distribution
The Agilent Bioanalyzer is a microfluidics platform used for sizing, quanti-

fication, and quality control for DNA, RNA, and proteins. This platform is

preferred over the Qubit Fluorometer after depleting the sample of host and

bacterial ribosomal RNA. Because we are expecting to recover only �10%

of the total RNA input as enriched mRNA, the Nano and Pico chips will

likely be used having an input range of 25–500 and<25 ng/ml, respectively.
Utilizing this platform, we are able to quantitate the concentration of an

RNA sample and assess the quality of the sample through the RNA Integrity

Number (RIN), which quantifies the fragmentation of the RNA sample

(Schroeder et al., 2006). High-quality RNA will contain an RIN of at least

8, where partially fragmented RNAwill contain an RINwithin the range of

6–8. Any RNA sample that has a RIN below 5 should not be subjected to

further fragmentation during the ScriptSeq protocol, as it will generate

smaller than desired fragments.

• Note: In this protocol, we will assume an RNA concentration of

30 ng/ml, where we will highlight the RNA Nano protocol. The

RNA Nano and Pico chip protocol only differ in the amount of gel–

dye mix used and the concentrations of gel matrix and dye.

1. Check to make sure that the Chip Priming Station has its base adjusted

to position C and the syringe clip is adjusted to the topmost position.

2. The electrodes on the head of the Bioanalyzer should be cleaned with

RNaseZap followed by RNase-free water.

3. To prepare the gel for an RNANano chip, all reagents should be left at

room temperature for at least 30 min to equilibrate.

4. 550 ml of Agilent RNA 6000 Nano gel matrix should be aliquoted into

the top of a spin filter and centrifuged for 10 min at 1500� g�20%.

65 ml of the filtered Agilent RNA 6000 Nano gel matrix should be

aliquoted in a 0.5-mlRNase-free microcentrifuge tube andmixed with

1 ml of RNA 6000 Nano dye.

5. This solution should be vortexed well and spun for 10 min at

13,000� g.

• Note: The gel–dye mixture should be used within 24 h.
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6. An RNA Nano chip should be placed on the priming station.

7. 9.0 ml of gel–dye mix should be pipetted into the well marked “G.”

The plunger should be positioned at 1 ml. The Chip Priming Station

should be closed and the plunger should be depressed until the clip

holds it. The plunger should remain pressurized for 30 s then released.

If the plunger does not move back up to the 1 ml position after it is

released, the plunger needs to be manually moved to the 1 ml position.

8. 9 ml of gel–dye mix should be pipetted into the remaining two gel–

dye wells.

9. 5 ml of RNA 6000 Nano marker should be pipetted into all of the sam-

ple and ladder wells.

10. Before use, the RNA ladder should be heat denatured at 70 �C for

2 min and immediately cooled on ice to prevent secondary structure

from forming. 1 ml of ladder should be added to the ladder well.

11. 1 ml of each RNA sample should be added into the 12 sample wells.

12. The chip should be vortexed with an IKA vortex mixer for 1 min at

2400 rpm.

13. The chip should be immediately loaded into the Bioanalyzer, the

corresponding chip type selected in the software, and “Start

run” selected.

14. To check the quality of the run, seven markers should be seen on the

electropherogram of the ladder at 25, 200, 500, 1000, 2000, 4000, and

6000 nt.

• Note: If these peaks are not seen, the run has failed and the data is

not accurate.

15. The Bioanalyzer will produce an RNA concentration, rRNA ratios,

and the RIN number.

4. EXPERIMENTS

4.1. Total RNA extraction
MoBio Laboratory’s PowerMicrobiome RNA Extraction kit allows for fast

and easy purification of total RNA from samples by removing PCR inhib-

itors that are seen in many host-associated samples. It is optimal to extract

RNA from samples immediately after sampling as fast decay rate and an

abundance of dead cells (from both human and bacterial sources) are com-

monly seen in these types of sample types (Stewart et al., 2013).

• Note: Trizol extractions are acceptable alternatives for samples that con-

tain high degradation activity. It is necessary to remove all organic
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material and guanidine from extracted RNA in order to prevent prob-

lems with downstream applications.

1. Add 500 ml of phenol:chloroform:isoamyl alcohol (pH 6.5–8.0) to the

bead tube.

• Note: Beta-mercaptoethanol can be used in place of phenol:chlo-

roform:isoamyl alcohol.

2. Add 0.25 g of sample into the glass bead tube.

3. Secure the glass bead tube using a MoBio Vortex Adapter pointing the

tube cap toward the center of the adapter.

4. Vortex at maximum speed for 10 min.

5. Centrifuge at 13,000� g for 1 min at room temperature. Transfer the

upper aqueous layer to a clean 2-ml collection tube.

• Note: There will be three aqueous layers. The top layer will contain

the RNA. The middle layer will contain the phenol:chloroform

and digestive enzymes. The bottom layer will contain all cellular

debris. Be sure not to aspirate from the middle layer as your

RNA will be degraded if this layer is transferred.

6. Add 150 ml of solution PM2 and vortex briefly to mix. Incubate at 4 �C
for 5 min.

7. Centrifuge the tubes at 13,000� g for 1 min.

8. Avoiding the pellet, transfer the supernatant to a clean, RNase-free

2-ml collection tube.

9. Add 650 ml of solution PM3 and 650 ml of solution PM4. Vortex briefly

to mix.

10. Load 650 ml of supernatant onto a spin filter and centrifuge at

13,000� g for 1 min. Discard the flow through and repeat until all

the supernatant has been loaded onto the spin filter.

11. Shake to mix solution PM5. Add 650 ml of solution PM5 to the spin

filter and centrifuge at 13,000� g for 1 min.

12. Discard the flow through and centrifuge at 13,000� g for 1 min to

remove residual wash.

13. Place the spin filter basket into a clean 2-ml collection tube.

14. Add 50 ml of DNase I solution (prepared by mixing 45 ml of solution
PM6 and 5 ml of DNase I stock solution) to the center of the spin filter.

15. Incubate at room temperature for 15 min.

16. Add 400 ml of solution PM7 and centrifuge at 13,000� g for 1 min.

Discard the flow through.

17. Add 650 ml of solution PM5 and centrifuge at 13,000� g for 1 min.

Discard flow through.
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18. Add 650 ml of PM4 and centrifuge at 13,000� g for 1 min. Discard

flow through.

19. Centrifuge empty column at 13,000� g for 2 min to remove residual

wash solution.

20. Place the spin filter basket into a clean 2-ml collection tube.

21. Add 100 ml of solution PM8 (RNase-free water) to the center of the

white filter membrane. Allow the water to sit on the membrane for

at least 1 min.

22. Centrifuge at 13,000� g for 1 m. Discard spin filter basket.

23. RNA is now ready for downstream applications. Store at �80 �C.

4.2. DNase treatment
As no RNA extraction method can completely remove DNA contamina-

tion from RNA preparations, it is recommended to perform an additional

DNA removal treatment. Life Technologies’ Turbo DNA-free kit digests

DNA concentrations below known levels of detection through PCR,

and it removes cations that degrade RNA. DNA carries microbes that are

not actively functioning in the microbial community. If carried through

the remainder of the process, an individual might analyze microbial species

that are nonfunctional.

1. Add 0.1 volume 10�TurboDNase Buffer and 1 ml TurboDNase to the

RNA. Mix gently.

2. Incubate at 37 �C for 20–30 min.

3. Add 0.1 volume resuspended DNase Inactivation Reagent and mix well.

4. Incubate 5 min at room temperature, mixing occasionally.

5. Centrifuge at 10,000� g for 1.5 min and transfer the RNA to a

fresh tube.

4.3. Eukaryotic mRNA depletion
Eukaryotic mRNA represents a small percentage of total RNA extracted.

Currently, there are no commercially available kits that isolate bacterial

rRNA and mRNA from host rRNA and mRNA. We recommend

employing Invitrogen’s Dynabead Oligo(dT)25 kit to remove the host

mRNA. Utilizing the poly-A tail associated with eukaryotic mRNA, we

will pair a poly-T tail to remove it from solution without disturbing the

remaining microbial and eukaryotic RNA present. Instead of performing

a series of washes on the magnetically bound eukaryotic mRNA, we will

work with the unbound supernatant.

177Preparation and Metatranscriptomic Analyses of Host–Microbe Systems



• Note: There are certain bacterial species that have an attenuated poly-A

tail. Bacterial species that display this poly-A tail are normally marked for

degradation. This kit has limited efficacy in binding these species.

Wash Dynabeads

1. Resuspend the Dynabeads in a vial by vortexing for at least 30 s.

2. Transfer the desired volume of Dynabeads to a 1.5-ml microcentrifuge

tube.

3. Add the same volume of binding buffer, or at least 1 ml, and resuspend.

4. Place the tubes in a magnetic stand for 1 min and discard the supernatant.

5. Remove the tube from the magnetic stand and resuspend the washed

Dynabeads in the same volume of binding buffer as the initial volume

of Dynabeads.

Eukaryotic mRNA removal

1. Adjust the volume of the total RNA sample to 100 ml with nuclease-free
water.

• Note: This kit can handle up to 75 mg of total RNA.

2. Add 100 ml of binding buffer. If total RNA is more dilute than 75mg/
100ml, add an equal volume of binding buffer to the beads.

3. Heat at 65 �C for 2 min to disrupt secondary structures. Immediately

place on ice.

4. Add the 200 ml of total RNA to the 100 ml washed beads.

5. Mix thoroughly and allow binding by placing continuously on a mixer

for 5 min at room temperature.

6. Place the tube on themagnetic stand for 1–2 min and carefully transfer all

of the supernatant to a 1.5-ml microcentrifuge tube.

• Note: The supernatant will contain the bacterial rRNA and mRNA

as well as the host rRNA.

4.4. Ribosomal depletion
Removing the ribosomal RNA from the host and bacterial communities is an

important aspect of creating metatranscriptomic libraries. Host- and bacterial-

derived ribosomal RNA constitutes more than 90% of the total RNA

extracted. While direct translation and sequencing of total RNA may reduce

potential biases associated with the following steps, it significantly decreases

the overall sequencing depth of metatranscriptomic coverage. Currently,

we have seen only circumstantial evidence that these biases are anything

but partially significant; however, as with any experiment, these caveats must

be taken into consideration. Ribo-Zero Magnetic Gold Kit (Epidemiology)
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will effectively remove sequences found in host- and bacterial ribosomalRNA

from solutionwith 99% efficiencyworkingwithin a range of 500 ng to 5 mg of
total RNA (Giannoukos et al., 2012; Lim et al., 2013):

Wash Beads

1. Pipette 225 ml of Magnetic Beads into a 1.5-ml RNase-free microce-

ntrifuge tube. Pipette suspension slowly.

2. Place each 1.5-ml tube on the magnetic stand for at least 1 min.

3. With the 1.5-ml tube still on the stand, remove and discard

the supernatant.

4. Remove the 1.5-ml tube from the magnetic stand and add 225 ml of
RNase-free water to each tube. Mix well by repeated pipetting or

vortexing at medium speed.

5. Repeat steps 2 and 3.

6. Remove the 1.5-ml tube from the magnetic stand. Add 65 ml of Mag-

netic Bead Resuspension Solution to each tube. Mix well by repeated

pipetting or vortexing at medium speed.

7. Add 1 ml of Riboguard RNase Inhibitor to each tube to resuspended

Magnetic Beads and mix briefly by vortexing.

Ribosomal RNA removal

Amount of
input total RNA
(mg)

Maximum volume of total RNA that
can be added to each reaction (ml)

Volume of Ribo-Zero rRNA
Removal Solution used per
reaction (ml)

1–2.5 28 8

2.5–5 26 10

8. In a 0.2-ml RNase-free microcentrifuge tube, combine in given order

below on ice:

• Note: This kit is still optimal for samples with less than 1 mg of total
RNA input. All subsequent reagents must be scaled down to mimic

ratios of recommended total RNA input.

x ml RNase-free water

4 ml Ribo-Zero Reaction Buffer

1–5 mg Total RNA sample

y ml Ribo-Zero rRNA Removal Solution

40 ml Total volume
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9. Gently mix the reaction(s) by pipetting and incubate at 68 �C for

10 min. Store the remaining Ribo-Zero rRNA Removal Solution

and Ribo-Zero Reaction Buffer at �70 to �80 �C.
10. Remove the reaction tube(s) and incubate each at room temperature

for 5 min.

11. Using a pipette, add the treated RNA to the 1.5-ml tube containing the

washed Magnetic Beads without changing the pipette tip. Immediately

and thoroughly mix the contents of the tube pipetting up and down at

least 10 times. Immediately vortex the tube again at a medium setting

for 10 s and place at room temperature. Repeat this process for

each sample.

12. Incubate the 1.5-ml tube at room temperature for 5 min.

13. Following incubation, mix the reactions by vortexing at medium speed

for 5 s. Heat the tube at 50 �C for 5 min in an appropriate water bath or

heating block. Avoid condensation.

14. After incubation, remove the tubes and immediately place them on

magnetic stand for at least 1 min.

15. Carefully remove each supernatant (85–90 ml), this contains the bacte-
rial mRNA, and transfer it to a labeled 1.5-ml RNAase-free tube.

Bacterial mRNA purification

1. Vortex the AMPure RNAClean XP beads until they are resuspended.

2. Add 160 ml of the mixed AMPure RNAClean XP Beads to each

1.5-ml microcentrifuge tube containing 85–90 ml of rRNA-depleted

mRNA. Mix thoroughly by gently pipetting the entire volume

10 times.

3. Incubate the tubes at room temperature for 15 min. During incubation,

prepare 80% ethanol solution.

4. Place the tubes on the magnetic stand at room temperature for at least

5 min, until the liquid appears clear.

5. Remove and discard the supernatant from each tube. Do not disturb

the beads.

6. With the tubes still on the magnetic stand, add 200 ml of freshly pre-

pared 80% ethanol to each tube, without disturbing the beads.

7. Incubate at room temperature for at least 30 s while still on the mag-

netic stand, then remove and discard all of the supernatant from each

tube. Again, do not disturb the beads.

8. Repeat steps 6 and 7 one more time for a total of two 80%

ethanol washes.

9. Allow the tubes to air-dry on the magnetic stand at room temperature

for 15 min.
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10. Add at least 15 ml of DNase/RNase-free water to each tube.

11. Thoroughly resuspend the beads by gently pipetting 10 times.

12. Incubate the tubes at room temperature for 2 min.

13. Place the tubes back onto the magnetic stand at room temperature for at

least 5 min, until the liquid appears clear.

14. Transfer the clear supernatant from each tube to an appropriate collec-

tion tube. Leave at least 1 ml of the supernatant behind to avoid carry-

over of Magnetic Beads.

15. Store on ice for immediate use or store at �70 to �80 �C for longer

term storage.

16. Add 2 volumes of RNA Binding Buffer to each volume of the mRNA

sample and mix well.

4.5. cDNA synthesis
Using random hexamers, Epicentre’s ScriptSeq V2 RNA-Seq Library Prep-

aration Kit uses rRNA-depleted samples to create metatranscriptomic librar-

ies through reverse transcription. This kit takes advantage of directional,

paired-end sequencing using Illumina’s TruSeq Cluster Kit.

Fragmentation

1. In a 0.2-ml PCR tube, assemble the following reaction mixture on ice:

• Note: It is recommended to use 2–5 ml of RNA sample when

assembling reaction.

x ml Nuclease-free water

y ml rRNA-depleted or poly(A) RNA

1 ml RNA fragmentation solution

2 ml cDNA Synthesis Primer

12 ml Total reaction volume

2. Fragment RNA: Incubate at 85 �C for 5 min in a thermocycler.

3. Stop the fragmentation reaction by placing the tube on ice.

Synthesize DNA

1. On ice, prepare the cDNA Synthesis Master Mix. For each reaction,

combine on ice:

3 ml cDNA Synthesis PreMix

0.5 ml 100 mM DTT

0.5 ml StarScript Reverse Transcriptase

4 ml Total volume
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2. Add 4 ml of the cDNA Synthesis Master Mix to each reaction on ice and

mix by pipetting.

3. Incubate at 25 �C for 5 min followed by 42 �C for 20 min.

4. Cool reaction to 37 �C and pause thermocycler.

5. Remove one reaction at a time from the thermocycler, add 1 ml of
Finishing Solution, and gently mix thoroughly with a pipette. Return

each reaction to the thermocycler before proceeding with the next.

6. Incubate at 37 �C for 10 min.

30-Terminal tag

1. On ice, prepare the Terminal TaggingMaster Mix. Note: It is important

to place each reaction on ice.

2. Thoroughly mix the viscous Terminal Tagging Master Mix by pipetting

or by flicking the tube.

3. Remove one reaction at a time from the thermocycler and add 8 ml of the
Terminal Mix. Gently but thoroughly mix the reaction by pipetting.

Return each reaction to the thermocycler before proceedingwith thenext.

4. Incubate each reaction at 25 �C for 15 min.

5. Incubate each reaction at 95 �C for 3 min. Then, cool the reaction to

4 �C on ice or in the thermocycler.

cDNA purification

1. Warm the AMPure XP beads to room temperature. While the beads

warm, prepare 400 ml of fresh 80% ethanol at room temperature for

each sample.

2. Using a 96-well plate format, transfer the 24 ml of each di-tagged

cDNA independently into a well of the plate.

3. Add 45 ml of the beads to each well of the 96-well plate containing the

di-tagged cDNA.

4. Mix thoroughly by gently pipetting the entire volume of each well 10

times.

5. Incubate the 96-well plate at room temperature for 15 min.

6. Place the 96-well plate in a magnetic stand at room temperature for at

least 5 min, until the liquid appears clear.

7. Remove and discard the supernatant from each well using a pipette.

Some liquid may remain in each well. Do not disturb the beads.

8. With the plate remaining on the magnetic stand, add 200 ml of 80%
ethanol to each well without disturbing the beads.

9. Incubate the plate at room temperature for at least 30 s, then remove

and discard all of the supernatant from each well. Do not disturb

the beads.
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10. Repeat steps 8 and 9 one more time for a total of two 80%

ethanol washes.

11. Allow the plate to air-dry on their magnetic stand for 15 min at room

temperature or until the pelleted beads are dry.

• Note: It is important to not over dry the beads as this will result in a

lower recovery rate.

12. Add 24.5 ml of nuclease-free water to each well and remove from the

magnetic stand.

13. Thoroughly resuspend the beads by gently pipetting 10 times.

14. Incubate the plate at room temperature for 2 min.

15. Place the plate on the magnetic stand at room temperature for at least

5 min, until the liquid appears clear.

16. Transfer 22.5 ml of the clear supernatant, which contains the di-tagged

cDNA, from each well to a new 0.2-ml PCR tube.

17. Place tubes on ice or place at �80 �C for longer term storage.

4.6. Metatranscriptome generation using Index Barcodes
1. In a 0.2-ml PCR tube containing 22.5 ml of di-tagged cDNA, add

on ice:

25 ml FailSafe PCR PreMix E

1 ml Forward PCR Primer

1 ml ScriptSeq Index PCR Primer

0.5 ml FailSafe PCR Enzyme (1.25 units)

50 ml Total volume

2. Perform PCR:

Denature the dsDNA at 95 �C for 1 min

Followed by 15 cycles of:

95 �C for 30 s

55 �C for 30 s

68 �C for 3 min

After cycles, incubate at 68 �C for 7 min

RNA-Seq purification

1. Warm the AMPure XP beads to room temperature. While the beads

warm, prepare 400 ml of fresh 80% ethanol at room temperature for

each sample.
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2. Using a 96-well plate format, transfer each amplified library indepen-

dently into a well of the plate.

3. Add 50 ml of the beads to each well of the 96-well plate.

4. Mix thoroughly by gently pipetting the entire volume up of each well

10 times.

5. Incubate the 96-well plate at room temperature for 15 min.

6. Place the 96-well plate in a magnetic stand at room temperature for at

least 5 min, until the liquid appears clear.

7. Remove and discard the supernatant from each well using a pipette.

Some liquid may remain in each well. Do not disturb the beads.

8. With the plate on the magnetic stand, add 200 ml of 80% ethanol to

each well without disturbing the beads.

9. Incubate the plate at room temperature for at least 30 s, then remove

and discard all of the supernatant. Do not disturb the beads.

10. Repeat steps 8 and 9 one more time for a total of two 80%

ethanol washes.

11. Allow the plate to air-dry on their magnetic stand for 15 min at

room temperature.

12. Add 20 ml of nuclease-free water to each well and remove the plate

from their magnetic stand.

13. Thoroughly resuspend the beads by gently pipetting 10 times.

14. Incubate the plate at room temperature for 2 min.

15. Place the plate on the magnetic stand at room temperature for at least

5 min, until the liquid appears clear.

16. Transfer the clear supernatant, which contains the RNA-Seq library,

from each well to an appropriate collection tube.

5. SEQUENCING AND DATA ANALYSIS

The output from an Illumina next-generation sequencing run con-

tains quality files, a binary file, and a fastq file. Sequences with low-quality

scores are filtered out before analysis. Metatranscriptomes will be analyzed

using the available online resources (e.g., IMG/M, MGRAST, CAMERA,

EBIs Metagenomics portal, etc.) providing annotation by comparing tran-

scripts to different functional gene databases (e.g., using BLAST to assign

functions against M5NR, SFams, and SEED) (Markowitz et al., 2012;

Meyer et al. 2008; Sun et al., 2010). For more detailed descriptions of

potential functional pipelines and analyses of these data (see Thomas,

Gilbert, & Meyer 2012).
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Abstract

High-throughput sequencing and analysis of microbial community cDNA
(metatranscriptomics) are providing valuable insight into in situ microbial activity and
metabolism in the oceans. A critical first step in metatranscriptomic studies is the prep-
aration of high-quality cDNA. At the minimum, preparing cDNA for sequencing involves
steps of biomass collection, RNA preservation, total RNA extraction, and cDNA synthesis.
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Each of these steps may present unique challenges for marine microbial samples, par-
ticularly for deep-sea samples whose transcriptional profiles may change between
water collection and RNA preservation. Because bacterioplankton community RNA
yields may be relatively low (<500 ng), it is often necessary to amplify total RNA to
obtain sufficient cDNA for downstream sequencing. Additionally, depending on the
nature of the samples, budgetary considerations, and the choice of sequencing tech-
nology, steps may be required to deplete the amount of ribosomal RNA (rRNA) tran-
scripts in a sample in order to maximize mRNA recovery. cDNA preparation may also
involve the addition of internal RNA standards to biomass samples, thereby allowing
for absolute quantification of transcript abundance following sequencing. This chapter
describes a general protocol for cDNA preparation from planktonic microbial commu-
nities, from RNA preservation to final cDNA synthesis, with specific emphasis placed on
topics of sampling bias and rRNA depletion. Consideration of these topics is critical for
helping standardize metatranscriptomics methods as they become widespread in
marine microbiology research.

1. INTRODUCTION

Metatranscriptomic analysis has emerged as a powerful and increas-

ingly common tool for exploring microbial community gene expression

in natural environments (DeLong, 2009; Moran et al., 2013; Poretsky,

Hewson, et al., 2009). In these analyses, complementary DNA (cDNA) is

synthesized by reverse transcription from RNA extracted from an environ-

mental sample and used as template for massively parallel shotgun sequenc-

ing. The first generation of marine metatranscriptome studies relied on data

generated primarily by pyrosequencing on the Roche 454 platform

(Table 10.1). However, Illumina sequencing using chain-termination

technology may soon replace pyrosequencing as the method of choice for

low-cost, high-quality sequence generation (Gifford et al., 2013).

A typical metatranscriptome dataset produced using 454 or Illumina con-

tains hundreds of thousands to millions of sequences. These sequences

encompass diverse RNA pools, including structural (ribosomal) RNA

(rRNA), messenger RNA (mRNA), and numerous regulatory small RNAs

(Shi, Tyson, & DeLong, 2009). Collectively, these data yield valuable infor-

mation on themetabolic activity and taxonomic diversity of the community,

potentially revealing species-specific responses to environmental change as

well as covariation in metabolism between distinct community members.

Obtaining information-rich metatranscriptome datasets is of course depen-

dent on the preparation of high-quality cDNA, which must be optimized to
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Table 10.1 Percentage of rRNA inmarine microbial metatranscriptomes following rRNA
depletion

References Samples Depth (m) Sequencing Mba
rRNA
depb

%
rRNAc

Poretsky et al.

(2005)

Tidal marsh;

soda lake

0–23 Sanger 0.15 MEx 29

Frias-Lopez

et al. (2008)

Subtropical

oligotrophic

ocean

75 454 GS 20 15 MAII 53

Gilbert et al.

(2008)

Temperate

fjord

Surface 454 GS

FLX

29 MEx,

MDA

<1

Poretsky,

Hewson, et al.

(2009)

Subtropical

oligotrophic

ocean

25 454 GS 20 12 Exo,

MEx,

MAII

37

Hewson,

Poretsky,

Beinart, et al.

(2009)

Tropical ocean,

phytoplankton

bloom

37 454 GS

FLX

10 Exo,

MEx,

MAII

76

Hewson,

Poretsky,

Dyhrman, et al.

(2009)

Tropical ocean,

phytoplankton

bloom

Surface 454 GS

FLX

NR Exo,

MEx,

MAII

95d

Gilbert et al.

(2010)

Temperate,

coastal ocean

Surface 454 GS

FLX

Titanium

22 MEx,

MDA

45

Hewson,

Poretsky, Tripp,

Montoya, and

Zehr (2010)

Tropical,

subtropical

ocean

0–37 454 GS 20,

454 GS

FLX

5 Exo,

MEx,

MAII

66

Poretsky, Sun,

Mou, and

Moran (2010)

Tidal marsh;

surface

Surface 454 GS

FLX

73 Exo,

MEx,

MAII

53

Vila-Costa et al.

(2010)

Subtropical

oligotrophic

ocean

10 454 GS

FLX

63 Exo,

MEx,

MEn,

MAII

50

Stewart,

Ottesen, and

DeLong (2010)

Subtropical

oligotrophic

ocean; oxygen

minimum zone

0–100 454 GS

FLX

44 CHyb 43

Continued
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Table 10.1 Percentage of rRNA inmarine microbial metatranscriptomes following rRNA
depletion—cont'd

References Samples Depth (m) Sequencing Mba
rRNA
depb

%
rRNAc

Mou et al.

(2011)

Tidal marsh Surface 454 GS

FLX

15 MEx 67

Gifford, Sharma,

Rinta-Kanto,

and Moran

(2011)

Tidal marsh Surface 454 GS

FLX

229 Exo,

MEx,

MEn,

MAII

50

Hollibaugh,

Gifford, Sharma,

Bano, and

Moran (2011)

Tidal marsh Surface 454 GS

FLX

257 Exo,

MEx,

MEn,

MAII

50

Ottesen et al.

(2011)

Temperate,

coastal ocean

Surface 454 GS

FLX

40 CHyb 38

Stewart,

Sharma, Bryant,

Eppley, and

DeLong (2011)

Subtropical

oligotrophic

ocean

110, 500 454 GS

FLX

109 CHyb 74e

Feike et al.

(2012)

Oxygen

minimum zone

118 454 GS

FLX

Titanium

12 Exo,

MEx,

MAII

64

Lesniewski, Jain,

Anantharaman,

Schloss, & Dick

(2012)

Hydrothermal

vent plume

1600–2000 454 GS

FLX

Titanium

140 MAII 86

Rinta-Kanto,

Sun, Sharma,

Kiene, and

Moran (2012)

Gulf of Mexico,

near-coastal

Surface 454 GS

FLX

15 Exo,

MEx,

MEn,

MAII

62

Shi, McCarren,

and DeLong

(2012)

Subtropical

oligotrophic

ocean

75 454 GS

FLX

51 CHyb 71

Stewart,

Dalsgaard, et al.

(2012)

Oxygen

minimum zone

80 454 GS

FLX

Titanium

367 CHyb 45

Stewart, Ulloa,

et al. (2012)

Oxygen

minimum zone

50–200 454 GS

FLX

67 CHyb 51
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ensure that maximum information is recovered without bias from the RNA

pool of interest, typically mRNA. This chapter reviews recent advance-

ments in metatranscriptomic sample preparation, with the goal of identifying

standardized methods and key considerations for obtaining cDNA from

planktonic marine microbial communities.

Marine microbial metatranscriptomics is an evolving field, made possible

only recently by advances in bioinformatics and sequencing inmassively par-

allel configurations. The first metatranscriptomic study of planktonic micro-

organisms using high-throughput sequencing (Roche GS 20 instrument)

was published only 6 years ago, describing a global analysis of community

transcription in marine bacterioplankton from the oligotrophic Pacific

Ocean (Frias-Lopez et al., 2008). The method represented a significant

Table 10.1 Percentage of rRNA inmarine microbial metatranscriptomes following rRNA
depletion—cont'd

References Samples Depth (m) Sequencing Mba
rRNA
depb

%
rRNAc

Burow et al.

(2013)

Temperate

estuary

(microbial mat)

Surface 454 GS

FLX

Titanium

212 MEx,

MEn,

MAII

63

Gifford, Sharma,

Booth, and

Moran (2013)

Tidal marsh Surface Illumina

GAIIx

780 Exo,

MEx,

MEn,

MAII

63

Sanders,

Beinart,

Stewart,

DeLong, and

Girguis (2013)

Deep-sea vent

symbionts

>2000 454 GS

FLX

Titanium

61 CHyb 54

Ottesen et al.

(2013)

Temperate,

coastal ocean

Surface 454 GS

FLX

Titanium

341 CHyb 54

aMegabases of sequence generated per sample (on average per study).
brRNA depletion method: MAII, selective cDNA synthesis using the MessageAmp™II-Bacteria kit
(Ambion); MEx, subtractive hybridization using the MICROBExpress™ kit; MEn, subtractive hybrid-
ization using the MICROBEnrich™ kit; Exo, mRNA-Only™ kit (exonuclease digestion); CHyb, sub-
tractive hybridization with sample-specific probes (Stewart et al., 2010); MDA, selective cDNA
amplification of mRNA using multiple displacement amplification (GenomiPHI™ V2 kit).
cPercentage of transcripts identified as rRNA by the authors following rRNA depletion (samples aver-
aged per study).
d% rRNA not reported; estimated at 95% (Hewson, I., personal communication).
eDoes not include archived datasets not directly sequenced in this study, or nonmarine datasets.
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advance over array-based transcriptomics methods by eliminating the need

for a priori knowledge of genomic diversity in the sample and thereby all-

owing for detection of transcripts from previously uncharacterized commu-

nity members and genes. Subsequent to this study, metatranscriptomics has

been applied to a diverse set of marine habitats, including phytoplankton

blooms, anoxic oxygen minimum zones, deep-sea symbiotic organisms,

and hydrothermal vent plumes (Anantharaman, Breier, Sheik, & Dick,

2013; Rinta-Kanto et al., 2012; Sanders et al., 2013; Stewart, Ulloa, &

DeLong, 2012). These studies have identified novel regulatory processes

as well as niche- and strain-specific variation in microbial metabolism. How-

ever, sampling from such habitats can itself cause changes in community

transcription that could bias inferences of in situ metabolic activity (Feike

et al., 2012), thereby imposing a special need for the development of

in situ RNA preservation methods or rapid sample recovery. The following

sections discuss key considerations for minimizing collection bias, maximiz-

ing isolation of target RNA (mRNA), and obtaining high yields of intact

cDNA in preparation for sequencing. A generalized work plan highlighting

key steps and recommendations for cDNA preparation is presented in

Fig. 10.1. Downstream techniques relating to sequencing technology and

bioinformatic analyses of gene expression are not discussed in this chapter.

These important topics are covered in depth elsewhere in this volume (see

Chapter 14 and Section V).Metatranscriptomics techniques will continue to

evolve as they are applied to diverse marine habitats and experimental ques-

tions, and as the field as a whole converges on standard practices to facilitate

comparisons across datasets.

2. SAMPLE COLLECTION AND RNA PRESERVATION

2.1. Shipboard filtration and preservation
Methods for sampling planktonic microorganisms should be optimized both

to prevent transcriptional shifts in response to collection and to ensure total

RNA stabilization in an appropriate preservative without the potential for

downstream degradation. Transcriptional response times and RNA degra-

dation rates are poorly characterized for most microbial communities. Com-

parisons involving (primarily) cultured nonmarine bacteria indicate that

mRNA half-lives are generally much shorter than those for rRNA or tRNA

and are typically on the order of minutes (e.g., median half-life of 2.4 min for

Prochlorococcus; Deutscher, 2006; Steglich et al., 2010; Selinger, Saxena,

Cheung, Church, & Rosenow, 2003; Taniguchi et al., 2010). However,
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mRNA degradation in multispecies environmental samples is likely non-

uniform, as decay rates are known to vary between species, in response to

the growth state of the cell, and among genes in an operon (Barnett,

Bugrysheva, & Scott, 2007; Kristoffersen et al., 2012; Steglich et al.,

2010). Additionally, environmental stimuli, including changes in local con-

ditions (e.g., oxygen, light, and temperature) due to sampling, can cause

immediate transcriptional shifts in actively growing cells and therefore intro-

duce bias into metatranscriptome datasets (Feike et al., 2012; Moran, 2009).

Figure 10.1 Workflow for microbial community cDNA preparation prior to sequencing,
based on Frias-Lopez et al. (2008), Shi et al. (2009), and Stewart et al. (2010). Additional
details can be found in the text.
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Consequently, recovering unbiased marine metatranscriptome samples

requires special attention to minimize the time between water collection

and RNA preservation.

The majority of marine metatranscriptome studies have followed similar

collection protocols (Fig. 10.1). Seawater is retrieved from discrete depths in

rosette-basedNiskin bottles and brought immediately to the surface for ship-

board filtration. Either a peristaltic or a vacuum pump is used to move sam-

ple water through a prefilter (often a glass fiber or polycarbonate membrane

filter with a pore size of 1.6–2.7 mm (e.g., Whatman® GF/A or GF/D)) and

then a primary collection filter (0.2 mm pore size). Collection filters are typ-

ically either hydrophilic disc filters (e.g., 25 mm Durapore® Membrane

Filters, Millipore) or small cartridge filters (Sterivex™ Filters, Millipore).

Relative to disc filters, Sterivex™ filters have the advantage of accommo-

dating larger water volumes before clogging and of overall ease of use—they

are sterile and individually packaged and can be easily mounted in line to

filtration tubing via Luer fittings. To minimize transcriptional shifts during

sampling, filtration should be done under conditions of temperature and

light as close to in situ as possible, with total filtration times constrained to

less than 10 min. In most studies, due to challenges of water recovery and

sample handling, filtration times are often closer to �20 min. These times

can be reduced by preloading prefilters and collection filters prior to arrival

of water on deck and by running multiple replicate filtration lines in parallel.

A requirement for short filtration times typically limits the total water that

can be filtered and, consequently, RNA yield per filter. However, replicate

RNA extractions can later be pooled to obtain adequate RNA amounts. In

our experience, the passage of �1–3 L of seawater yields 200 ng to

>1000 ng total RNA depending on water column biomass load. Immedi-

ately after filtration, filters are typically saturated in an RNA preservative and

flash-frozen in liquid nitrogen and stored at �80 �C.
There has not been a systematic evaluation of how different RNA pres-

ervation and storage conditions affect marine metatranscriptome compari-

sons. However, flash freezing (typically in liquid nitrogen or on dry ice)

followed by storage at �80 �C has been shown to yield high-quality

RNA from diverse biological samples, including marine microorganisms

(Gorokhova, 2005; Mutter et al., 2004; Rissanen, Kurhela, Aho,

Oittinen, & Tiirola, 2010; Simister, Schmitt, & Taylor, 2011). Freezing

may not be possible in field situations, however, and accidental thawing

of frozen samples may activate RNases and pose a risk to RNA integrity.

It is therefore recommended that microbial biomass be saturated in a storage
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reagent prior to freezing. Fixatives such as acetone, phenol–chloroform–

isoamyl alcohol, Carnoy fixative (30% chloroform, 10% acetic acid, in eth-

anol), or Trizol® (phenol plus guanidine isothiocyanate; Invitrogen) have

been shown to yield high-quality microbial RNA (Feike et al., 2012;

Fukatsu, 1999; Rissanen et al., 2010) but are relatively toxic. Most marine

community gene expression studies have instead used commercial stabiliza-

tion solutions such as RNALater® (Ambion) or RNAProtect Bacteria

Reagent (Qiagen).

RNALater®, in particular, has been applied widely. This reagent is rel-

atively nontoxic but contains high amounts of ammonium sulfate, which

rapidly penetrates cells to cause precipitation of soluble proteins, presumably

including RNases (Allewell & Sama, 1974; Lader, 1998). RNALater® was

shown to effectively preserveRNA yield and integrity in samples of cultured

bacteria (Synechococcus, Pseudomonas) stored for 3 months at 4 �C (Bachoon,

Chen, & Hodson, 2001). However, in a study involving nonmicrobial sam-

ples (microcrustaceans), RNALater®-preserved samples showed degrada-

tion after 4 months of storage at 5 �C and after 1 month at room

temperature (Gorokhova, 2005). Recently, total RNA from marine bacter-

ioplankton stored in RNALater® for 4 weeks at room temperature was

shown to be stable with no obvious degradation (Ottesen et al., 2011). Fur-

ther, metatranscriptome profiles did not differ significantly (only 0.03% of

transcripts showed differential abundance) between a control sample frozen

immediately after filtration and a sample stored in RNALater® on an auton-

omous sampling instrument for 4 weeks (see below; Ottesen et al., 2011).

These results highlight the utility of RNALater® for recovering high-quality

bacterioplankton RNA during short-term field operations without access to

cold storage. However, immediate flash freezing of preserved samples should

be done whenever possible. Although commercial reagents such as

RNALater® are relatively expensive, ammonium sulfate-based recipes for

RNA preservative are available online and may provide a cost-friendly solu-

tion when large volumes of preservative are required.

It is recommended that biomass samples for DNA analysis be collected

jointly with samples for metatranscriptomics (Fig. 10.1). Coupled meta-

genomic and metatranscriptomic datasets allow for downstream standardiza-

tion of transcript abundance relative to gene or taxon abundance, for

example, via RNA:DNA expression ratios (Frias-Lopez et al., 2008; Shi,

Tyson, Eppley, &DeLong, 2011; Stewart et al., 2011). Furthermore, down-

stream protocols for rRNA depletion can utilize rRNA-targeting hybridi-

zation probes that can be made sample specific based on PCR amplifications
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from coupled DNA samples (Fig. 10.1 and below; Stewart et al., 2010).

Coupled DNA samples can be filtered and preserved following filtration

for RNA samples and should, when water volumes allow, be collected from

the same sample (bottle) used for RNA collection. Commercial protocols

exist for the coisolation of both DNA and RNA directly from the same bio-

mass sample (filter) (e.g., AllPrep DNA/RNA/Protein Mini kit, Qiagen)

but have not been widely used for metaomic applications and may yield

insufficient amounts of total DNA if sampling times are restricted to mini-

mize transcriptional changes in the RNA pool. A recently described proto-

col for analysis of biomolecules (RNA, DNA, proteins, and metabolites)

coisolated from the same sample showed promising results when applied

to a fecal microbiome sample (Roume et al., 2013) but has not yet been

applied to environmental samples with lower biomass.

2.2. In situ preservation
The majority of marine metatranscriptome studies following this general

sampling protocol (Fig. 10.1) have focused on shallow depths from which

water can be brought to the surface relatively quickly (Table 10.1). For

deep-sea environments, particularly those where in situ environmental con-

ditions differ markedly from those of the overlying depths (e.g., oxygen

minimum zones, hydrothermal vents), the risk of sampling-induced tran-

scriptional changes is substantial, notably given the short turnover times

of microbial RNAs. Capturing unbiased metatranscriptional signals from

these challenging environments requires new methods for preserving

RNA in situ. Recent studies have demonstrated the utility of in situ RNA

preservation using the Environmental Sample Processor (ESP) developed

by the Monterrey Bay Aquarium Research Institute. The ESP is an auton-

omous water collection system that allows for in situ filtration, preservation,

and storage of community biomass samples, as well as on-instrument molec-

ular analyses and environmental monitoring (Scholin et al., 2009). Analysis

of microbial community samples filtered, preserved, and stored on the ESP

over a Lagrangian deployment has revealed synchronized physiological

responses among diverse microbial community members in the same water

mass (Ottesen et al., 2011, 2013). A related device, the Submerged Incuba-

tion Device-In Situ Microbial Sampler (SID-ISMS), developed by

researchers at theWoods Hole Oceanographic Institution, can collect, filter,

and preserve up to 48 samples in situ during a wire-based deployment and is

currently being tested across diverse marine habitats.
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Both the ESP and SID-ISMS are invaluable resources for time-series

sampling of in situ microbial processes. However, these instruments are rel-

atively challenging to deploy and are not broadly available to the larger

research community, suggesting a need for in situ sampling methods scalable

to individual labs. Feike et al. (2012) recently described a modified Niskin

bottle called the automatic flow injection sampler (AFIS), which mixes pre-

servative (1/10th of sample volume) into a discrete water sample immedi-

ately following bottle closure. The preserved water is then filtered aboard

ship. In a comparison involving microbial communities from the Baltic

Sea suboxic zone (120 m depth), the abundances of key transcripts differed

by up to 30-fold between samples preserved in situ using the AFIS compared

to those preserved after filtration aboard ship (Feike et al., 2012), indicating a

significant potential for sampling-induced changes in gene expression in cer-

tain habitats (e.g., along steep redoxclines; Feike et al., 2012). Similarly,

Wurzbacher, Salka, and Grossart (2012) recently introduced the in situ fil-

tration and fixation sampler (IFFS), which is equivalent to the AFIS in size,

portability, and scope of use (wire-based collection of single, discrete sam-

ples) but, like the larger ESP and SID-ISMS, filters seawater in situ and then

immediately dispenses fixative to preserve the material on the filter. Dual

filtration and fixation capability reduces the volume of fixative handled

by the instrument, saving on cost and reducing exposure to potentially toxic

preservatives. In a test of the instrument, transcript patterns of freshwater

bacteria in IFFS-collected samples differed significantly from those in sam-

ples collected by Niskin bottles and preserved 45 min after sampling

(Wurzbacher et al., 2012). While the IFFS is not commercially available,

detailed specifications for rebuilding the instrument have been made public

by the designers (Wurzbacher et al., 2012). The development and testing of

these samplers highlight a growing recognition that accurately measuring

gene expression in planktonic microbial communities requires easily oper-

ated, low-cost instruments for RNA preservation in situ.

2.3. Pump-cast collection
High-speed pumping systems can transport water to the surface from deep in

the water column in a matter of minutes, potentially helping to minimize

transcriptional shifts during sampling and providing an alternative to

in situ preservation methods. Such methods have been used for collecting

water from suboxic zones while minimizing oxygen intrusion into the sam-

ples (Canfield et al., 2010; Lam et al., 2007; Strady, Pohl, Yakushev,
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Krüger, & Hennings, 2008). However, these methods are costly to develop

and implement and may impose additional biases in the interpretation of

community RNA signals. Notably, a significant increase in the transcription

of stress-response genes was observed in samples collected using a high-

speed pump system compared to those collected via in situ fixation or using

a traditional Niskin bottle followed by shipboard filtration (Feike et al.,

2012). It is possible that rapid passage of water (�2.9 L/min) through the

narrow (18 mm) collection tube may have caused mechanical or pressure

stress to the community. Transcriptional responses to physical stress may also

occur during filtration in situ or following traditional Niskin collection,

although such effects have not been thoroughly examined.

3. RNA EXTRACTION AND STANDARDIZATION

3.1. Extraction and DNA removal
The choice of RNA extraction method depends on the intended down-

stream analyses and the desired size range of the recovered transcripts. Mul-

tiple extraction methods and commercial kits have proved effective for

obtaining high-quality RNA from marine microorganisms. These methods

typically involve a cell lysis step using mechanical disruption (bead beating,

vortexing) in the presence of a denaturing lysis buffer (usually guanidine-

thiocyanate) that inactivates RNases, organic extraction (e.g., with phe-

nol:chloroform) for phase separation of nucleic acids and proteins, and then

nucleic acid recovery via either alcohol (ethanol or isopropyl) precipitation

or adsorption of RNA molecules onto a silica column (solid-phase extrac-

tion). Prior to initiating any extraction procedure, filters should be thawed

gently on ice in the presence of an appropriate RNA stabilization solution,

and care must be taken to maintain an RNase-free work environment.

Gloves should be worn at all times and changed often. Plasticware, glass-

ware, and water should be treated with an appropriate RNase decontami-

nation procedure (diethylpyrocarbonate treatment) or purchased sterile, and

bench surfaces should be cleaned with an RNase-inhibiting solution (e.g.,

RNaseZap®, Ambion).

It is important to note that most column purifications discriminate

against small RNAmolecules less than�200 bases and therefore require spe-

cial binding and wash conditions for recovery of RNA at the smallest end of

the size spectrum, for example, regulatory small RNAs (sRNAs), as well as

tRNA and 5S rRNA. Commercial kits optimized for small RNA recovery,

such as the mirVana™ miRNA Isolation Kit (Ambion), have proved
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effective in isolating both sRNA and longer mRNA size fractions from

marine plankton samples (Shi et al., 2009). The mirVana™ protocol lyses

cell using a denaturing lysis solution coupled with vortexing and can be easily

adapted to introduce more vigorous mechanical disruption procedures (e.g.,

bead beating or pestle grinding of filters). This kit can be adapted for use with

samples collected on Sterivex™ filters, such that initial cell lysis is conducted

directly within the filter cartridge, followed by dispensing of the lysate for

downstream extraction with acid-phenol:chloroform (Stewart, Dalsgaard,

et al., 2012). An alternative protocol for bacterioplankton RNA isolation

involves chemical and mechanical (bead beating) lysis followed by spin-

column purification using the RNeasy® Mini Kit (see Poretsky, Gifford,

Rinta-Kanto, Vila-Costa, and Moran (2009) for step-by-step instructions),

although this method will not retain small RNA molecules.

Total RNA should be purified and accurately quantified following

extraction. Purification typically involves treatment with DNase (e.g.,

TURBO™ DNase (Ambion)) to remove contaminating DNA, followed

by concentration and cleanup using a glass fiber-based purification method,

such as the RiboPure™-Bacteria Kit (Ambion) or the RNeasy MinElute

Cleanup Kit (Qiagen). A loss of�10–20% of total RNA should be expected

during column cleanup, and it is recommended that two elution steps be

performed to maximize recovery for samples with potentially low yields.

As discussed earlier, column purifications typically discriminate against

low-molecular-weight (<200 bases) RNA molecules. In one of the only

studies examining sRNA in marine metatranscriptomes, a MinElute PCR

Purification kit was used to purify and concentrate total RNA following

extraction with the mirVana™ kit (Shi et al., 2009). The MinElute kit,

developed for use with double-stranded DNA molecules ranging from

70 to 4000 bp, enabled the recovery of a wide diversity of sRNAs from

�70 to 500 bases in length. However, the potential loss of RNA fragments

smaller than this size range was not assessed. Future studies of sRNA in envi-

ronmental microbial communities may benefit fromRNA cleanup methods

designed specifically to retain RNA at the smallest end of the size range, such

as the RNA Clean & Concentrator™-5 Kit (Zymo Research) or the

SurePrep™RNACleanup andConcentration Kit (Fisher Scientific), which

claim recovery of RNA across all size ranges, including sRNA.

Following DNase treatment and cleanup, total RNA should be quanti-

tated and assessed for quality, and then placed at�80 �C for long-term stor-

age. The Quant-iT™ RiboGreen® RNA Assay (Invitrogen) is

recommended for fluorescence-based quantitation of RNA concentrations
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from 1 ng/mL to 1 mg/mL. This method is highly sensitive, but requires

access to a fluorescent plate reader and is relatively time consuming

(�1 h). Quantitation can also be done spectrophotometrically in a matter

of minutes using common benchtop instruments (e.g., NanoDrop

(Thermo Scientific)), although these methods tend to yield less-accurate

results, notably for samples with low RNA concentration. Alternatively,

the Agilent 2100 Bioanalyzer, which provides a visualization (electrophero-

gram) of the RNA size distribution, can be used (with the RNA 6000 Pico

kit) for quantitation in the range of 0.05–5.0 ng/mL, while simultaneously

allowing for assessment of RNA integrity. However, in our experience,

Bioanalyzer-based quantitations are less consistent than fluorescence-based

methods and may require manual integration of electropherogram peak area

for optimal results. RNA integrity is determined from electrophoretic traces

indicating the presence or absence of RNA degradation products and is

quantified via an RNA integrity number (RIN) ranging from 1 to 10, where

level 10 indicates no degradation and completely intact rRNA peaks

(Fig. 10.2). Measuring RNA integrity is important for estimating the

Figure 10.2 A Bioanalyzer electropherogram showing the size distribution of high-
integrity total RNA (RIN �9) from a marine bacterioplankton sample, before (blue)
and after (red) rRNA depletion using sample-specific antisense probes targeting 16S
and 23S rRNA transcripts. Note: despite removal of visual 16S and 23S rRNA peaks, rRNA
fragments are still present in the sample. Figure and rRNA depletion protocol are adapted
from Stewart et al. (2010).
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effectiveness of downstream rRNA removal methods, notably as efficient

and unbiased rRNA removal may correlate with high RINs, depending

on removal strategy (Giannoukos et al., 2012; see below).

3.2. Standardization with exogenous RNA transcripts
A challenge for the metatranscriptomic field is to relate measurements of

relative transcript abundance inferred from sequencing to absolute transcript

levels in situ. Recently, a standardization protocol has been developed to

help bypass this limitation (Gifford et al., 2011). This technique, covered

in detail in Chapter 13, involves the addition of exogenous RNA transcripts

to an environmental sample, similar to approaches applied for qPCR and

microarray standardization (Coyne et al., 2005; Hannah, Redestig,

Leisse, & Willmitzer, 2008). RNA fragments of known length (�1 kb,

approximating the average length of a bacterial protein-coding gene) are

transcribed in vitro off of a plasmid, quantified and confirmed for the correct

length, and added to samples (filtered biomass) prior to cell lysis and RNA

extraction (Gifford et al., 2011). The number of standard fragments recov-

ered by sequencing allows normalization across other genes in the RNA

datasets and a direct estimate of the absolute transcript count per gene in

the sample. Accurate extrapolation of standard counts to other genes assumes

that both the standard RNA and the natural mRNA in the sample have uni-

form rates of degradation and that RNA extraction from cells is 100% effi-

cient. Using this approach, the number of transcripts per cell has been

estimated at �200 for coastal bacterioplankton, several-fold lower than cul-

tures of actively growing g-proteobacteria but consistent with estimates

from multiple studies based on RNA yield (Gifford et al., 2011; Lee &

Kemp, 1994; Moran et al., 2013), suggesting that standardization with exog-

enous RNA allows a reasonable estimate of in situ transcript abundances.

This method has thus far been applied sparingly to environmental samples,

but holds considerable promise for inferring the magnitude of microbial

physiological responses based on metatranscriptome data.

4. rRNA DEPLETION

4.1. Summary of rRNA depletion methods
As with any technology, it is imperative to recover the greatest amount of

usable data possible. Metatranscriptomic studies are concerned primarily

with transcription patterns of protein-coding genes, thereby necessitating
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that the ratio of mRNA to structural (ribosomal) RNA recovered per sample

be maximized. This is a challenge for active microbial communities in which

rRNA, including small (16S) and large (5S, 23S) subunit rRNA transcripts,

may constitute greater than 90% of the total transcript pool (Ingraham,

Maaløe, & Neidhardt, 1983; Neidhardt & Umbarger, 1996; Wendisch

et al., 2001). As most prokaryotic mRNAs are not polyadenylated, mRNA

enrichment methods developed for eukaryotes using oligo(dT)-based cap-

ture beads or selective priming (during cDNA synthesis) cannot be applied

to microbial communities. However, a wide range of custom and commer-

cially available methods have been developed to enrich for prokaryotic

mRNA in total RNA samples (Tables 10.1 and 10.2). These include sub-

tractive hybridization using custom or commercial oligonucleotide capture

probes targeting rRNA (Chen & Duan, 2011; Poretsky et al., 2005;

Poretsky, Hewson, et al., 2009; Stewart et al., 2010), enzymatic digestion

of rRNA (Poretsky, Hewson, et al., 2009; Sharma et al., 2010), normaliza-

tion methods to deplete highly abundant double-stranded molecules (pri-

marily rRNA) in partially denatured cDNA pools (Vandernoot et al.,

2012; Yi et al., 2011), selective cDNA synthesis using preferential poly(A)

tailing of mRNA (Frias-Lopez et al., 2008; Wendisch et al., 2001) or not-

so-random primer sets (Armour et al., 2009; Lin et al., 2010), and size sep-

aration of RNA pools by gel electrophoresis (McGrath et al., 2008). The

majority of these methods have been developed and optimized for use with

monocultures of bacteria. A systematic comparison of their efficiency across

a range of environmental microbial communities, including those with

archaeal members, has not been conducted.

4.2. Commercial rRNA depletion methods
The majority of marine metatranscriptomics studies that have included an

mRNA enrichment step have used either subtractive hybridization or enzy-

matic digestion of rRNA, or a combination of both (Table 10.1). A recent

study directly compared these methods using mixtures of RNA from cul-

tures of nonmarine Bacteria and Archaea, and two popular commercially

available kits: the mRNA-ONLY™ Prokaryotic mRNA Isolation kit

(Epicentre) and the MICROBExpress™ Bacterial mRNA Enrichment

kit (Ambion). The mRNA-ONLY™ method uses a 50!30 exonuclease
that preferentially degrades processed RNA molecules containing a 50-
monophosphate, the majority of which are presumably rRNA. However,

secondary non-50-monophosphate activity has been observed and may,
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Table 10.2 Methods for rRNA depletion from total RNA samples

Method Kit
Used for
metatranscriptomics

Other refs;
comments

Subtractive

hybridization,

sample specific

Custom protocol See Table 10.1 Stewart et al.

(2010); can target

rRNA from all

three Domains;

requires probe

synthesis

Subtractive

hybridization,

commercial

MICROBExpress™
Bacterial mRNA

Enrichment kit

(Ambion)

See Table 10.1 See Table 10.1 for

refs; not sample

specific; capture

probes based on

model organisms

Ribo-Zero™
Magnetic Kit

(Bacteria) (Epicentre)

Giannoukos et al.

(2012)

Not sample

specific; capture

probes based on

model organisms

RiboMinus™
Transcriptome

Isolation kit

(Bacteria)

(Invitrogen)

Xiong et al. (2012) Chen and Duan

(2011); not sample

specific; capture

probes based on

model organisms

MICROBEnrich™
kit (Ambion)

See Table 10.1 Depletion of

eukaryotic rRNA

and mRNA; not

sample specific;

capture probes

based on model

organisms; may

remove

polyadenylated

prokaryotic

mRNA

Size separation

by gel

electrophoresis

Custom protocol McGrath et al.

(2008)

mRNAs may

comigrate and be

removed with

rRNA

Duplex removal

by

hydroxyapatite

chromatography

Custom protocol NA Vandernoot et al.

(2012); labor

intensive

Continued
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on occasions, lead to mRNA degradation (mRNA-ONLY™Manual, Epi-

centre). The MICROBExpress™ kit removes rRNA via hybridization to

16S and 23S rRNA-targeting oligonucleotides bound to magnetic beads.

A direct comparisons showed that MICROBExpress™ outperformed exo-

nuclease digestion, reducing observed rRNA percentages from 95 to 97% of

Table 10.2 Methods for rRNA depletion from total RNA samples—cont'd

Method Kit
Used for
metatranscriptomics

Other refs;
comments

Exonuclease

digestion of 50-
monophosphate

(processed)

RNA

mRNA-ONLY™
Prokaryotic mRNA

Isolation kit

(Epicentre)

See Table 10.1 Sharma et al.

(2010); efficient to

use; may degrade

some mRNAs;

may facilitate

transcription start

site detection

Duplex-specific

nuclease (DSN)

removal of

abundant

transcripts

TRIMMER-

DIRECT cDNA

Normalization Kit

(Evrogen)

Giannoukos et al.

(2012)

Yi et al. (2011);

applied to cDNA

(not RNA); may

remove highly

abundant mRNAs

Selective

amplification of

mRNA-derived

cDNA via

multiple

displacement

amplification

GenomiPHI™ V2

kit (GE Healthcare)

Gilbert et al. (2008) Potential for

nonuniform

amplification of

cDNA; not

quantitative

Selective cDNA

synthesis via not-

so-random

priming

Ovation®

Prokaryotic RNA-

Seq System

(NuGEN), or taxon-

specific primers

Giannoukos et al.

(2012)

Lin, Zhang,

Zhuang, Tran,

and Gill (2010);

requires sequence

information; for

example,

enrichment of

eukaryotic

mRNA using

taxon-specific

leader sequences

Selective cDNA

synthesis via

poly(A) tailing

MessageAmp™II-

Bacteria RNA

Amplification Kit

(Ambion)

Frias-Lopez et al.

(2008)

Wendisch et al.

(2001); not widely

used for rRNA

depletion
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total RNA to 77–89%, compared to 86–91% rRNA following use of the

Epicentre kit (He et al., 2010). This study also showed that using both kits

in combination only marginally improved rRNA depletion levels. Notably,

an improvement in mRNA detection sensitivity was not observed when

exonuclease digestion was used upstream of hybridization, potentially

because exonuclease treatment fragments the RNA pool, thereby increasing

the number of rRNA fragments that lack binding sites for capture probes

(He et al., 2010). Indeed, in this study, lower RINs, a measure of the level

of RNA degradation in the sample, were associated with overall lower

depletion efficiencies.

Several marine metatranscriptome studies have used a combination of

mRNA-ONLY™ and MICROBExpress™ kits together with a third kit,

the MICROBEnrich™ (Ambion) (Table 10.1). Adding the MICRO-

BEnrich™ procedure introduces a second rRNA capture step targeting

eukaryotic 18S and 28S rRNA, as well as polyadenylated mRNAs.

Eukaryotic RNA removal may be especially important in microbial biomass

samples that have not been prefiltered to remove larger phytoplankton or

zooplankton cells. Published studies using this tripartite approach have

reduced rRNA percentages in diverse marine microbial samples to an aver-

age of 55% of total RNA (n¼7 samples (5 studies) examined here;

Table 10.1). However, the capture oligonucleotides used in these commer-

cial hybridization methods were optimized using model organisms (e.g.,

Escherichia coli RNA for MICROBExpress™; human, mouse, and rat

RNA for MICROBEnrich™) and therefore may bind with lower effi-

ciency to diverse microbial communities (prokaryotes and eukaryotes) from

natural environments. Furthermore, although 30-poly(A) tracts are typically
associated primarily with eukaryotic mRNAs, mRNA polyadenylation does

occur in prokaryotes (Dreyfus & Régnier, 2002), in which it has been esti-

mated to occur on 2–60% of all molecules for a given mRNA transcript,

primarily in association with RNA degradation (Sarkar, 1997). The use

of poly(A)-based RNA capture via the MICROBEnrich™ kit may there-

fore selectively remove a fraction of prokaryotic mRNAs; this potential bias

has not been explored for metatranscriptome studies.

4.3. Subtractive hybridization with sample-specific probes
The efficiency of subtractive hybridization may be improved for complex

environmental samples by using customized, sample-specific rRNA probes

(Stewart et al., 2010). Materials lists and a step-by-step description of a

sample-specific hybridization protocol are provided as Supplementary
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Material in Stewart et al. (2010). Briefly, a coupled DNA sample is used to

PCR amplify rRNA genes using universal primers appended with promoter

sites for a T7 RNA polymerase. The amplicon pool is then used as template

for in vitro transcription using biotinylated nucleotides, yielding antisense

rRNA probes specific to the environmental community. Biotinylated

antisense probes are hybridized to complementary rRNA molecules over

a step-down procedure of decreasing temperature, and probe-bound,

double-stranded rRNA is then removed by binding to streptavidin-coated

magnetic beads. Although marine microbial metatranscriptomes are typi-

cally dominated by bacterial RNA, this protocol contains additional

broad-specificity primer sets for generating probes targeting archaeal (16S,

23S) and eukaryotic (18S, 28S) rRNA. [Primers matching the 5/5.8S rRNA

are not included in this method; however, 5/5.8S transcripts are typically a

minor component of the rRNA pool, based on electropherograms from

environmental communities (Stewart et al., 2010). In some protocols, a

low abundance of 5S rRNAs may be due to upstream purification methods,

such as the RNeasy® kit (Qiagen), which discriminate against low-

molecular-weight RNAs.]

An advantage of this approach is that probes are tailored specifically to the

taxonomic composition of the sample and therefore have a higher likelihood

of efficient binding compared to probes based on model organisms. Also,

probes are synthesized across nearly the full length of the rRNA gene,

helping to avoid losses in efficiency due to fragmentation of sample

RNA. However, it is possible that probes matching the rRNA of rare

but highly transcriptionally active members may be underrepresented in

the custom probe set. To avoid this possibility, probes could instead be syn-

thesized from amplicons generated by reverse transcription (RT)-PCR

using total RNA as starting template, although RT-PCR is typically less

efficient across longer sequences and could therefore reduce the level of

probe coverage across target rRNA molecules. Sample-specific hybridiza-

tion has been shown to have minimal effects on mRNA abundance profiles

(via nonspecific hybridization) (Stewart et al., 2010) and has been used to

reduce rRNA on average to 52% of total across diverse marine samples

(n¼59 samples (8 studies); Table 10.1), and to as low as 17% in a soil meta-

transcriptome (Stewart et al., 2011), although probes targeting all three

domains were not used in all studies. Recently, a modification of the method

was developed for use in analyzing insect gut metatranscriptomes and was

shown to deplete rRNA to less than 11% (Kukutla, Steritz, & Xu, 2013).

Modifications included two additional rounds of probe removal via
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biotin–streptavidin binding and the generation of probes (bacterial 16S and

23S) using multiple combinations of universal primer sets. This modified

protocol has not yet been applied to marine microbial communities.

4.4. rRNA removal efficiency, alternative
methods, and perspectives

A survey of published marine metatranscriptome studies suggests that the

most widely used methods for rRNA depletion (primarily subtractive

hybridization and exonuclease digestion, discussed earlier) reduce rRNA

levels on average to only �50% of total RNA, a seemingly low efficiency

(Table 10.1). However, this statistic is misleading. Assuming that rRNA

in nonmanipulated samples constitutes 90% of total RNA, a reduction to

50% of total RNA corresponds to an absolute removal of 89% of rRNA.

Even if 95% of rRNA is removed, rRNA would still constitute 31% of total

RNA following mRNA enrichment. These numbers assume that the

sequencing preparation protocol itself does not introduce any bias for or

against certain transcripts (e.g., size selection for longer transcripts domi-

nated by rRNA). It is possible that no method will consistently yield such

high efficiencies, even under the best experimental circumstances.

Other newer or less widely used rRNA depletion methods have,

nonetheless, reported rRNA removal efficiencies approaching 100% for

metatranscriptome samples. Gilbert et al. (2008) described a reduction of

rRNA to 0.08% of total in coastal marine communities following amplifi-

cation of cDNA using a multiple displacement amplification (MDA; Gen-

omiPHI™ V2 kit, GE Healthcare), which may have discriminated against

rRNA due to its secondary structure. However,MDA does not amplify uni-

formly across loci and its use for quantitative analysis of metagenomes and

metatranscriptomes is not recommended (Kim & Bae, 2011; Yilmaz,

Allgaier, & Hugenholtz, 2010). Recently, a new commercial kit for subtrac-

tive hybridization of rRNA (including 5S rRNA) using proprietary probe

sets, the Ribo-Zero™ Magnetic Kit (Bacteria) (Epicentre), was shown to

deplete rRNA to less than 5% of total in cultures of Gram-positive and

Gram-negative bacteria and in a gut microbiome, without introducing bias

in the relative abundances of mRNAs (Giannoukos et al., 2012). Ribo-

Zero™ performed significantly better than other commercially available

methods using subtractive hybridization (MICROBExpress™), exonucle-

ase digestion (mRNA-ONLY™), duplex-specific nuclease removal, and

enrichment of mRNAs using selective priming during cDNA synthesis

(Ovation® Prokaryotic RNA-Seq System, NuGEN) (Giannoukos et al.,
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2012; Peano et al., 2013). While the Ribo-Zero™method has been shown

to be effective for human microbiome samples (Lim et al., 2012), it has not

yet (to the best of our knowledge) been tested on marine microbial commu-

nities. Notably, Ribo-Zero™ may cause a drop in the number of detected

mRNAs when input RNA quantities are reduced below the recommended

amount (1–5 mg) (Giannoukos et al., 2012), suggesting this method may

require optimization for planktonic microbial samples with RNA yields

in the tens to hundreds of nanograms.

Sequencing costs have dropped substantially in recent years, raising the

question of whether or not it is less costly and more time efficient to skip an

rRNA removal step and instead devote resources to additional sequencing.

This approach has been employed in a metatranscriptome analysis of

soil communities (Urich et al., 2008) and has the added benefit of providing

large amounts of quantitative data on the taxonomic composition of

the transcriptionally active community. The published marine meta-

transcriptome studies listed in Table 10.1 produced an average of �120

megabases (Mb) of total cDNA sequence data per sample, or roughly

60 Mb of non-rRNA data, assuming 50% rRNA following depletion

(Table 10.1). Many of these datasets were generated on the Roche 454

platform, which currently yields data (using the GS FLX instrument with

Titanium series chemistry) at a cost of �$10,000 per gigabase (Gb)

(sequencing cost only; Liu et al., 2012). In contrast, the Illumina HiSeq

2000 instrument generates sequence at �$40–70 per Gb (Liu et al., 2012;

Quail et al., 2012), and as Illumina paired-end read lengths continue to

increase, this platform will likely replace 454 as the method of choice for

metatranscriptomics. Furthermore, compared to 454 pyrosequencing,

new reagents and protocols developed for the Illumina platform provide

added benefits such as streamlined approaches for library preparation, a

reduced amount of total cDNA input required (as little as 50 ng), and

information-rich strand-specific cDNA library synthesis procedures.

Assuming rRNA depletion reduces rRNA to 50% of total, producing

60 Mb of non-rRNA sequence data would cost �$8 using Illumina (at

$70 per Gb) or �$1200 using 454 (sequencing costs only). Generating a

comparable amount of data from a non-rRNA-depleted sample containing

90% rRNA would cost $40 (Illumina) or $6000 (454), implying that rRNA

depletion must cost less than $32 (Illumina) or $4800 (454) per sample,

including materials and labor costs, to be more cost-effective than additional

sequencing. Current costs of rRNA depletion are estimated at �$15 to

�$100 per sample depending on methodology, suggesting that depletion
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is only narrowly (or is not) cost-effective at this depth of Illumina sequenc-

ing, but substantially more cost-effective than additional sequencing using

454 technology. However, this simplified analysis does not take into account

consideration of read length differences. Mode read length for 454 ranges

from 400 to 700 bp depending on sequencing kit, whereas the HiSeq

2000 generates 100 bp reads. Longer reads provide additional data to facil-

itate accurate gene and taxonomic predictions (Luo, Tsementzi, Kyrpides,

Read, & Konstantinidis, 2012), and therefore may be a benefit when sam-

pling environments for which few reference genomes are available. This

advantage may provide incentive for choosing 454 over Illumina technology

for some applications; in such analyses, rRNA depletion is recommended to

offset sequencing costs.

Furthermore, for environmental metatranscriptomes representing

potentially hundreds to thousands of species, current sequencing depths

are almost certainly inadequate. Indeed, transcripts detected in �115 Mb

of non-rRNA cDNA data were estimated to represent only 0.00001% of

the mRNA molecules in a coastal bacterioplankton sample (Gifford et al.,

2011). Sequencing coverage will need to increase, potentially into the tens

of Gbs per sample, in order to detect statistically significant patterns in the

vast majority of transcripts, most of which are present at low percentages

(<0.01%) of the total transcript pool (Haas, Chin, Nusbaum, Birren, &

Livny, 2012; Stewart et al., 2010). Such coverage increases will rapidly

increase the cost-effectiveness of rRNA depletion but will likely be buffered

by continuing decreases in sequencing cost. Choosing an optimal cDNA

preparation strategy therefore involves weighing the current cost of

sequencing at desired depths and read lengths against the materials and labor

costs of rRNA depletion, with the expectation that absolute RNA depletion

efficiency is unlikely to be greater than 90%.

5. RNA AMPLIFICATION AND cDNA SYNTHESIS

5.1. Amplification by in vitro transcription
Total RNA yields are often low (<1000 ng) for marine plankton samples

due to sampling and methodological constraints combined with potentially

low overall community transcriptional activity. Bacterioplankton RNA

yields recovered from 5 to 10 L of seawater from the oligotrophic open

ocean may be less than 500 ng depending on extraction efficiency.

Yields for coastal samples are greater, typically in the 1000–2000 ng

range. However, efficient rRNA subtraction can reduce yields by >80%
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(due both to rRNA removal and sample loss due to processing; Giannoukos

et al., 2012). Consequently, to obtain sufficient quantities (typically

>1000 ng) for a final cDNA synthesis step and for cDNA sequencing, it

is often necessary to amplify total RNA.

RNA amplification is typically done via in vitro transcription following

an initial round of cDNA synthesis. The MessageAmp II-Bacteria Kit

(Ambion) has been used extensively for this step (Table 10.1). Briefly, this

method involves polyadenylation of template RNA using E. coli poly(A)

polymerase, followed by first-strand cDNA synthesis primed with oligo(dT)

primers appended to the promoter sequence for T7 RNA polymerase.

[A starting template amount of 50–100 ng RNA is recommended, although

as little as 3 ng has been used successfully for amplification (Frank Stewart,

personal communication).] Following second-strand synthesis, in vitro tran-

scription using T7 polymerase is used to synthesize microgram quantities of

antisense RNA in a linear amplification. In our experience, low yield sam-

ples may require running the transcription reaction for up to 14 h; longer

times may result in minor amounts of RNA degradation. This protocol

has been modified to introduce a restriction enzyme (BpmI) recognition site

sequence in the oligo(dT)-T7 primer, enabling digestion with BpmI to

remove poly(A) tails after cDNA synthesis (see below; Frias-Lopez et al.,

2008). It has been suggested that the MessageAmp kit may also function

to deplete rRNA due to selective polyadenylation of microbial mRNA over

rRNA (Frias-Lopez et al., 2008). However, subsequent studies using this

method without additional rRNA depletion steps have failed to significantly

reduce rRNA concentrations (Lesniewski et al., 2012; McCarren et al.,

2010), and most metatranscriptome studies use the MessageAmp technique

primarily for total RNA amplification.

5.2. cDNA synthesis
The final step of cDNA preparation involves converting amplified antisense

total RNA to double-stranded cDNA for sequencing. A widely used pro-

tocol (see Shi et al., 2009; Stewart et al., 2010) involves a combination of the

SuperScript® III First-Strand Synthesis kit (Invitrogen) for first-strand syn-

thesis and the SuperScript® Double-Stranded cDNA Synthesis kit

(Invitrogen) for second-strand synthesis. In this protocol, first-strand synthe-

sis via reverse transcriptase is primed with random hexamers, while second-

strand synthesis by DNA polymerase is primed by RNA fragments created

by RNaseH activity. Resulting double-stranded cDNA is then purified
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(e.g., using the QIAquick PCR purification kit (Qiagen)), digested with

BpmI to remove residual poly(A) tails (if using the MessageAmp protocol

of Frias-Lopez et al. (2008) described earlier), and then used for sequencing.

In our experience, a loss of �50% of input antisense RNA should be

expected during this cDNA step.

Although transcript abundance patterns inferred frommetatranscriptome

sequencing have been validated using RT-qPCR in several independent

studies (Frias-Lopez et al., 2008; Hewson, Poretsky, Beinart, et al., 2009;

Poretsky, Hewson, et al., 2009; Shi et al., 2009), more subtle biases poten-

tially introduced by selective priming during cDNA synthesis are relatively

unexplored. Analyses of transcriptome datasets generated on the Illumina

platform have revealed nonuniformity in random hexamer priming based

on nucleotide composition (Hansen, Brenner, & Dudoit, 2010). The

alternative priming strategy, using oligo(dT) sequences, may also introduce

artifacts due to preferential priming at internal poly(A) sites or at the 30-end
of transcripts (Brooks, Sheflin, & Spaulding, 1995; Nam et al., 2002). While

attempts have been made to correct for these biases in RNA-seq

experiments involving single organisms (Hansen et al., 2010; Roberts,

Trapnell, Donaghey, Rinn, & Pachter, 2011), these methods are challenging

for environmental metatranscriptomes with low sequence coverage per

transcript and without reference genomes. Evaluating potential effects of

priming strategy during cDNA synthesis should be a priority in future

metatranscriptome analyses.

5.3. Preserving strand orientation
Environmental metatranscriptome studies have thus far not been concerned

with preserving the strand orientation of RNA transcripts. Determining

strand orientation is critical for studies of antisense RNAs, which are com-

mon in bacterial transcriptomes, although their functional significance is still

not well understood (Raghavan, Sloan, &Ochman, 2012). A simple method

for determining strand orientation involves incorporating dUTP (rather than

dTTP) during second-strand cDNA synthesis (Parkhomchuk et al., 2009).

The uridine-containing strand is then selectively degraded during the prepa-

ration of sequencing libraries by digestion with uracil-N-glycosylase.

This approach has enabled the determination of strand-specificity using

transcriptomes of cultured bacteria for which whole-genome sequences are

available for transcriptome mapping (Giannoukos et al., 2012). A similar

approach could presumably be integrated into the second-strand cDNA
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synthesis procedure described earlier, following RNA amplification. Alterna-

tively, newer cDNA synthesis protocols developed for the Illumina platform

(e.g., ScriptSeq™ v2RNA-seq Library Preparation kit, Epicentre) that incor-

porate 30 and 50 tagging strategies of cDNAs may allow the direct identifica-

tion of sense and antisense RNA sequences. Analyses of strand orientation in

metatranscriptomes are likely to become more commonplace as reference

genomes from environmentally representative taxa become available.

6. SUMMARY

Metatranscriptomics is now a widespread tool for exploring the phys-

iology and ecology of microorganisms in natural environments. Application

of this technology will continue to drive and be driven by advances in

sequencing methods and bioinformatics. Other chapters in this volume

(Section V) and several recent articles have discussed current methods and

challenges relating to these important topics (Carvalhais, Dennis,

Tyson, & Schenk, 2012; Filiatrault, 2011;Moran et al., 2013). First and fore-

most, however, robust metatranscriptome studies require unbiased sample

collection and the generation of high-quality cDNA from environmental

samples. For marine microbial communities, in particular, improvements

in sampling for cDNA will likely involve the development and widespread

application of in situ preservation methods and an increased understanding of

the temporal response of community gene expression to both environmental

fluctuations and sampling-induced biases.

As sequencing goals shift, potentially due to reductions in sequencing

cost or coverage requirements for statistical inference, the general cDNA

preparation workflow presented in Fig. 10.1 will likely shift as well. Nota-

bly, rRNA depletion methods may soon no longer be cost-effective for ana-

lyses targeting abundant taxa or highly expressed genes but will likely

continue to be a critical need when exploring patterns in minor community

members. Recent reductions in the amount of starting template required for

high-throughput sequencing may eliminate the need for RNA amplifica-

tion. Notably, the Illumina HiSeq and MiSeq platforms advertise starting

input requirements of 50 ng, well within the range obtainable following

cDNA synthesis from a typical bacterioplankton sample (however, rRNA

depletion may significantly deplete total RNA, making it challenging to

recover even 50 ng cDNA). Also, the potentially biasing effects of different

sample storage, RNA extraction, and cDNA synthesis protocols have not

been evaluated by comparative analysis of metatranscriptome profiles,
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suggesting that until these biases are understood, cDNA preparation proto-

cols should be standardized to the greatest extent possible. This chapter aims

to help achieve this goal, helping to create a comparative framework for

exploring microbial community gene expression across diverse marine

environments.
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Abstract

In microbial ecology, high-resolution molecular approaches are essential for character-
izing the vast organismal and functional diversity and understanding the interaction of
microbial communities with biotic and abiotic environmental factors. Integrated omics,
comprising genomics, transcriptomics, proteomics, and metabolomics allows
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conclusive links to be drawn between genetic potential and function. However, this
requires truly systematic measurements. In this chapter, we first assess the levels of
heterogeneity within mixed microbial communities, thereby demonstrating the need
for analyzing biomolecular fractions obtained from a single and undivided sample to
facilitate multi-omic analysis and meaningful data integration. Further, we describe a
methodological workflow for the reproducible isolation of concomitant metabolites,
RNA (optionally split into large and small RNA fractions), DNA, and proteins. Depending
on the nature of the sample, the methodology comprises different (pre)processing and
preservation steps. If possible, extracellular polar and nonpolar metabolites may first be
extracted from cell supernatants using organic solvents. Cells are homogenized by cryo-
milling before small molecules are extracted with organic solvents. After cell lysis,
nucleic acids and protein fractions are sequentially isolated using chromatographic spin
columns. To prove the broad applicability of the methodology, we applied it to micro-
bial consortia of biotechnological (biological wastewater treatment biomass), environ-
mental (freshwater planktonic communities), and biomedical (human fecal sample)
research interest. The methodological framework should be applicable to other micro-
bial communities as well as other biological samples with a minimum of tailoring and
represents an important first step in standardization for the emerging field of Molecular
Eco-Systems Biology.

1. INTRODUCTION

1.1. From multi-omics to integrated omics: The necessity
for systematic measurements

The field of microbial ecology has advanced rapidly since the introduction of

molecular biology methodologies, which have allowed the exploration of

microbial diversity and function in a multitude of different environments.

Over the past two decades, a wide variety of techniques have been devel-

oped to describe and characterize microbial assemblages. More recently,

revolutionary improvements and advances in high-throughput “omic”

technologies, ranging from metagenomics to metabolomics, are allowing

resolution of community- and population-level processes from genetic

potential to final phenotype. However, in order to collect such

high-resolution data in a truly systematic fashion and facilitate meaningful

data integration and analysis, robust sampling, sample preservation, and

biomolecular isolation methodologies are essential.

In Foundation of Systems Biology, Kitano defined the ideal systematic mea-

surement as the “simultaneous measurement of multiple features for a single

sample” (Kitano, 2001). This consideration is particularly important in eco-

systems biology as a vast microbial diversity is a hallmark of natural settings
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(Caporaso et al., 2010) and even within-population genetic heterogeneity is

very pronounced in natural microbial communities (Wilmes, Simmons,

Denef, & Banfield, 2009). To assess the extent of heterogeneity at each bio-

molecular information layer, a comparative experiment was carried out on

islet forming spatially resolved lipid-accumulating organisms (LAO)-enriched

microbial community samples from a biological wastewater treatment plant

(Roume et al., 2013). We measured the phylogenetic composition using

454 pyrosequencing of 16S rDNA amplicons (Muller et al., in preparation),

the functional genetic potential using an Illumina HiSeq platform (Pinel

et al., in preparation), and the community-wide metabolic profile using gas

chromatography coupled to mass spectrometry (GC–MS; Roume et al.,

2013). We generated data of the concomitant biomolecular fractions for four

biological replicates (i.e., space resolved LAO islets) and four technical repli-

cates of one single islet (i.e., different subsamples derived from the same islet

after sample splitting), sampled at the same point in time (Fig. 11.1). Extensive

sample-to-sample variation is apparent at each level of biomolecular informa-

tion. Interestingly, the ability to discriminate between biological and technical

replicates decreases from phylogenetic profiles (Fig. 11.1A) to metagenomes

(Fig. 11.1B) and lastly metabolite profiles (Fig. 11.1C). This finding reflects

Figure 11.1 Within- and between-sample heterogeneity as determined from a biolog-
ical wastewater treatment plant microbial community. Scatter plots of the results of
principal coordinate analysis of Bray–Curtis dissimilarity indices of four biological rep-
licates (BR1–BR4), from a unique sampling date, including one biological replicate
(BR1) split into four technical replicates. Each biological replicate is indicated by a rect-
angle, and each technical replicate is represented by a dot. The ellipse covers two-thirds
of the technical replicates, which are derived from the same biological replicate, with
the rectangle indicating their common center of gravity. (A) Community compositions
of the samples as revealed by 16S rDNA amplicon sequencing (Muller et al., in
preparation), (B) corresponding functional capacities determined using KEGG
orthologous group annotations of metagenomic sequence data (Pinel et al., in
preparation), and (C) corresponding polar metabolomes (Roume et al., 2013).
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increased complexity at each biomolecular information layer. The resulting

fine-scale heterogeneity underlines the requirement for the isolation of con-

comitant biomolecules to fulfill the premise of systematic measurements and

enable meaningful integration of space- and time-resolvedmicrobial commu-

nity omic datasets.

1.2. Methods for the isolation of concomitant biomolecules
Previously published methodologies for the simultaneous isolation of certain

biomacromolecules,namelyDNA,RNA,andproteins, frombiological samples

are primarily based on monophasic mixtures of water, phenol, and guanidine

isothiocyanate (Chomczynski & Sacchi, 1987). The simultaneous extraction

of metabolites, proteins, and RNA has previously been carried out on plant

material (Weckwerth, Wenzel, & Fiehn, 2004). For safe routine laboratory

use, chromatographic spin column-based methods have been developed for

the combined extraction of RNAandproteins from a variety of cells and tissues

(Morse, Shaw, & Larner, 2006). The additional isolation of DNA from tissues

and cultured cells is the primary feature of theQiagen AllPrepmethod (Tolosa,

Schjenken, Civiti, Clifton, & Smith, 2007), and this has since been validated on

an extensive set of medical samples (Radpour et al., 2009). Since then, several

additional manufacturers, for example, GE Healthcare, Macherey-Nagel,

NorgenBiotek,etc.,havecommercializedchromatographic spincolumn-based

kits for the sequential isolation of DNA,RNA, and protein extraction from tis-

sues or cultured cells.

The detailed protocols presented here provide a unique methodological

framework for the reproducible isolation of high-quality genomic DNA,

large and small RNA or total RNA, and proteins, as well as polar and non-

polar metabolites from single and undivided samples. This chapter focuses

on biological wastewater treatment biomass, planktonic freshwater, and

human fecal mixed microbial communities, which are representative of

the differing sample characteristics one may encounter. However, the pro-

tocols can also be successfully applied to other samples with minor

preprocessing modifications. Examples include frozen human feces,

methanogenic reactor digestates, and diverse mouse tissue samples.

2. SAMPLING AND SAMPLE PREPROCESSING

2.1. Sample fixation
When collecting biological samples for systematic molecular analyses, it is

crucial to immediately fix the samples in a state which best preserves the
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information contained within the system at the time of sampling. If care is

not given to this step, the information contained within the DNA, RNA,

protein, and metabolites will rapidly change due to specific and nonspecific

degradation, regulation of expression, and protein modifications. Sample

fixation directly after sampling is therefore a key step in the experimental

workflows presented for the three different microbial communities

described below:

Biomass from a biological wastewater treatment plant (LAOs)

– Collect sample in a 50 ml tube and immediately snap freeze on-site in

liquid nitrogen.

Freshwater filtrate

– Collect approximately 40 l of freshwater and preserve the sample at 4 �C.
Proceed immediately to the preprocessing step.

Human fecal sample

– Cover 300 mg�10% of fresh human fecal sample immediatelywith 1.5 ml

of RNAlater solution (Ambion) and carry on to the preprocessing step.

2.2. Preprocessing: Dealing with differing sample
characteristics

Sample preprocessing is an important step, which varies significantly

depending on the overall characteristics of samples (Fig. 11.2A). If possible,

this step consists of the separation of the intra- and extracellular compart-

ments and accompanying concentration of cells.

2.2.1 Biological wastewater treatment plant biomass
or similar samples

For a sample which allows recovery of the extracellular medium, the sample

preprocessing begins with slowly thawing the sample on ice to allow the

subsequent separation of cells from the supernatant (extracellular compart-

ment) by centrifugation. The detailed preprocessing protocol involves the

following:

1. With a sterile spatula, reduce to powder around 200 mg�10% of frozen

LAO sample. To conserve the frozen state of the powder, cool down all

equipment and refreeze the material regularly by briefly dipping it into

liquid nitrogen. Float a weighing boat on the surface of the liquid nitro-

gen and pour the powdered sludge into this.

2. Transfer the frozen powder into a precooled 2 ml sample tube and place

this into a liquid nitrogen bath. Optionally, it can be stored for few days

at �80 �C until further processing.
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Figure 11.2 Synopsis of the describedmethodological workflow. (A) Preprocessing and
metabolite extraction; (B) isolation of DNA, total RNA, and proteins using the Qiagen
AllPrep-based procedure; and (C) isolation of DNA, small and large RNA, and protein
using the Norgen Biotek All-in-One-based procedure. The circular arrows denote a cen-
trifugation step, and the horizontal arrows symbolize a mix or bead beating step.



3. Thaw the sample on ice for approximately 10–15 min by placing the

sample tube horizontally on the ice surface. Flip the tube regularly

and verify the consistency of the sample every 5 min. It is highly rec-

ommended to place the thawed sample into ice immediately after the

sample is completely thawed.

4. Centrifuge the thawed sample at 18,000� g for 15 min at 4 �C and trans-

fer the supernatant into a new 2 ml sample tube kept at 4 �C. Around
150 ml of supernatant for 200 mg of starting material may be expected.

If visible material particles are still present in the supernatant, carry out an

additional centrifugation for 5 min until a completely limpid supernatant

is obtained. Proceed to Section 3.1 with the supernatant.

5. Snap freeze the cell pellet and preserve it at �80 �C until step 2 of

Section 3.2.

2.2.2 Freshwater planktonic microbial communities
The preprocessing of a liquid sample with a low density of biomass consists

of first concentrating the cells present within the sample before snap freezing:

1. Concentrate cells by tangential flow filtration using, for example,

Sartocon silica cassettes (Satorius Stedim Biotek) with a filtration area

of 0.1 m2 and molecular weight cutoff of 10 kDa at a flow rate of

�1.5 l min�1.

2. Pellet the concentrated cells by ultracentrifugation at 48,400� g for 1 h

at 4 �C.
3. Resuspend the resulting pellet in 1 ml of supernatant and transfer it to a

2 ml centrifugation tube.

4. Further concentrate the suspension by an additional centrifugation step

at 14,000� g for 5 min at 4 �C.
5. Snap freeze the resulting pellet and preserve it at �80 �C until step 2 of

Section 3.2.

2.2.3 Human fecal sample
For a complex sample such as fresh feces, in which biomolecules are highly

sensitive to degradation and which are rich in PCR inhibitors, the

preprocessing step involves treatment of the sample to preserve the integrity

of the biomolecules, especially RNA (Fitzsimons, Akkermans, de Vos, &

Vaughan, 2003). The optimized workflow for fecal samples is thus as

follows:

1. Add three autoclaved stainless steel milling balls with a diameter of 4 mm

to the tube of fresh fecal sample overlaid with RNAlater.
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2. Homogenize the mixture by cold bead beating in a Mixer Mill 400

(Retsch) for 5 min at 10 Hz. For this, the rack holding the sample tube

needs to be precooled at 4 �C.
3. Centrifuge the homogenized sample at 700� g for 1 min at 4 �C. This

low-speed centrifugation step should result in a supernatant containing

detached cells. Transfer the supernatant into a fresh 2-ml sample tube.

4. Pellet the cells contained within the supernatant at 14,000� g for 5 min

at 4 �C. Discard the supernatant.

5. Snap freeze the resulting pellet and preserve it at �80 �C until step 2 of

Section 3.2.

3. SAMPLE PROCESSING AND SMALL MOLECULE
EXTRACTION

Depending on the physical characteristics of the sample and the

preprocessing, metabolite extraction can be done separately on supernatant

and/or on cells (Fig. 11.2A).

3.1. Extraction of extracellular metabolites
from cell supernatant

For metabolite extraction, the polar and the nonpolar solvent fractions

should be present in equal volumes. The method for cold solvent extracting

metabolites from the supernatant of a wastewater treatment plant biomass

sample is as follows:

1. Add to one volume of the aqueous supernatant obtained in Section 2.2.1

at step 4, one volume (e.g., 150 ml) of cold methanol at�20 �C and two

volumes of cold chloroform at �20 �C (e.g., 300 ml).
2. Mix the sample tube in a thermomixer (e.g., Thermomixer comfort,

Eppendorf ) for 30 min at 4 �C at maximum speed (e.g., 1400 rpm).

3. Centrifuge the tubes at 14,000� g and 4 �C for 5 min.

4. Transfer the polar and nonpolar phases into separate 2 ml sample tubes. If

required, the different phases can be preserved for a few hours at�20 �C
at this step.

For a description of processing the polar and nonpolar metabolite fractions for

subsequent GC–MS analyses, please see Roume et al. (2013).

3.2. Sample homogenization by cryomilling
The cryomilling (or cryogenic grinding) step involves breaking up the struc-

ture of the biological material and allows homogenization of the sample. The
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frozen homogenous powder obtained at the end of this step guarantees a

sufficiently large surface area for the solvents to extract the small molecules.

The processing, described below, is of fundamental importance for efficient

metabolite extractions from cellular biomass and subsequent representative

metabolic profiling thereof (Lolo et al., 2007).

1. Cool autoclaved-sterilized milling balls (5�2 mmþ2�5 mm) by dip-

ping the tubes containing them in liquid nitrogen.

2. Add the cold milling balls to the previously obtained frozen cell pellet

(Sections 2.2.1, 2.2.2, or 2.2.3 at step 5).

3. Cryomill the frozen pellet for 2 min at 25 Hz in a Mixer Mill 400

(Retsch). The adaptor rack holding the sample tube needs to be preco-

oled in liquid nitrogen to –80 �C prior to the milling step.

4. Dip the tube immediately into liquid nitrogen to preserve the sample in a

frozen state.

At the end of the cryomilling step, the sample should comprise a frozen

homogenous powder. If it is not the case, repeat the cryomilling step or

empirically optimize the number and size of stainless steel milling balls

according to the nature of the sample.

3.3. Extraction of intracellular metabolites from cell pellet
1. Add sequentially 300 ml of cold methanol/water (1:1, v/v) and 300 ml of

cold chloroform. Vortex the solution until complete dissolution of the

powdered sample into the solvent mixture.

2. Mill the sample tube in a Mixer Mill 400 (Retsch) for 2 min at 20 Hz.

In order to avoid solvent leakage, wrap parafilm around the rim of

the cap of the sample tube before starting the milling to ensure a

tight seal.

3. Centrifuge the sample tube at 14,000� g and 4 �C for 5 min to separate

the solvent mixture into a polar (top) phase, an interphase pellet (mid-

dle), and nonpolar (lower) phase.

4. Transfer the polar and nonpolar phases into new 2 ml sample tubes. If

required, the different phases can be preserved for a few hours at

�20 �C at this step.

5. Preserve the interphase with the milling beads in the original cen-

trifugation tube on ice (until proceeding with step 1 of Section

4.1 or 4.2).

For an example of the processing of polar and nonpolar metabolite fractions

for subsequent GC–MS analysis, please see Roume et al. (2013).
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4. SEQUENTIAL BIOMACROMOLECULAR ISOLATION

Biomacromolecules, including large, small, or total RNA, DNA, and

proteins, are isolated from the interphase pellet obtained following the

metabolite extraction step (Section 3.3, step 5). Two sequential

biomacromolecular isolation protocols, modified from commercially avail-

able kits, are described here. The Qiagen AllPrep DNA/RNA/Protein

Mini Kit-based method (Fig. 11.2B) allows for sequential extraction of total

RNA, DNA, and protein. TheNorgen Biotek All-in-One Purification Kit-

based method (Fig. 11.2C) facilitates the sequential extraction of large

RNA, small RNA, DNA, and proteins. Although these two kit-based

methods for biomacromolecular purification are described here, application

of alternative methods to the interphase pellet should be entirely feasible but

may require some minor adjustments.

Cell disruption, comprising both sample homogenization and cell lysis, is

an early and fundamental step in any biomolecular isolation methodology.

Both chemical and mechanical/physical methods are available for cell dis-

ruption. However, in natural microbial communities, due to the presence

of many different microorganisms with vastly differing cellular properties

and due to the presence of different interfering matrixes, chemical and/or

enzymatic lysis by themselves are typically ineffective at comprehensive

and reproducible cell lysis. In the methodology presented here, we combine

the mechanical method of cryogenic grinding with chemical lysis to result in

indiscriminate cell lysis.

The efficiency of cell lysis should be assessed for each new type of sample

(Section 5.1). Furthermore, following sequential extraction, an aliquot of

5 ml for small and large or total RNA and 10 ml for DNA should be stored

at 4 �C for quality assessment (Sections 5.3.1 and 5.3.2). These steps are

essential to guarantee the efficiency of cell lysis as well as the quality of

the obtained biomolecular fractions.

4.1. Qiagen AllPrep DNA/RNA/Protein Mini
Kit-based method

The interphase pellet is overlaid with lysis buffer before bead beating with

the same milling balls as used previously. Importantly, a modified lysis buffer

is used to prevent RNA degradation. Following addition of the modified

lysis buffer, the sample is subjected to shearing of high-molecular weight cel-

lular components in order to reduce the viscosity of the lysates, to improve
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the binding efficiency of nucleic acids to the chromatographic spin columns,

and thereby to increase the overall yield and purity of the obtained biomo-

lecular fractions. The methodology is summarized in Fig. 11.2B and is as

follows:

1. Add 10 ml of b-mercaptoethanol per milliliter of RLT buffer (Qiagen).

2. Add 600 ml of cold (4 �C)modified RLT buffer (step 1) to the interphase

pellet (step 5 of Section 3.3) and cover the rim of the closed tube cap

with parafilm.

3. Resuspend the interphase in the modified lysis buffer by a quick

vortexing of the sample tube.

4. Proceed to a bead beating in aMixer Mill 400 (Retsch) for 30 s at 25 Hz.

Note that the adaptor racks should be at 4 �C.
5. Transfer up to 700 ml of the lysate to a QIAshredder column (Qiagen)

and centrifuge for 2 min at 12,100� g. The entire lysate should pass

through the QIAshredder column. If a pellet forms in the collection

tube, it should be resuspended before loading the lysate onto the next

column.

All further steps are described in the AllPrep DNA/RNA/Protein Mini

Handbook (Qiagen, version 12/2007) in the section “Simultaneous purifi-

cation of genomic DNA, total RNA, and total protein from animal and

human cells” p. 22 step 4. In our own experience, the elution of DNA

and total RNA in the dedicated buffers can be repeated in order to recover

more nucleic acids.

Importantly, if the lysate has not passed through the AllPrep DNA spin

column completely after 5 min of centrifugation at the maximum speed,

transfer the liquid retained in the column to an additional AllPrep DNA col-

umn, which should then be processed along with the first tube. Both AllPrep

DNA columns should be used for the subsequent DNA recovery steps.

4.2. Norgen Biotek All-in-One Purification Kit-based method
Similar to the Qiagen AllPrep-based method, the interphase pellet is

resuspended in a modified lysis buffer, which prevents RNA degradation.

Cell disruption is carried out in this buffer using the milling balls still present

in the centrifugation tube following step 5 of Section 3.3. A few essential

modifications to the manufacturer’s instructions have been implemented

and are detailed below. The workflow is also summarized in Fig. 11.2C.

1. Add 400 ml of cold lysis buffer supplemented with 10 ml ml�1 of

b-mercaptoethanol and 100 ml of cold 1� Tris–EDTA buffer
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(pH 7.2) to the interphase pellet. Cover the rim of the closed tube cap

with parafilm.

2. Resuspend the pellet by quickly vortexing the sample tube.

3. Carry out cell lysis by bead beating the sample in the Mixer Mill 400

(Retsch) for 30 s at 25 Hz in a cold rack (4 �C).
4. Add 100 ml of pure ethanol to the lysate and mix by vortexing for 10 s.

In our own experience, increasing the proportion of ethanol in the lysate

prior to loading of the column results in a higher yield of nucleic acids

recovery.

Follow the procedure of the All-in-One Purification Kit protocol from

(Norgen Biotek, 2008; PI24200-12) section 3: “Isolation of large RNA,

Genomic DNA, microRNA, and Proteins” p. 17 3A.1.b.

Importantly, and as recommended by the manufacturer for bacterial

starting material, two elutions of large RNA, DNA, and protein from the

All-in-One column should be carried out in order to maximize the yield.

We typically also carry out the column-based procedure for total protein

purification.

5. QUALITY CONTROL

The different methods presented in this section are typically used in

our laboratory to assess the efficiency of the protocol when applying it to

new samples and to assess the quality of the recovered biomolecular

fractions.

5.1. Cell lysis
Conservation of cell integrity until sample processing as well as representa-

tive cell lysis prior to biomolecular extraction are essential considerations for

the methodology to result in reproducible and representative biomolecular

fractions (Roume et al., 2013). The proportion of cells which are intact

before and after cell disruption may be assessed using the Live/Dead

BacLight Bacterial Viability Kit (L7012, Invitrogen). Figure 11.3 shows that,

in the case of LAO samples from wastewater, most cells in the snap-frozen

sample still have intact cell membranes after 10 min of thawing on ice

(Fig. 11.3A) and that the vast majority of the cells are lysed after cryomilling,

metabolite extraction, and combinedmechanical/chemical lysis in the mod-

ified Norgen Biotek lysis buffer (Fig. 11.3B). To assess the lysis efficiency:
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1. Pellet cellular material from the individual protocol steps for which you

want to assess cell membrane integrity by centrifugation at 14,000� g

and 4 �C for 5 min.

2. Wash the pellet once with phosphate buffered saline solution (1� PBS,

pH 7) and redilute into 1 ml of 1� PBS buffer.

3. Follow the manufacturer’s instructions of the Live/Dead BacLight Bac-

terial Viability Kit (Molecular Probes, rev. July 15, 2004, p. 3).

For the determination of the red and green pixel ratio, multiple red and

green fluorescence micrographs can be processed as described in Roume

et al. (2013).

5.2. Metabolite fractions
Quality control in metabolomics is a challenging task. The metabolites have

to be extracted without compromising either their chemical structure or

their relative abundance. Some metabolites are extremely unstable and

therefore prone to degradation during sample preparation. Several

Figure 11.3 Cell integrity before and after cell lysis. Representative epifluorescent
micrographs of microbial cells from a representative biological wastewater treatment
plant sample stained with the Live/Dead stain. Propidium iodide specifically stains bac-
teria with a damaged cell membrane, whereas Syto 9 serves as the counterstain. Intact
cells are highlighted in green and disrupted cells in red. Scale bar is equivalent to 10 mm.
(A) Sample having undergone a single freeze–thaw cycle and (B) sample having under-
gone subsequent metabolite extraction followed by mechanical and chemical lysis
using the Norgen Biotek All-in-One Kit’s modified lysis buffer.
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recommendations should be considered, from the sampling to the

metabolomic analyses, to ensure the generation of reliable data.

5.2.1 Sampling and sample preprocessing
– The sample should be processed immediately or snap frozen in liquid

nitrogen right away on site to stabilize the sample and stop any enzymatic

activity.

– The sample should be preserved at a minimum of �80 �C, ideally
�150 �C.

– The sample should be homogenized by cryomilling to facilitate efficient

metabolite extraction from solid sample.

5.2.2 Validation of metabolomic analyses
– In the case of GC–MS, the analytical procedure usually needs to be opti-

mized for each sample type with the fine tuning of several parameters,

including, for example, the volume of metabolite fraction to be injected,

the split or the oven program. The derivatization procedure may also

need to be adapted.

– The polar and/or the nonpolar solvents used for the extraction should be

supplemented with exogenous chemical compounds which should not

be present endogenously within the sample and can serve as internal stan-

dards. During metabolomic analysis, the internal standard is a useful

benchmark to assess metabolite recovery as well as the reproducibility

of the analysis.

– When large numbers of samples are analyzed in a single analytical run,

pool samples, which are mixtures of aliquots of all the samples included

in the run and which, thus, reflect the entirety of metabolites detectable,

should be included in the sample analysis sequence at regular intervals.

For example, we typically include a pool sample as every seventh sample

in a sequence, followed by a blank sample. The measurement results

obtained from the pool samples can provide an indication of possible

instrument drift during the run. Importantly, the pool samples, as well

as the internal standards, can later also be used to normalize the data

(Roume et al., 2013).

The metabolomics data obtained by GC–MS can be displayed as total ion

chromatograms (TICs). We routinely assess the quality of the TICs to get

an indication of the purity and representativeness of the metabolite extracts.

For example, the metabolomic analysis of the three different samples, for
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which the extractions are described, resulted in clear TICs comprised of

numerous small and well-defined peaks (Fig. 11.4A).

5.3. Nucleic acids
5.3.1 Ribonucleic acid
Because RNA is a biomacromolecule prone to degradation, the accurate

assessment of its integrity is one of the most critical steps for the success

of any downstream analysis (Vermeulen et al., 2011), including ribosomal

RNA removal, reverse transcription, and high-throughput cDNA sequenc-

ing (RNA-Seq). A commonly accepted large and total RNA quality and

integrity indicator is Agilent’s RNA integrity number (RIN; Fleige &

Pfaffl, 2006). A RIN �7.0 ususally satisfies accepted quality requirements

for most RNA-Seq protocols (Jahn, Charkowski, & Willis, 2008) and

ensures a low contamination of the small RNA fraction with degradation

products. If a sample exhibits a RIN of <7.0, we recommend not to use

all other biomolecular fractions obtained from this sample and to carry

out an additional extraction.

As shown in the representative electropherograms displayed in

Fig. 11.4B and C, the extraction method described here facilitates the iso-

lation of high quality and pure RNA. The large RNA fractions of the three

different sample types were analyzed using the Agilent 2100 Bioanalyzer

with the RNA 6000 Nano RNA Kit and 2100 Expert software

(Fig. 11.4B). In order to compare different RNA fractions, fluorescent units

of the traces were normalized (Roume et al., 2013). The traces exhibit dis-

tinct peaks between 100 and 4,500 nt. The twomajor peaks, at around 1,500

and 2,900 nt, show distinctively the 16S and the 23S rRNA, respectively.

The broad peak around 100 nt indicates the small RNA fraction.

The electropherograms of small RNA traces (Fig. 11.4C), obtained

using the Agilent RNA 6000 Small RNA Kit, are dominated by peaks

around 60 nt representative of the transfer RNA (tRNA). Other small

RNAs are represented by multiple peaks around 120 nt, including 5S

rRNA. In eukaryotic systems, the “miRNA”-like region is typically defined

as the broad peak ranging from 10 to 40 nt.

5.3.2 Deoxyribonucleic acid
The size, the quality (degraded vs. intact), and semiquantitative amount of

DNA extracted can be determined by agarose gel electrophoresis as

highlighted in Fig. 11.4D. The methodology described herein is able to

yield DNA which exhibits intense and high-molecular weight DNA bands
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Figure 11.4 Representative quality control results for biomolecular fractions obtained
using the Norgen Biotek All-in-One Purification Kit-based biomolecular isolation meth-
odology when applied to a biological wastewater treatment sample (left hand panes),
river water filtrate (middle panes), and human fecal samples (right hand panes). (A) Rep-
resentative GC–MS total ion chromatograms of polar and nonpolar metabolite fractions.
(B) and (C) Representative Agilent Bioanalyzer 2100 electropherograms of the obtained
total RNA fractions and small RNA fractions, respectively. (D) Agarose gel electrophoresis
image of genomic DNA fractions for three technical replicates for each of the samples.
(E) SDS-PAGE image of the first protein elution for three technical replicates for each of
the samples. Norm, normalized; FU, fluorescent unit; M, marker; L, ladder; nt, nucleo-
tides; RT, retention time. Figure reproduced from Roume et al. (2013) with permission from
Nature Publishing Group.



and can be directly used for library construction for high-throughput

sequencing.

5.4. Proteins
The quality of obtained protein fractions is typically assessed by SDS-PAGE.

The obtained gel should exhibit clear bands, as highlighted in Fig. 11.4E for

the three different samples for which the biomolecular extraction protocol is

described herein. The gel obtained can also be directly used for proteomics

either by analysis of individually excised bands or entire lanes.

6. OUTLOOK

In microbial ecology, an increasing number of studies aim to integrate

multi-omic datasets in order to obtain comprehensive high-resolution over-

view of microbial community structure and function. Considering recent

technological improvements and the accompanying decrease in the cost

of high-throughput molecular methods as well as associated progress in

computational and statistical methodologies, these types of investigations

will dramatically intensify in the coming years. As demonstrated in the pre-

sent work, sample-to-sample variation is extensive for microbial communi-

ties at each biomolecular level. Consequently, the sequential isolation of

biomolecules from an undivided sample is a clear prerequisite for meaningful

multi-omic data integration and analysis (Muller, Glaab, May, Vlassis, &

Wilmes, 2013). Application of the methodology presented here will allow

truly systematic measurement of microbial consortia and will allow the

deconvolution of microbial community-driven processes in unprecedented

detail. Consequently, the described methodolgy and future iterations

thereof provide the backbone of the emerging field of Eco-Systems Biology.

REFERENCES
Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A.,

Turnbaugh, P. J., et al. (2010). Global patterns of 16S rRNA diversity at a depth of mil-
lions of sequences per sample. Proceedings of the National Academy of Sciences of the United
States of America, 108, 4516–4522.

Chomczynski, P., & Sacchi, N. (1987). Single-step method of RNA isolation by acid gua-
nidinium thiocyanate-phenol-chloroform extraction. Analytical Biochemistry, 162(1),
156–159.

Fitzsimons, N. A., Akkermans, A. D. L., de Vos, W. M., & Vaughan, E. E. (2003). Bacterial
gene expression detected in human faeces by reverse transcription-PCR. Journal of Micro-
biological Methods, 55(1), 133–140.

Fleige, S., & Pfaffl, M. W. (2006). RNA integrity and the effect on the real-time qRT-PCR
performance. Molecular Aspects of Medicine, 27(2–3), 126–139.

235All-from-One-Sample Biomolecular Extraction

http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0005
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0005
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0005
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0005
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0010
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0010
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0010
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0015
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0015
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0015
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0020
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0020


Jahn, C. E., Charkowski, A. O., &Willis, D. K. (2008). Evaluation of isolation methods and
RNA integrity for bacterial RNA quantitation. Journal of Microbiological Methods, 75(2),
318–324.

Kitano, H. (2001). Systems biology: Toward system-level understanding of biological sys-
tems. In H. Kitano (Ed.), Foundations of systems biology (pp. 1–36). Cambridge, MA:
The MIT Press.

Lolo, M., Pedreira, S., Vázquez, B., Franco, C., Cepeda, A., & Fente, C. (2007). Cryogenic
grinding pre-treatment improves extraction efficiency of fluoroquinolones for HPLC-
MS/MS determination in animal tissue. Analytical and Bioanalytical Chemistry, 387(5),
1933–1937.

Morse, S., Shaw, G., & Larner, S. (2006). Concurrent mRNA and protein extraction from
the same experimental sample using a commercially available column-based RNA prep-
aration kit. Biotechniques, 40(1), 54–58.

Muller, E. E. L., Glaab, E., May, P., Vlassis, N., &Wilmes, P. (2013). Condensing the omics
fog of microbial communities. Trends in Microbiology, 21, 325–333.

Muller, E. E. L., Pinel, N., Laczny, C., Roume, H., Lebrun, L., Hussong, R., et al. Integrated
omics reveals that ecological success of a generalist is linked to fine-tuning of resource
usage (in preparation).

Pinel, N., Muller, E. E. L., Narayanasamy, S., Laczny, C., Roume, H., Hussong, R., et al.
Ecological dominance in the light of time-resolved, multi-omic community character-
ization (in preparation).

Radpour, R., Sikora, M., Grussenmeyer, T., Kohler, C., Barekati, Z., & Holzgreve, W.
(2009). Simultaneous isolation of DNA, RNA, and proteins for genetic, epigenetic,
transcriptomic, and proteomic analysis. Journal of Proteome Research, 8(11), 5264–5274.

Roume, H., Muller, E. E. L., Cordes, T., Renaut, J., Hiller, K., & Wilmes, P. (2013).
A biomolecular isolation framework for eco-systems biology. The ISME Journal, 7(1),
110–121.

Tolosa, J. M., Schjenken, J. E., Civiti, T. D., Clifton, V. L., & Smith, R. (2007). Column-
basedmethod to simultaneously extract DNA,RNA, and proteins from the same sample.
Biotechniques, 43(6), 799–804.

Vermeulen, J., De Preter, K., Lefever, S., Nuytens, J., De Vloed, F., Derveaux, S., et al.
(2011). Measurable impact of RNA quality on gene expression results from quantitative
PCR. Nucleic Acids Research, 39(9), e63.

Weckwerth, W., Wenzel, K., & Fiehn, O. (2004). Process for the integrated extraction,
identification and quantification of metabolites, proteins and RNA to reveal their
co-regulation in biochemical networks. Proteomics, 4(1), 78–83.

Wilmes, P., Simmons, S. L., Denef, V. J., & Banfield, J. F. (2009). The dynamic genetic rep-
ertoire of microbial communities. FEMS Microbiology Reviews, 33(1), 109–132.

236 Hugo Roume et al.

http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0025
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0025
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0025
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0030
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0030
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0030
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0035
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0035
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0035
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0035
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0040
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0040
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0040
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0045
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0045
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0050
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0050
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0050
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0055
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0055
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0055
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0060
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0060
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0060
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0065
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0065
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0065
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0070
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0070
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0070
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0075
http://refhub.elsevier.com/B978-0-12-407863-5.00011-3/rf0075


CHAPTER TWELVE

Use of Internal Standards for
Quantitative Metatranscriptome
and Metagenome Analysis
Brandon M. Satinsky*, Scott M. Gifford†, Byron C. Crump{,
Mary Ann Moran},1
*Department of Microbiology, University of Georgia, Athens, Georgia, USA
†Department of Civil and Environmental Engineering, Massachusetts Institute of Technology, Cambridge,
Massachusetts, USA
{College of Earth, Ocean and Atmospheric Sciences, Oregon State University, Corvallis, Oregon, USA
}Department of Marine Sciences, University of Georgia, Athens, Georgia, USA
1Corresponding author: e-mail address: mmoran@uga.edu

Contents

1. Introduction 238
2. Method Overview 241
3. DNA Template and Vector Design for Internal RNA Standards 242
4. mRNA Standard Preparation 244

4.1 Required materials 244
4.2 Plasmid amplification and stock preparation 245
4.3 Plasmid linearization and in vitro transcription 246

5. DNA Standard Preparation 247
5.1 Required materials 247
5.2 Genomic standard stock preparation 247

6. Internal Standard Addition 247
7. Internal Standard Recoveries and Quantification 248
8. Dataset Normalization Using Internal Standards 248

8.1 Metatranscriptome normalization 248
8.2 Metagenome normalization 249

Acknowledgments 249
References 250

Abstract

Next generation sequencing-enabled metatranscriptomic and metagenomic datasets
are providing unprecedented insights into the functional diversity of microbial commu-
nities, allowing detection of the genes present in a community as well as differentiation
of those being actively transcribed. An emerging challenge of meta-omics approaches
is how to quantitatively compare metagenomes and metatranscriptomes collected
across spatial and temporal scales, or among treatments in experimental manipulations.
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Here, we describe the use of internal DNA and mRNA standards in meta-omics meth-
odologies, and highlight how data collected in an absolute framework (per L or per cell)
provides increased comparative power and insight into underlying causes of differences
between samples.

1. INTRODUCTION

Metagenomic and metatranscriptomic methodologies have been used

with great success in generating detailed information on community-level

gene abundance and transcription patterns in marine, freshwater, soil, gut,

and other natural microbial systems (Damon et al., 2011; Dinsdale et al.,

2008; Gifford, Sharma, Rinta-Kanto, & Moran, 2011; Maurice,

Haiser, & Turnbaugh, 2013; Ottesen et al., 2013; Poretsky et al., 2005;

Vila-Costa, Sharma, Moran, & Casamayor, 2013). Most studies to date have

collected meta-omics data in a relative framework, in which abundance of

genes or messages is calculated as percent of the sequence library (Campbell,

Yu, Heidelberg, & Kirchman, 2011; Hewson et al., 2009). However, a crit-

ical limitation of relative meta-omics data from complex natural communi-

ties is that they cannot provide information on the extent or directionality of

changes in any particular gene or transcript molecule in comparative ana-

lyses. For instance, an observed decrease in the percent contribution of a

transcript to the community metatranscriptome may be due to a decrease

in the abundance of that transcript or to an increase in the abundance of

an unrelated transcript (Fig. 12.1). In the application of meta-omics technol-

ogies to ecological and biogeochemical questions in complex microbial

communities, the ability to recognize which genes and transcript molecules

are changing in absolute abundance is crucial information, requiring datasets

that are not influenced by the myriad nontarget processes and taxa changing

simultaneously in a microbial cell or ecosystem.

To circumvent the limitations of relative metagenomic and meta-

transcriptomic datasets, internal genomic DNA or mRNA standards can

be added at the initiation of sample processing (Gifford et al., 2011;

Moran et al., 2013). Because these control molecules are mixed into and

processed alongside the sample-derived nucleic acids, this allows quantifica-

tion of losses throughout the preparation and analysis pipeline and, based on

the number of standard molecules added at the beginning of sample

processing and those recovered in the sequence library, calculation of the

number of molecules of each gene or transcript in the original environment

238 Brandon M. Satinsky et al.



(e.g., gene copies per liter of water or average transcripts per microbial cell).

Internal standards based on a known quantity of added control molecules are

used routinely in quantitative PCR studies for calculating absolute gene and

transcript abundance (Church, Short, Jenkins, Karl, & Zehr, 2005) and in

microarray and RNA-seq analyses to normalize expression shifts in genes

across different developmental stages or tissue types (Hannah, Redestig,

Leisse, & Willmitzer, 2008; van de Peppel et al., 2003).

The benefits of quantitative meta-omics datasets can be illustrated by the

following two examples. In the first, sequences binning to SAR11 member

HTCC7211 in the bathypelagic waters of the Gulf of Mexico accounted for

Figure 12.1 Examples of improved quantification of meta-omics data through the use
of internal standards. (A) Transcripts binning to SAR11 member HTCC7211 accounted
for a smaller fraction of the community metatranscriptome in the oil plume caused
by the Deepwater Horizon accident compared to nonimpacted control samples below
the plume, yet the absolute number of transcripts contributed by this taxon was not
different. HTCC7211 is one of several bacteria taxa dominant in the prespill community
that did not respond to the presence of oil, whereas other taxa greatly increased in num-
ber and activity in the hydrocarbon-impacted seawater (from Rivers et al., 2013). (B)
Particle-associated bacteria in the Amazon River plume in June 2010 had twofold higher
expression of proteorhodopsin genes than free-living bacteria, yet expression estimates
calculated incorrectly from relative data would not have shown the differential regula-
tion of this ecologically important gene (Satinsky B. et al., unpublished).
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0.84% of the bacterial metatranscriptome in natural seawater but only 0.07%

in seawater exposed to oil and gas contamination from the Deepwater Hori-

zon accident, indicating a 12-fold underrepresentation of HTCC7211 fol-

lowing the accident. Yet absolute transcript numbers for this taxon

calculated based on internal standard normalization revealed that transcripts

were present in equal numbers in impacted and nonimpacted seawater

(2.8�1011 and 3.4�1011 transcripts/L; Fig. 12.1), and that the change in

percent contribution of HTCC7211 populations was due to large increases

in gammaproteobacteria groups that bloomed in response to hydrocarbon

inputs (Fig. 12.1; Rivers et al., 2013). In a second example, expression ratios

for proteorhodopsin genes in the near-shore Amazon River plume were

nearly identical for the free-living and particle-associated bacteria when cal-

culated on a relative basis (% of the metatranscriptome/% of the meta-

genome�8 for both free-living and particle-associated; Fig. 12.1). Yet

on an absolute basis, the per-gene transcription level of proteorhodopsin

was twofold higher for bacteria associated with particulate material com-

pared to free-living cells in this ecosystem (Fig. 12.1). In these examples,

normalization based on internal standard recovery provided insights into

growth and regulation differences for bacteria in their natural environment,

information that can be leveraged in comparative analyses across samples

(e.g., within a time series, across a transect, or during a manipulative exper-

iment) (Gifford et al., 2011; Moran et al., 2013; Fig. 12.1).

To generate quantitative-omics data, internal control sequences must be

readily distinguished from natural microbial community sequences during

bioinformatic analyses. For metatranscriptomes, artificial mRNAs produced

by in vitro transcription from constructed DNA templates can be used as

internal standards and preparation of mRNA standards with or without a

poly(A) tail customizes them for bacterial/archaeal or eukaryotic studies.

For metagenomes, genomic DNA obtained from a cultured microorganism

not present in the studied environment can be added as an internal standard.

In our marine and estuarine studies, DNA from the thermophilic bacterium

Thermus thermophilus (ATCC) has served as the standard.

Calculations based on the internal standards assume that the natural

nucleic acid (mRNA or genomic DNA) and the internal standards (artificial

transcripts or exogenous genomic DNA) behave similarly throughout

the sample and library preparation steps. However, the natural nucleic acid

is enclosed in cell membranes at the initiation of processing while the

internal standards are not, potentially resulting in underestimation of

natural nucleic acid abundance due to incomplete cell lysis, or alternatively,
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underestimation of standard abundance due to longer exposure time to

mechanical shearing or RNAse degradation. In the case of mRNA

processing, transcript length can affect recovery because of biases against

small transcripts during solid-phase extraction methods and library prepara-

tion (Fig. 12.2), although this will affect both artificial and natural transcripts

alike. Given an average bacterial and archaeal gene size of 924 bp (Xu et al.,

2006), we use an internal standard of�1000 nt to track recovery of mRNAs

from typical prokaryotic genes. Internal standard length can be scaled down

if small RNAs or short transcripts are the focus of the study; scaling up from

1000 nt does not appear to be necessary because of minimal effect on recov-

ery for lengths >500 nt (Fig. 12.2).

2. METHOD OVERVIEW

The method given here describes the synthesis of internal mRNA

standards and then the addition and quantification of mRNA and DNA

internal standards for metatranscriptome and metagenome analysis.
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Figure 12.2 Recovery of internal mRNA standards as a function of standard length for
two replicate metatranscriptome libraries (black series and gray series) from the
Amazon River near Tapajos in June 2011. Two different internal standards of three dif-
ferent lengths (each represented as a different shaped symbol) were added to the sam-
ples at the initiation of nucleic acid extraction and percent recoveries were calculated as
Ss (internal standard reads in the sequence library)�100/Sa (internal standards added to
the sample).
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mRNA standards are synthesized using custom templates or commer-

cially available plasmids that are transcribed in vitro to RNA. A known num-

ber of standards are added to the sample of interest and metatranscriptome

processing and sequencing proceeds according to the user’s protocol. The

number of internal standards recovered in the sequence library is quantified

via BLAST homology searches. Data normalization is then based on the

number of standards identified in a sequence library relative to the number

of standards added. As a note of caution for working with RNA, care should

be taken to avoid all contaminating nucleic acids and nucleases through the

use of sterile technique and cleaning the working area with RNaseZap® or a

similar reagent.

DNA standards can be prepared by purchasing or extracting DNA from a

cultured microbe that is unrelated to microbes anticipated to be present in

the system of interest and for which a complete genome sequence is avail-

able. A known number of genome copies are added to the sample, and

metagenome processing and sequencing proceeds according to the user’s

protocol. The number of standard reads recovered in the sequence library

is quantified via a two-step BLAST homology search and used for quanti-

tative metagenomic analysis.

3. DNA TEMPLATE AND VECTOR DESIGN
FOR INTERNAL RNA STANDARDS

Two approaches are available for obtaining the DNA template for

standard synthesis. One approach involves commercially available plasmids

that contain an RNA polymerase binding site. These are advantageous

because of ease of use and low cost (Gifford et al., 2011; Moran et al.,

2013), although the vectors make transcript length customization more dif-

ficult and they often contain regions of homology to functional proteins or

to sequences deposited mistakenly into databases as functional proteins. This

homology can make the subsequent identification of reads derived from

standards more challenging in a high-throughput bioinformatics pipeline.

A second approach involves the synthesis of custom DNA fragments that

are inserted into plasmids. These fragments can easily be designed without

homology to protein encoding genes, and provide optimal control of both

length and composition.

For both template approaches, the final plasmid should contain the fol-

lowing components (in order): a T7 RNA polymerase promoter sequence,

the internal standard sequence, and a restriction site targeting a unique site in
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the plasmid and preferably producing a blunt end (Fig. 12.3). For poly-A

selective transcriptomes, a poly-A tail can be included in custom synthesized

templates between the RNA polymerase promoter and the internal standard

sequence. Whether using commercially available plasmids or custom syn-

thesized internal standard templates, sequences should first be analyzed

against relevant databases to identify regions of homology that could inter-

fere with unambiguous identification of the standard in the sequence library.

Template size is also an important consideration because downstream

processing steps during RNA processing and library preparation can lead

to biases in the size of transcripts recovered. Based on addition of the six stan-

dards shown in Fig. 12.2 (representing two variations in base composition

for each of three sizes: 200, 500, and 1000 nt), recovery efficiency in the

sequence library was several orders of magnitude lower for the 200 nt

mRNA standards compared to the others (Fig. 12.2). However, the dupli-

cate standards at each size were recovered with nearly identical efficiencies,

indicating that base composition is not an important factor in standard

Internal standard sequence

Internal standard insert

T7 Promoter

lacZ

lacZ

bla (Amp) rep (pMB1)

Pmel

Internal standard inserted into pUC57-Amp

pUC57 vector

pUC57 Vector

Figure 12.3 Genetic construct for in vitro transcription of a synthetic mRNA
internal standard.
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recovery. For the sequence data represented in Fig. 12.2, steps in the RNA

isolation, purification, and amplification relied on solid-phase extraction,

while Illumina library preparation included cDNA shearing and size selec-

tion (225 bp target size), all of which could lead to size bias for both artificial

and natural mRNAs. Other extraction and library preparation methods may

result in different size biases, but it is not straightforward to correct for size

biases as transcript length depends on operon structure rather than individual

gene length. Nonetheless, an internal standard can be selected that approx-

imates the average size of the natural nucleic acid molecules being targeted

(i.e., genomic DNA standards for metagenomes and artificial mRNAs of

typical gene length for metatranscriptomes).

4. mRNA STANDARD PREPARATION

4.1. Required materials
• Equipment: 4 �C microcentrifuge, 10-, 20-, 200-, and 1000-mL

pipettes, water bath, 37 �C shaking incubator, thermocycler, gel

electrophoresis equipment and reagents, microfluidic electrophoresis

instrument or fluorometry-based instrument for measuring nucleic

acid concentration.

• Media: LB agar, LB agarþ ampicillin (100 mg/mL final concentration),

LB medium, LB mediumþ ampicillin (100 mg/mL final concentration),

SOC medium (2% tryptone, 0.5% yeast extract, 10 mM sodium chlo-

ride, 2.5 mM potassium chloride, 10 mM magnesium chloride,

10 mM magnesium sulfate, 20 mM glucose).

• Bacterial cell line: One Shot® Top10 Chemically Competent Escherichia

coli (Life Technologies, Grand Island, NY).

• Template DNA: Custom synthesized DNA template (T7RNA polymer-

ase promoter, internal standard sequence, unique restriction site) inserted

into a plasmid.

• Restriction digest and end repair: Restriction enzyme matching unique

restriction site and corresponding buffers, mung bean nuclease for end

repair on digests that do not produce blunt ends.

• Commercially available kits: Ambion MEGAscript® T7 Kit (Life Technol-

ogies), Quant-iT™ RiboGreen® RNA Assay Kit (Life Technologies),

miniPrep plasmid extraction kit.

• Other reagents: phenol:chloroform:isoamyl alcohol (24:24:1, pH �7),

citrate-saturated phenol:chloroform:isoamyl alcohol (24:24:1, pH 4.7),
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sterile 2-propanol, ice cold 70% ethanol, nuclease-free 3 M sodium ace-

tate, nuclease-free TE buffer, sterilized 100% glycerol; 1% agarose gel,

nuclease-free water, RNaseZap® (Life Technologies).

• Disposables: nuclease-free 10-, 20-, 200-, and 1000-mL filter tips,

nuclease-free PCR tubes, nuclease-free microcentrifuge tubes, gloves.

4.2. Plasmid amplification and stock preparation
4.2.1 Resuspension of plasmid DNA
If beginning with lyophilized plasmid DNA, spin briefly to ensure the con-

tents are at the bottom of the tube. Resuspend the plasmid DNA in a volume

of TE buffer to produce a stock concentration of 0.1 mg/mL. To prepare a

working solution, add 1 mL of the stock solution to 99 mL of nuclease-free

water to produce a final concentration of 1 ng/mL. The resuspended plasmid

DNA can be stored at �20 �C.

4.2.2 Chemical transformation of plasmid into Top10 E. coli cells
Prior to beginning the transformation, ensure that all required media are

prepared and sterilized. Place frozen competent cells and a prelabeled tube

on ice. Prewarm a hot water bath to 42 �C. To a tube on ice, add 2 mL of

(�2 ng) the plasmid working solution to 100 mL of thawed competent cells

and flick the tube gently to mix. Incubate the mixture for 30 min on ice,

then heat shock in the 42 �C hot water bath for 45 s. Immediately place

the tube on ice for 2 min and then add 500 mL of SOC or LB liquid medium

to the tube and incubate at 37 �C for 1 h with shaking (�225 rpm). During

this time prewarm LB-Amp agar plates in a 37 �C incubator. From the tube,

pipet and spread 10, 100, and 200 mL on three separate LB-Amp agar plates.

Place the plates upside down in a 37 �C incubator for 12–24 h. Following

incubation, inoculate a single, well-isolated colony from one of the plates

and place into 5-mL LB-Amp media. Grow the liquid culture at 37 �C for

�8 h with vigorous shaking (�300 rpm). Remove 850 mL of the starter cul-

ture and place into a 2-mL freezer vial with 150 mL of sterilized 100% glycerol,

mix thoroughly, and store at�80 �C. Towork from the frozen stocks, place a

loopful of stock into 10 mL of LB-Amp liquid medium and grow at 37 �C
with vigorous shaking (�300 rpm) for 12–16 h. Harvest cells by centrifuga-

tion at 6000� g for 15 min at 4 �C. Discard the supernatant and recover the

plasmid DNA using a commercially available plasmid mini-prep kit.

245Internal Standards for Meta-omics Analysis



4.3. Plasmid linearization and in vitro transcription
4.3.1 Linearization of plasmid template
Digest 2 mg of plasmid with restriction enzyme targeting the site at the end of

the template sequence according to the restriction enzyme protocol. Sticky

ends created by nonblunt-end cutting enzymes should be removed using

mung bean nuclease. After digestion and end repair, bring the reaction to

100 mL by adding TE buffer, add 100 mL of phenol:chloroform:isoamyl alco-

hol (25:24:1, pH �7), and mix by vortexing. Spin the mixture for 5 min at

12,000� g in a microcentrifuge. Transfer the aqueous phase to a new tube and

add 0.1 volumes (�10 mL) of 3M sodium acetate and 0.7 volumes (�70 mL)
of isopropanol to the tube. Mix thoroughly and incubate for 10 min at room

temperature, and centrifuge for 30 min at 12,000� g at 4 �C. Discard super-
natant and wash pellet with 200 mL of ice cold 70% ethanol. Centrifuge for

5 min and discard the supernatant, being careful not to disturb the pellet.

Air-dry the pellet to remove residual ethanol before resuspending the pellet

in 5 mL of nuclease-free water. Transfer 2 mL of linearized plasmid into a

new tube and add 2 mL of nuclease-free water. Use 1 mL of the diluted sample

to check the concentration and analyze the remaining 3 mL on a 1% agarose

gel to check for complete digestion and the presence of a single-sized product.

Retain the 3 mL of undiluted DNA template for subsequent steps.

4.3.2 Synthesis and purification of mRNA internal standard
Synthesis of the internal standards from a template containing a T7 promoter

is completed through the use of an in vitro transcription reaction using the

Ambion MEGAscript® High Yield T7 Kit. In a 0.2-mL tube at room tem-

perature, combine 2 mL of ATP solution, 2 mL of CTP solution, 2 mL of

GTP solution, 2 mL of UTP solution, 2 mL of 10� reaction buffer, 1 mg of

linearized template DNA (up to 8 ml), and 2 mL of enzyme mix, and bring

the total reaction volume to 20 mL with nuclease-free water. Mix thoroughly

by flicking and incubate the mixture at 37 �C in a thermocycler with a heated

lid for 16 h. Degrade the plasmid DNA by adding 1 mL of Turbo DNAse to

the reaction tube and incubating for 15 min at 37 �C. Add 20 mL of citrate-

saturated (pH 4.7) phenol:chloroform:isoamyl alcohol (25:24:1) to the tube.

Vortex the mixture for 1 min and centrifuge for 2 min at 12,000� g to sep-

arate the phases. Transfer the upper aqueous phase to a fresh tube and add 1

volume of chloroform:isoamyl alcohol (24:1). Vortex the mixture for 1 min

and centrifuge for 2 min at 12,000� g. Transfer the upper aqueous phase to a

fresh tube and add 0.1 volumes of 3M sodium acetate and 0.7 volumes of iso-

propanol. Mix by vortexing and incubate for 10 min at room temperature and
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then centrifuge for 30 min at 4 �C.Carefully discard the supernatant andwash
the pellet with 200 mL of ice cold 70% ethanol. Centrifuge for 5 min and care-

fully remove the supernatant without disturbing the pellet. Air-dry the pellet

until no residual ethanol remains and resuspend the dried pellet in 50 mL of

nuclease-free water. Quantify the RNA fluorometrically using a Quant-

iT™ RiboGreen® RNA Assay Kit and check the transcript size using a

microfluidic electrophoresis instrument (e.g., Experion Automated Electro-

phoresis System, Agilent 2100 Bioanalyzer, or Agilent 2200 TapeStation).

Store the mRNA internal standard stock at �80 �C.

5. DNA STANDARD PREPARATION

5.1. Required materials
• Equipment: Refrigerator, small tube rocker, 65 �C water bath or oven,

fluorometry-based instrument for measuring nucleic acid concentration,

10-, 20-, 200-, and 1000-mL pipettes.

• Materials: Genomic DNA from a cultured, sequenced microbe unlikely

to be closely related to microbes in the natural community, for example,

T. thermophilus DSM7039 [HB27] genomic DNA (American Type

Culture Collection (ATCC), Manassas, VA).

• Commercially available kit: Quant-iT™ PicoGreen® dsDNA Assay Kit

(Life Technologies).

• Disposables: Sterile 10-, 20-, 200-, and 1000-mL filter tips, nuclease-free

microcentrifuge tubes, gloves.

5.2. Genomic standard stock preparation
• Resuspend the genomic DNA in a volume of nuclease-free water to

produce a stock concentration of 0.1 mg/mL following procedures rec-

ommended by ATCC. After rehydration incubate overnight at 4 �C
while rocking, and then incubate for 1 h at 65 �C. To prepare a working
solution, add 1 mL of the stock solution to 99 mL of nuclease-free water

to produce a final concentration of 1 ng/mL. Check the DNA concen-

tration of stocks fluorometrically using Quant-iT™ PicoGreen®

dsDNA Assay Kit. The genomic DNA can be stored at �20 �C.

6. INTERNAL STANDARD ADDITION

Internal standards should be incorporated into the sample in a known

amount just prior to RNA/DNA extraction. Prepare a tube with the desired

lysis solution and add a known number of internal standard copies/genomes
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to the prepared lysis tube prior to the addition of the sample. The goal is

to add an amount of internal standard sufficient for effective quantification in

the sequence dataset, but not so high as to dominate the reads. This amount

can be estimated from expected recovery of nucleic acids based on previous

experiencewith the sample type. For example, if 5 mgof totalRNA is expected

from an extraction, the addition of 25 ng of internal standard (0.5% of the

total RNA pool by weight) should be sufficient for a standard �1000 nt in

length. In our experience, a targeted�0.5% addition has resulted in standards

accounting for 0.1–5% of reads, depending on accuracy of our predicted

RNA yield. When working with multiple standards, each standard should

be added to the lysis tube independently in order to control for pipetting error.

7. INTERNAL STANDARD RECOVERIES
AND QUANTIFICATION

Following sequencing, the number of mRNA internal standards recov-

ered should be quantified by a BLASTn homology search for the template

sequence using a bit score cutoff of 50, equivalent to an average percent identity

of 98% in our analyses. The number of genomic internal standards should be

quantified by first using a BLASTn homology search against the reference

genome sequence to identify all potential standard reads, and subsequently tak-

ing any hits from the initial BLASTn homology search and performing a

BLASTx search against the RefSeq Protein database to identify all protein

encoding reads derived from the reference genome with a bit score cutoff of

40. The second annotation step against theRefSeq Protein database is necessary

for identification of the standard reads due to a high number of false positives

recruited by the BLASTn homology search. Following quantification, the

internal standards should be removed from the dataset before further processing.

8. DATASET NORMALIZATION USING
INTERNAL STANDARDS

8.1. Metatranscriptome normalization
Following identification of internal transcript standards, total transcript pool

size and individual transcript abundances can be calculated as follows:

Pa¼Ps�Sa

Ss
, Ta¼Ts�Pa

Ps
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Pa¼ total transcripts in the sample

Ps¼protein encoding reads in the transcriptome library

Sa¼molecules of internal standard added to the sample

Ss¼ internal standard reads in the sequence library

Ta¼ total molecules of any particular transcript type in the sample. This

value can be divided by the mass or volume of sample collected to

calculate the transcript abundance per volume or weight

Ts¼number of transcripts of interest in the sequence library

8.2. Metagenome normalization
Following identification of internal genome standards, community gene

pool size and individual gene abundances can be calculated as follows:

Sr ¼ SS

SP

Pg¼ Ps�Sa

Sr
, Ga ¼Gs�Pg

Ps

Sr¼no. of molecules of internal standard genome recovered

from sequencing

SS¼no. of protein encoding internal standard reads in the

sequence library

SP¼no. of protein encoding genes in the internal standard

reference genome

Pg¼ total no. of protein encoding genes in the sample

Ps¼no. of protein encoding sequences in the metagenome library

Sa¼no. of molecules of internal standard genome added to the sample

Ga¼no. of molecules of any particular gene category in the sample. This

can then be divided by the mass or volume of sample collected to calcu-

late the transcript abundance per volume or weight
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Abstract

Soil presents one of the most complex environments for microbial communities as it
provides many microhabitats that allow coexistence of thousands of species with
important ecosystem functions. These include biomass and nutrient cycling, minerali-
zation, and detoxification. Culture-independent DNA-based methods, such as meta-
genomics, have revealed operational taxonomic units that suggest a high diversity
of microbial species and associated functions in soil. An emerging but technically
challenging area to profile the functions of microorganisms and their activities is
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mRNA-based metatranscriptomics. Here, we describe issues and important consider-
ations of soil sample processing and cDNA preparation for metatranscriptomics from
bacteria and archaea and provide a set of methods that can be used in the required
experimental steps.

1. INTRODUCTION

Soils are considered to be among the most complex and dynamic eco-

systems on earth due to their compound structure, temporal variability, and

spatial heterogeneity (White, 2006). Soil physical, chemical, and biological

components enable the provision of various ecosystem services by fulfilling

essential roles, including filter and reservoir, structure, fertility, climate regu-

lation, resource and biodiversity conservation (Dominati, Patterson, &

Mackay, 2010; Pare & Bedard-Haughn, 2013; Pointing & Belnap, 2012;

Sheffield, Wood, & Roderick, 2012; Wohl et al., 2012). Soils are composed

of fluid (water and air) and solid (particles) phases which harbor an enormous

variety of macrofauna andmicrobes (Parker, 2010; Pulleman et al., 2012). Soil

microorganisms from amultitude of taxonomic groups are densely populating

soil environments and account for the majority of the diversity found in ter-

restrial ecosystems (Fierer et al., 2007). Thesemicrobes, together with the soil-

inhabiting macrofauna, play a crucial role in delivering some of the essential

ecosystem functions such as nutrient cycling, detoxification, and recycling of

wastes, as well as decomposition (Barrios, 2007; Bradford & Newington,

2002; Dominati et al., 2010; Lavelle et al., 2006).

The size and diversity of soil microbial communities have hampered soil

microbial ecology studies in comparison with communities from other envi-

ronments. One gram of soil is estimated to contain a density of 108 to 109 bac-

terial cells and between fewhundreds to 100,000microbial species (Berendsen,

Pieterse, & Bakker, 2012; Curtis, Sloan, & Scannell, 2002; Gans,Wolinsky, &

Dunbar,2005;Hughes,Hellmann,Ricketts,&Bohannan, 2002;Roeschet al.,

2007).Thisextraordinarilyhighdiversity is a consequenceof thevastnumberof

microhabitats generated within soil environments, which allow species coex-

istence and population persistence through resource partitioning (Ettema &

Wardle, 2002; Giller, 1996; Kassen, Llewellyn, & Rainey, 2004).

Functional redundancy has been increasingly reported to be a common

feature in microbial communities (Ferrer et al., 2013; Hesselsoe et al., 2009;

Rineau & Courty, 2011; Schimel & Schaeffer, 2012). Therefore,

development of strategies for conservation or use of soil ecosystem services is
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dependent on the understanding of the ongoingmicrobial functions. The larg-

est portion of soil microbial biomass is comprised of bacteria and archaea

(Hassink, Bouwman, Zwart, & Brussaard, 1993). However, only up to 1%

of these soil microorganisms can be cultured in standard laboratory growth

media (Amann, Ludwig, & Schleifer, 1995; McCaig, Grayston, Prosser, &

Glover, 2001; Pham& Kim, 2012). Culture-independent methods that allow

functional studies of soil communities have revolutionized our ability to inves-

tigate microbe-mediated soil ecosystem processes. Technical innovation,

increasing speed, and lowering costs of high-throughput parallel sequencing

platforms have made possible to assess microbial genomes much more deeply

and comprehensively than ever before (Metzker, 2010; Shokralla, Spall,

Gibson, & Hajibabaei, 2012). The functional investigation of microbial

genomes in environmentalDNA (also known asmetagenomics) has been pro-

viding valuable insights into the potential functions and processes in a given

environment (Delmont et al., 2012; Fierer et al., 2012; Kakirde, Parsley, &

Liles, 2010; Liang et al., 2011; Uroz et al., 2013). However, extracellular

DNA is not as accessible to nucleases since it can be adsorbed on soil particles

and colloids, which maintain its integrity for long periods (Pietramellara et al.,

2009). For this reason, DNA-based approaches most probably do not provide

an accurate snapshot of the microbial activities which are taking place at the

moment of the sampling. To obtain such information, metatranscriptomic

approaches,whichcompareRNAtranscript levels betweensamples, havebeen

developed.However, due to the challenges imposed by the complex nature of

soil samples, there has been a slow progress in comprehensive investigations of

soil environments through metatranscriptomic approaches (Carvalhais,

Dennis, Tyson, & Schenk, 2012; Damon et al., 2011, 2012; de Menezes,

Clipson, & Doyle, 2012). Here, we describe issues and important consider-

ations associated to soil sample processing and cDNA preparation for meta-

transcriptomic approaches and provide a compilation of methods that can be

used in the associated steps.

2. WORKING WITH RNA

2.1. RNase and alien DNA-free working environment
RNA molecules are considerably more prone to degradation than DNA

molecules, both chemically and enzymatically, and therefore have to be han-

dled with care. The reasons for that are (1) the higher susceptibility of

RNA’s 20-hydroxyl group to base-catalyzed hydrolysis in the ribose unit

and (2) RNases are ubiquitous and very stable. Moreover, in bacterial
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and archaeal cells, simultaneous transcription and translation generate frag-

mented mRNA (Proshkin, Rahmouni, Mironov, & Nudler, 2010), and

there is no addition of a poly(A) tail to the transcript for stabilization

(Dreyfus & Regnier, 2002). In metatranscriptomic approaches, RNA deg-

radation and contamination with alien DNA during sampling and RNA

extraction should be avoided as some of the key steps are greatly affected

when RNA is not intact and pure. All materials, plasticware, and glassware

should then be decontaminated for RNases and alien DNA. Bench and table

surfaces, as well as centrifuge rotors, spatulas, and pipette barrels should be

wiped with a DNA andRNase surface decontaminant solution (e.g., RNase

AWAY™ Reagent and RNaseZAP®, Ambion, Austin, TX, USA; RNase

AWAY®, St. Louis, MO, USA; RNase AWAY Spray Bottle, Molecular

BioProducts, San Diego, CA, USA). Certified RNase/DNA-free dispos-

able plastic tubes, filter tips, and ultra-pure water can be purchased from a

range of vendors, and glassware should be treated and solutions prepared

with diethyl pyrocarbonate-treated water.

An overview of the main steps involved in the preparation of cDNA

from soil is depicted in Fig. 13.1, each of which is described in detail below.

3. SAMPLING

Sampling is the first critical step especially for metatranscriptomic

approaches. Due to the short half-life of mRNAs, which typically range

from seconds to minutes (Deutscher, 2006), transcriptional profiles can be

Figure 13.1 Overview of the main steps involved in the preparation of cDNA from soil.
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significantly altered by handling during sampling. Preferably, the collection

of each sample should not take longer than a few minutes and should be

made consistent between samples as well as between experiments to be com-

pared. As soon as soil samples are collected, it is then essential to either store

them in an RNA preservation solution (e.g. LifeGuard™ Soil Preservation

Solution, MO BIO Laboratories Inc., Carlsbad, CA) or use liquid nitrogen

to snap-freeze samples. In case further processing does not occur immedi-

ately after collection, soil samples should be stored at �70 �C or lower to

prevent RNA degradation. Sieving of soil samples collected from natural

environments is often used to remove large organic debris, rocks, and fine

roots (mesh size 2 mm) (Bailly et al., 2007). However, ideally it should be

done immediately before weighing the soil for total RNA extraction, there-

fore after the soil has been stored in a soil RNA preservation solution (and

the sieve should also be wiped with a DNA and RNase surface deco-

ntaminant solution). If samples were stored at �70 �C without a soil pres-

ervation solution, sieving is not recommended after thawing as RNA

degradation is likely to occur at room temperature. To avoid the same prob-

lemwhen weighing the soil immediately before RNA isolation, samples can

be weighed while still frozen. A spatula can be used to scrape the surface of

the frozen soil to obtain the desired amount. However, the soil should have

been mixed thoroughly prior to being frozen to homogenize the sample.

When the soil is mixed to a lysis solution, the RNA is relatively stable,

but the lysis buffer should come into immediate contact with all parts of

the soil. Alternatively, if the experiment will be conducted under controlled

conditions, such as using pot experiments in growth chambers/greenhouses,

sieving should be done before starting the experiment, unless results can be

affected by it depending on the purpose of the experiment. Another way to

extract RNA from soil is to first isolate water-suspendable microbes from

soil at the site of collection by (1) adding phosphate-buffered saline (PBS)

to suspend microbes, (2) letting soil debris settle, and (3) centrifuging the

remaining liquid to recover a microbial pellet that can then be frozen and

stored at �70 �C (McGrath et al., 2008). This method also allows concen-

tration of soil microbes (see below).

4. RNA EXTRACTION OF COMPLEX SOIL COMMUNITIES

The main problems encountered during RNA isolation procedures

are RNA adsorption to soil particles, presence of RNases, incomplete cell

lysis, and coextraction of complex organic molecules that inhibit
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amplification steps by limiting template availability (Arbeli & Fuentes, 2007;

Opel, Chung, &McCord, 2010). A number of different methods have been

used for RNA extraction, including enzymatic lysis (Moran, Torsvik,

Torsvik, &Hodson, 1993; Zhou, Bruns, & Tiedje, 1996), microwave-based

rupture (Orsini &Romano-Spica, 2001), and liquid nitrogen grinding (Hurt

et al., 2001; Volossiouk, Robb, & Nazar, 1995). However, bead-beating

appears to be the most efficient to circumvent the issue of RNA adsorption

to soil particles and cell lysis (Lakay, Botha, & Prior, 2007), and therefore it is

the most commonly used method nowadays. Several RNA extraction kits

are commercially available, including the RNA PowerSoil® Total RNA

Isolation Kit (currently the most commonly used; MoBio Laboratories

Inc., Carlsbad, CA, USA), the Soil Total RNA Purification kit (Thorold,

Canada), ZR Soil/Fecal RNA MicroPrep™ (Irvine, CA, USA),

E.Z.N.A.® Soil RNA kit (Omega Bio-tek, Norcross, GA, USA), all based

on bead-beating. A widely used method was suggested by Griffiths,

Whiteley, O’Donnell, and Bailey (2000), which is based on bead-beating

with an extraction buffer containing hexadecyltrimethylammonium bro-

mide (CTAB) and phenol–chlorophorm–isoamyl alcohol (25:24:1),

followed by repeated centrifugation steps and precipitation of the aqueous

supernatant with 1.6M NaCl mixed with 2 volumes of 30% polyethylene

glycol 6000 (Griffiths et al., 2000). Another bead-beating-based method

includes 1% SDS, 2 M guanidine isothiocyanate, and b-mercaptoethanol

in the extraction buffer and the precipitation solution contains Na-acetate

and ethanol for total nucleic acid precipitation and isopropanol for RNA

precipitation after DNase I treatment (Bailly et al., 2007).

5. ASSESSING RNA QUALITY AND QUANTITY

High RNA quality typically denotes features such as high purity and

integrity. Ultraviolet–visible spectrophotometry has been traditionally used

to assess quality as well as quantity by the measurement of optical density

(OD) mainly at two wave lengths: 260 and 280 nm, which is specific for

nucleic acids and proteins, respectively. Ideally, OD 260/280 ratios of an

RNA extract should reach 1.8 or greater (Manchester, 1996). This ratio will

be lowered in the presence of absorbing contaminants at 280 nm such as

proteins (Gallagher, 2011). However, this method is not accurate as over-

estimations often occur due to the presence of contaminating molecules that

absorb radiation at similar wavelengths. Another spectrometric instrument
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that requires very low sample volumes and no cuvettes is the NanoDrop

(ND-3300, NanoDrop Technologies, USA). A combination of spectromet-

ric approach which allows determining purity and a method that includes a

RNA-specific fluorescent dye (e.g., RNA RiboGreen dye, Molecular Pro-

bes, Invitrogen, or Qubit® 2.0 Fluorometer, Life Technologies Corp.,

Carlsbad, CA, USA) is recommended for most downstream analysis as it

provides a more sensitive quantification especially for RNA samples with

low concentration (Fleige & Pfaffl, 2006).

Ethidium bromide (EtBr)-stained denaturing agarose gel electrophoresis

is the most commonly used method to assess RNA integrity (Fleige & Pfaffl,

2006). Usually two bands corresponding to the largest RNA subunits are

visible and should be clear and distinct as well as no smear should be detected

along the lane. For RNA with high integrity, the band brightness ratio

between the two largest RNA bands should be 2 or higher (23S/16S and

28S/18S for bacteria/archaea and eukaryotes, respectively). However, this

approach is observer subjective and high RNA quantities (�200 ng) are

needed for visualization using EtBr, which depending on the RNA source

can be difficult to obtain. More sensitive stains are available, including

SYBR® Green II and SYBR® Gold (Molecular Probes, Eugene, OR,

EUA); both each require just 2 and 1 ng of RNA on the gel, respectively.

Two very sensitive microfluidics-based technologies can be used to assess

RNA quality and quantity, the Experion (Bio-Rad Laboratories Inc.,

Hercules, CA, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies,

Palo Alto, CA, USA). Both on-chip capillary electrophoresis methods

require a very small amount of RNA (at picogram levels for both Agilent

RNA 6000 Pico chip and Experion RNA HighSens used in the Agilent

2100 Bioanalyzer and Experion, respectively).

RNA sizes and amounts are estimated in comparison to an RNA ladder

(Fleige & Pfaffl, 2006). As mentioned above, ratios close to 2 (23S/16S for

bacteria and archaea and 28S/18S for eukaryotes) of the obtained electro-

pherogram usually depict the highest RNA integrities. In addition, a model

has been developed by Agilent Technologies (Palo Alto, CA, USA) for clas-

sifying RNA samples according to its integrity (Schroeder et al., 2006). This

model provides a RNA integrity number (RIN) that is calculated using fea-

tures of various regions of the obtained electropherogram and ranges from 1

to 10. RIN values close to 10 signify high RNA integrity and 1 low. For

samples to be used in metatranscriptomic approaches, it is typically rec-

ommended an RIN of 8 or higher.
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6. SOIL SAMPLES WITH LOW MICROBIAL BIOMASS

Soils with low microbial biomass typically provide low RNA yields

and may require that microbial cells are enriched in the soil sample before

starting theRNA extraction. Especially when soil quantities are not limiting,

starting with bigger amounts from what is usually required (e.g., 20 g instead

of 2 g) captures a more representative sample of the heterogeneity that is typ-

ical of soil. An example of such a procedure has been reported previously

(McGrath et al., 2008). In brief, an amount of 20 g of soil and 20 mL of

PBS (137 mM NaCl, 10 mM phosphate, 2.7 mM KCl, pH 7.4) or saline

(0.85% NaCl) is added to a 50-mL tube, and after shaking it vigorously

for approximately 20 s to homogenize the sample, bigger particles are

allowed to decant for 10 s and the supernatant is subsequently transferred

into microcentrifuge tubes which are then centrifuged for 2 min

(14,000� g) to recover the microbe-enriched pellet. After discarding the

supernatant, this pellet should be snap frozen and stored at �70 �C or less.

To avoid RNA degradation or changes in RNA profiles during transport

from soil collection sites, these steps can be done on site by running the

microcentrifuge from a car battery and maintaining the tubes in a 1:1 mix-

ture of equal ratio of ice and sodium chloride (if well crushed and mixed, the

temperature can go down to �10 �C, which is more suitable than room

temperature). Dry ice would be obviously the best way of transporting

the samples; however, it may not be easily available for purchase in remote

experimental sites.

7. REMOVING INHIBITORS

Specific methods have been developed and were shown to overcome

the issue of RNA coprecipitation with humic and fulvic acids, which inhibit

several enzymatically catalyzed processes used in molecular biology. Such

methods include addition of chemicals that adsorb polyvinylpolypyrolidone

(Rajendhran & Gunasekaran, 2008), adsorption with powered activated

charcoal (Desai & Madamwar, 2007), isolation of extracted nucleic acids

by CaCl2 (Sagova-Mareckova et al., 2008), precipitation with aluminum

sulfate prior to cell lysis (Persoh, Theuerl, Buscot, & Rambold, 2008),

extraction of RNA at pH 5.0 followed by purification using Q-Sepharose

columns supplemented with CTAB and vitamins (Mettel, Kim,

Shrestha, & Liesack, 2010), and pretreatment of soils with CaCO3
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(Sagova-Mareckova et al., 2008). The PowerMicrobiome™RNA Isolation

kit (MoBio Laboratories Inc., Carlsbad, CA, USA) has been especially

designed for samples with high content of PCR inhibitors. If presence of

inhibitors is still detected after RNA isolation, commercial kits are available

for cleaning environmental RNA samples, such as RNeasy MinElute

Cleanup kit (Qiagen, Valencia, CA, USA), NucleoSpin RNA Clean-up

XS (Macherey-Nagel, Dueren, Germany), RNA Clean-Up and Concen-

tration kit (Norgen Biotek Corp., Thorold, ON, Canada), and OneStep™
PCR Inhibitor Removal Kit (Zymo Research Corporation, Irvine,

CA, USA).

8. rRNA SUBTRACTION/mRNA ENRICHMENT

Only a small fraction of the total RNA (up to 5%) is composed of mes-

sengerRNA(mRNA),which is theRNAtype thatmostmetatranscriptomic

approaches focus on. To maximize the mRNA sequencing coverage, it is

then essential to perform an mRNA enrichment step. For this purpose, a

number of methods have been developed. A summary of rRNA subtraction

methods are presented in Table 13.1 and discussed in more detail in the

sections below.

8.1. Subtractive hybridization
This technique involves the subtraction of a specific set of nucleic acids (in

this case rRNA) from a reference sample (total RNA) using probes with

Table 13.1 Currently available rRNA subtraction methods from samples containing
total RNA
rRNA subtraction methods Source references/kits

Subtractive hybridization Stewart, Ottesen, and DeLong

(2010); MICROBExpress Bacterial

mRNA Enrichment (Ambion);

Ribo-Zero Magnetic kit (Epicentre)

Exonuclease treatment mRNA-only™ Prokaryotic mRNA

Isolation kit (Epicentre)

Combination of subtractive hybridization

and exonuclease treatment

Mettel et al. (2010), He et al. (2010)

Size separation by gel electrophoresis McGrath et al. (2008)
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sequences that are complementary to the set to be subtracted (rRNA) (Pang

et al., 2004; Su & Sordillo, 1998; Winstanley, 1998). rRNA can be partially

subtracted by the commercial kits MICROBExpress Bacterial mRNA

Enrichment (Ambion, Austin, TX, USA) and Ribo-Zero Magnetic kit

(Bacteria) (Epicentre, Madison, WI, USA) through capture 16S and 23S

binding oligonucleotides immobilized on magnetic microbeads. However,

insufficient complementarity of capture probes in the kit may affect the effi-

ciency of rRNA removal. An rRNA subtraction hybridization protocol

includes sample-specific biotinylated rRNA capture probes (Stewart

et al., 2010). Briefly, microbial community DNA is isolated simultaneously

with RNA and is used as PCR template with universal primers to amplify

genes encoding the large ribosomal subunits of bacteria, archaea, and

eukaryotes. The T7 RNA polymerase promoter sequence is added to the

reverse primer. In vitro transcription is then used to produce biotinylated

antisense rRNA probes from the ribosomal amplicons. After the comple-

mentary rRNA molecules present in the total RNA hybridize to the bio-

tinylated probes, streptavidin-coated magnetic beads are then used to

remove biotinylated double-stranded rRNA. In addition to being sample

specific and therefore more likely to target a broader spectrum of rRNA

molecules, another advantage of this method is that, unlike most available

commercial kits, archaeal and eukaryotic DNA can also be subtracted (also

see Chapter 10).

8.2. Exonuclease treatment
This method is based on a 50-phosphate-dependent exonuclease that

degrades only RNA molecules that possess a 50-monophosphate, such as

most bacterial rRNAs. The commercial mRNA-only™ Prokaryotic

mRNA Isolation kit (Epicentre, Madison, WI, USA) uses this principle

to provide mRNA enriched samples. Yet, the subtraction hybridization

method has been shown to be more efficient in enriching for mRNA from

soil samples when compared with exonuclease treatment (Mettel et al.,

2010). This is believed to occur because soil-derived total RNA is likely

to possess residual humic acids, which are known to inhibit a number of

enzymatic activities (Allison, 2006). Nevertheless, for approaches that target

unprocessed mRNA, it has been suggested that exonuclease treatment may

be used after subtraction hybridization (Mettel et al., 2010).

Another study systematically compared the two rRNA subtraction

methods described above to validate their fidelity and effectiveness using
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high-throughput metatranscriptome sequencing. Relative transcript abun-

dances contained the least bias when subtractive hybridization only was

used, followed by exonuclease only, and lastly by combinations of these

treatments (He et al., 2010).

8.3. Size separation by gel electrophoresis
This method is among the ones that involve the least sample processing after

RNA isolation (e.g., reverse transcription and in vitro transcription followed

by cleaning up) but requires fairly large amounts of total RNA (McGrath

et al., 2008). Total RNA is applied on a 1.5% TAE (40 mM Tris-base;

20 mM acetic acid; 1 mM ethylene diamine tetraacetic acid, pH 8.0) agarose

gel, which is then run for 45 min at 100 V. Regions containing mRNA

along lanes between the 23S, 16S, and 5S bands are identified using a UV

transilluminator, and subsequently excised and purified using the Wizard

SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA).

Although, mRNA that has the same size as the 23S, 16S, and 5S rRNA

bands are possibly missed out, it is likely to be present in various sizes in

the excised regions. This is because fragmented RNA is inevitably generated

by simultaneous transcription and translation in archaeal and bacterial cells

(Proshkin et al., 2010).

9. mRNA AMPLIFICATION

To obtain sufficient amounts of mRNA from soils for downstream

applications on metatranscriptomic approaches can be challenging, espe-

cially for rhizosphere samples. A way to circumvent this problem is to

amplify the obtained mRNA. Because bacterial mRNA is not naturally

polyadenylated, the direct use of oligo(dT) primers after cDNA synthesis

is not an option. Several commercial kits are available for mRNA amplifi-

cation, including the MessageAmp II-Bacteria RNA Amplification

(Ambion, Austin, Texas), ExpressArt Bacterial mRNA amplification Nano

kit (Amsbio, Abingdon, UK), and illustra GenomiPhi HY DNA Amplifica-

tion (GEHealthcare,Milwaukee,WI) kits. Themost commonly used kit for

mRNA amplification in environmental metatranscriptomic studies is the

MessageAmp II-Bacteria RNA Amplification kit (Frias-Lopez et al.,

2008; Gosalbes et al., 2011; Poretsky et al., 2009; Stewart, Ulloa, &

DeLong, 2012). The methods involved usually start with the poly-

adenylation of the 30-end of the total RNA with the E. coli Poly(A)
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Polymerase, which is subsequently reverse transcribed into a first-strand

cDNA with an oligo(dT) primer. A T7 promoter sequence and a restriction

enzyme (BpmI) recognition site can be included in the primer sequence for

later removal of the tails introduced by the oligo(dT) primer (T7-BpmI-

(dT)16VN oligo) (Frias-Lopez et al., 2008). The second strand of the cDNA

is subsequently synthesized with a DNA polymerase and RNase H, which

degrade the remaining RNA. After a purification step to remove RNA,

primers, and enzymes, double-stranded cDNA is then used as templates

for in vitro transcription by the T7 RNA polymerase. This enzyme generates

high quantities of antisense RNA, which should then be cleaned up

before cDNA synthesis. Initial RNA amounts for in vitro transcription

can include a minimum of 10 and 100 ng for mRNA or total RNA, respec-

tively. However, a 14 h incubation time is strongly recommended during

in vitro transcription when minimum initial amounts are used. A range of

commercial kits based on silica-membrane technology are available for

RNA cleanup, including the RNA Clean & Concentrator (Zymo

Research, Irvine, CA, USA), GeneJET RNA Cleanup and Concentration

Micro Kit (Thermo Scientific, Rockford, IL, USA), NucleoSpin RNA

Clean-up (Macherey-Nagel, Dueren, Germany), and RNeasy MinElute

Cleanup kit (Qiagen, Valencia, CA, USA). The last one seems to be the

most commonly used.

10. cDNA SYNTHESIS

The enzymatic synthesis of cDNA from mRNA requires, among

other reagents, two key components: reverse transcriptase and oligonucle-

otides (hexamers and oligo-dT). Although enzymes and primers can be

bought separately, a number of commercial kits containing all necessary

reagents can be purchased, such as SuperScript III Double-Stranded cDNA

Synthesis Kit (Life Technologies, Carlsbad, CA, USA), Maxima H Minus

Double-Stranded cDNA Synthesis Kit (Thermo Scientific, Hudson, NH,

USA), or cDNA Synthesis System (Roche Applied Science, Mannheim,

Germany). A final digestion with BpmI should then be performed to remove

the introduced poly(A) tails, and after purification, the sample is ready to be

sent for high-throughput sequencing. Although some metatranscriptomic

approaches using soil samples used the traditional cDNA plasmid libraries

as templates for sequencing (Bailly et al., 2007; Damon et al., 2012;

Takasaki et al., 2013), this method has been rapidly superseded by

high-throughput parallel sequencing, as it delivers a much greater output

of reads.
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11. CURRENT STATE AND FUTURE PROSPECTS

The access to metatranscriptomic approaches is still limited to labora-

tories that can afford the high costs of various commercial kits which are

needed for most of the steps involved, as well as high-throughput sequenc-

ing necessary to compare transcript levels between samples with reasonable

depth. Although sequencing technologies have become cheaper and been

increasingly improved to deliver higher outputs, they are still costly.

Another major constraint is data analysis, which requires high computational

power, as well as skills in bioinformatics, as most softwares are still being

developed or often are not user-friendly at the current stage.

Undoubtedly, soil metatranscriptomic analyses have great potential to

deepen our understanding of microbial functions in the soil and help devel-

oping strategies to tackle problems associated with soil fertility and pollution,

crop yield, global warming, biodiversity, ecosystem function as well as plant

diseases. A few studies using soilmetatranscriptomics reported interesting find-

ings in these matters. For example, a combined metagenomic and meta-

transcriptomic approach assessed the potential and actual microbial

functions involved in soil organic carbon degradation in Antarctic permafrost

peatlands (Tveit, Schwacke, Svenning, & Urich, 2013). These environments

can contribute to greater emissions of methane and carbon dioxide, and there-

fore to global warming. Another recent study profiled metabolic microbial

processes involved in responses of soil microbial communities to the priority

pollutant phenanthrene (deMenezes et al., 2012). Other approaches identified

the predominant enzymes expressed in forest soils by eukaryotes as well as a

novel fungal family of oligopeptide transporters (Damon et al., 2011,

2012). In addition, evolutionary patterns were revealed bymicrobial transcript

levels in different environments including forest soils. Microbial gene expres-

sion levels were inversely related to evolutionary rates in natural environments

(Stewart, Sharma, Bryant, Eppley, & DeLong, 2011). In conclusion, it is clear

that the application of metatranscriptomic approaches in soil environments is

still in its infancy and a lot more studies are certainly on the way as technical

and analytical challenges are being overcome.
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Abstract

Advances in tandem mass spectrometry (tandem MS) and sequencing have enabled
the field of community proteomics, which seeks to identify expressed proteins, their
sequence variability, and the physiological responses of organisms to variable environ-
mental conditions. Bottom-up tandem MS-based community proteomic approaches
generate fragmentation spectra from peptides. Fragmentation spectra are then
searched against genomic or metagenomic databases to deduce the amino acid
sequences of peptides, providing positive identifications for proteins. Marine commu-
nity proteomic studies have verified the importance of nutrient transport, energy gen-
eration, and carbon fixation functions in bacteria and archaea and revealed spatial and
temporal shifts in the expressed functions of communities. Here, we discuss sample
collection, preparation, and processing methods for planktonic tandem MS-based
community proteomics.
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1. INTRODUCTION

Proteomics can verify genomic potential, confirm gene regulation,

inform sequence variability, and provide information about the specific

activities of proteins that have been posttranslationally modified. Here,

we provide information for microbial ecologists interested in planktonic

sample collection and processing for tandem MS-based community prote-

omics. Sections in this chapter discuss key concepts to consider when con-

ducting a planktonic community proteomics study and provide protocols

that we have used to identify the expressed functions of marine bacteria

and archaea.

Tandem mass spectrometry (tandem MS)-based community proteomic

studies have revealed the expressed functions of microorganisms from

diverse environments. They have been applied to the microbial inhabitants

of low diversity environments including acid-mine drainage, wastewater

sludge, sponge symbiont, and anaerobic reductive dechlorinating microbial

communities (Liu, Fan, Zhong, Kjelleberg, & Thomas, 2012; Lo et al.,

2007; Morris et al., 2007; Mueller et al., 2011; Ram et al., 2005; Wilmes

et al., 2008), as well as more complex microbial communities in oceans,

lakes, and the human microbiome (Chen, Ryu, Gharib, Goodlett, &

Schnapp, 2008; Giovannoni et al., 2005; Lauro et al., 2011; Morris et al.,

2010; Sowell et al., 2011, 2009; Teeling et al., 2012; Williams et al., 2012).

Tandem MS-based community proteomic studies targeting marine bac-

teria and archaea have identified key functions expressed by communities in

the North Atlantic, South Atlantic, North Pacific, North Sea, and Southern

Ocean. Sowell and colleagues verified the importance of phosphate trans-

porters in the Sargasso Sea, and transporters for amino acids, taurine, and

polyamines in coastal upwelling waters off the Oregon Coast (Sowell

et al., 2009, 2011). Morris et al. identified functional shifts along basin-scale

gradients in nutrients, chlorophyll, and dissolved organic matter in the South

Atlantic gyre and Benguela upwelling system. In addition, proteomics rev-

ealed the ocean-wide importance of TonB-dependent transporters in bac-

teria and archaea (Morris et al., 2010). Williams et al. reported the

importance of chemolithoautotrophic carbon fixation in winter surface

waters from the Antarctic (Williams et al., 2012) and Teeling et al. reported

the importance of substrate-controlled succession in bacteria and archaea

communities from the North Sea (Teeling et al., 2012). Although the

potential for some of these processes had been recognized in metagenome
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sequence data, a functional approach like proteomics was needed to move

from prediction to in situ verification. This is critical in ecology because not

all genes are transcribed and not all transcripts are translated under the same

conditions.

2. SAMPLE COLLECTION

Because marine bacteria and archaea are present in seawater at rela-

tively low concentrations, it is important that cells are collected and stored

as efficiently as possible. We recommend isolating microbial samples for tan-

demMS-based proteomic analyses within 1–3 h of collection (filtration start

to finish). There are several key decisions to make prior to sample collection

(Fig. 14.1). Start by identifying target organisms and target proteins. Con-

sider the following: (1) location and size fraction of target organisms, (2)

abundance of target organisms, and (3) availability of genomic sequence data

from target organisms. Careful consideration of each of these points will sig-

nificantly increase the number of proteins identified, while reducing the

number of tandem MS runs needed to identify target proteins, thereby

reducing cost. Water collection and filtration methods are therefore critical

because they ultimately determine whether or not there is enough biomass

to proceed. Both conventional and tangential flow filtration (TFF) methods

have been used successfully to collect bacteria and archaea for proteomic

analyses (Morris et al., 2010; Teeling et al., 2012).

With conventional filtration, seawater is passed through a membrane and

particles are trapped in, or on, the filter. The main advantage of conventional

filtrations is that in situ pumps can be used to collect samples with little sample

handling in the laboratory. This can be done using the Large Volume Water

Transfer System made by McLANE research laboratories, inc. (East Fal-

mouth,MA). The disadvantage of a conventional filtrationmethod is that bio-

fouling occurs as a filter cake forms, blocking the flow of sample. It is also

important to consider the location of target proteins because cells are often

embedded in filters, and it can be difficult to extract membrane proteins.

Larger volume samples can be processed by reducing pump flow rates

(<1 L/min) and by carefully selecting prefilters to remove unwanted organ-

isms that will contaminate the system and dilute the target proteins (Fig. 14.1).

With TFF the majority of seawater travels tangentially across the surface

of the filter rather than into the filter. The advantage of this method is that

cells are washed away from the filter surface, increasing the length of time

that a filter can operate. This allows filters with much smaller pore sizes
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to be used. Cells, viruses, and proteins from larger volumes of seawater can be

concentrated at the same time. Concentrated samples are stored in solution

and later pelleted by centrifugation. The main disadvantage of TFF is that rel-

atively large volumes of water (50–400 L) have to be collected and processed

in the laboratory. Here, we outline a detailed protocol for community pro-

teomics of planktonic bacteria and archaea using a TFF system (Fig. 14.1).

2.1. Sampling for planktonic community proteomics
This protocol is for concentrating bacteria and archaea for tandemMS-based

proteomic analyses using TFF. This system has been used successfully to col-

lect planktonic marine samples for community proteomic analyses from 200 L

Prefilter
sample 1

Prefilter
sample 1

50–100L

Final filter
sample 2

Pump

TFF

Retentate
sample 2

Permeate

Feed

Tangential flow
filtration (TFF)

Conventional
filtration

Sample 1: >1.5 mm

Sample 2: 30 kDa to 1.5 mm
 in 100–200 mL of retentate

Sample 1: >1.5 mm

Sample 2: 0.2–1.5 mm

60 mL HDPE
bottles

1. Collection (in situ pump or carboy)
    50–100L for copiotrophic samples
    100–200L for oligotrophic samples
    200L x 2 for mesopelagic (>200m) samples
2. Filtration (conventional or tangential)
    Conventional filtration is ideal for in situ pumps
    Tangential is ideal for targeted proteomics
    Either method will work for metaprteomics
3. Organism fractionation (size class of interest)
    30 kDa to include bacterioplankton and viruses
    0.2 mm to collect bacteria and archaea 
    0.7 mm to remove larger Eukaryotes
    1.5 mm to avoid removing larger bacteria

Key considerations

Concentrate biomass by
centrifugation

Figure 14.1 Sample collection flowchart for tandemMS-based community proteomics.
Both conventional and tangential flow filtration methods have been used to collect
planktonic samples for community proteomics. With conventional filtration, cells are
collected in situ, and cells are stored directly on filters. Using TFF, cells are processed
on ship or shore, concentrated, and stored in solution. Method selection depends on
the organisms and proteins of interest, sample limitations, and field collection logistics.
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of water, yielding a total of �35 mg protein. Cells from open ocean, coastal,

hydrothermal vent, and estuary waters have been previously collected and

concentrated as described below for community proteomic profiling.

2.1.1 Assembling the TFF system
Assemble a Pellicon 2 TFF holder with one Biomax-30 Pellicon 2 Ultrafil-

tration Cassette installed (30 kDa). Refer to the holder and cassette manuals

for more detailed instructions as the system can be modified depending on

the application. Prepare approximately 10 L of ultrapure water, 10 L 0.1 N

NaOH, and 10 L 0.1 N H3PO4. Begin by flushing the system with 10 L of

ultrapure water.While the system is flushing, adjust the retentate flow rate to

between 0.5 and 1.0 L/min and the permeate flow rate to between 0.7 and

1.4 L/min. To clean the system after it is setup and the flow rates are

adjusted, between samples, and before disassembling the system and storing

the filter (1) flush with 10 L of ultra pure water, then recirculate for

15–30 min; (2) flush with 1 L of 0.1 N NaOH, then recirculate

for 15–30 min; (3) flush with 1 L of 0.1 N H3PO4, then recirculate for

15–30 min. Flush the system with 10 L of sample before each cell concen-

tration. After all samples have been processed, disassemble the unit and store

the Biomax-30 Pellicon 2 Ultrafiltration Cassette at 4 �C in 0.1 N H3PO4.

2.1.2 Collecting cells
Fill the desired number of 50 L carboys with seawater. The initial sample

volume depends on the concentration of bacteria and archaea. Because bio-

mass is usually a limiting factor for community proteomics, more is almost

always better, although longer filtration times can reduce yield and alter

community protein pools. We recommend 50–100 L for coastal surface

samples, 100–200 L for open ocean surface samples, and two separate

200 L concentrations for samples below the photic zone (>200 m). Pre-

filtration is required for high particulate samples typical of coastal systems.

A Biomax-30 Pellicon 2 Ultrafiltration Cassette (Millipore, Billerica,

MA) has a 30 kDa cutoff and requires the removal of particles greater than

100 mm. Use a 0.8–1.5 mm prefilter to remove larger eukaryotic microor-

ganisms and to enrich for bacteria and archaea (Fig. 14.1).

2.1.3 Concentrating cells
Connect the sample reservoir to the inlet of the Pellicon 2 TFF system

(Fig. 14.1). Flush 10 L of sample through the system, discarding seawater

passing through Silicone permeate and retentate tubing. Check the retentate
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clamp so that the flow rate is between 0.5 and 1.0 L/min and the permeate

flow rate is between 0.7 and 1.4 L/min. Place the retentate tubing into the

retentate reservoir to start concentrating sample after the system has been

flushed. Retain 1 L of permeate for rinsing and cell count dilutions, the

remainder of permeate can be discarded. Maintain differential flow rates

throughout the concentration procedure. Do not exceed an inlet pressure

of 25 psi. Record inlet and retentate pressures (psi), retentate and permeate

flow rates (L/min), and initial sample volume (L). Take samples for initial

cell counts 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) and

for DNA extractions to evaluate concentration efficiencies and community

structure, respectively. For longer concentrations, closely monitor tubing

for damage and adjust or replace tubing as needed.

Transfer the retentate to a smaller reservoir after it is reduced to <1 L. At

this point small volumes of sample are highly enriched in cells, so take precau-

tions not to lose any concentrated sample. Reduce tubing lengths to the min-

imum length needed. Continue to concentrate cells until the retentate is

contained in the tubing and the Pellicon 2 TFF unit. Remove the tubing from

the pump, while ensuring that everything drains into the retentate reservoir.

Hold feed and retentate tubing in retentate reservoir and lift the Pellicon 2TFF

holder to drain concentrated sample from tubing and channels in the holder.

Work the unit back and forth and squeeze the tubing to ensure that the entire

sample is recovered. Look into theTFFunit tomake sure that the sample chan-

nels are fully drained. Small volumes of sample contain large numbers of cells,

so sample collection is critical at this stage. Record the final sample volume,

which should be 100–200 mL (Table 14.1). Take retentate subsamples for final

cell count (DAPI) and DNA for community analyses, respectively. For the

DAPI count, dilute the sample 1/1000 in permeate. For the DNA sample,

reserve enough retentate to allow DNA extraction from at total of 109–

1010 cells or 1–10 mL. Transfer the sample to 60 mL HDPE bottles, flash

freeze in liquid nitrogen, and store at �80 �C until further processing.

2.1.4 Quantifying concentration efficiency
Use total cell counts obtained by DAPI to evaluate concentration efficiency

and 16S rRNA gene analyses to check for potential shifts in community struc-

ture. Cell counts in previous studies have ranged from 4.3�109 total cells in

sample 3 from the South Atlantic to 7.9�1010 total cells in sample 7 from the

South Atlantic (Table 14.1). Only 1/2 of the cells were used for proteomic

analyses, which suggests that 2–40 billion cells are sufficient to construct com-

munitymembranemetaproteomes.However, sample3yieldedonly39unique
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Table 14.1 Planktonic marine samples concentrated for tandem MS-based proteomics

Location
Unique protein
identifications

Prefilter
(mm)

Initial
volume
(L)

Final
volume
(mL)

Cells recovered
(counts/%)

South Atlantic

gyre-1

132 0.8 200 120 3.0�1010/21.4

South Atlantic

gyre-2

196 0.8 200 120 1.8�1010/11.4

South Atlantic

gyre-3

39 0.8 200 70 4.7�109/2.3

South Atlantic

coastal-4

103 0.8 100 200 6.6�1010/27.4

South Atlantic

coastal-5

275 0.8 100 120 6.3�1010/26.6

South Atlantic

coastal-6

289 0.8 100 100 3.0�1010/14.4

South Atlantic

coastal-7

269 0.8 100 210 7.9�1010/32.7

South Atlantic

coastal-8

171 0.8 100 220 1.6�1010/24.5

South Atlantic

gyre-9

164 0.8 100 165 5.2�1010/30.9

South Atlantic

gyre-10

157 0.8 100 210 5.0�1010/46.9

North Pacific

gyre-1

610a 1.5 100 260 3.2�1010/35.1

North Pacific

coastal-2

845a 1.5 100 160 8.9�1010/55.2

North Pacific

coastal-3

1005a 1.5 100 200 4.7�1010/33.4

North Pacific

coastal-4

670a 1.5 100 200 5.5�1010/39.4

Hydrothermal

plume-a/b

226/333 0.8 200 230 2.9�1010/41.5

Puget Sound

surface-1

–a 0.8 100 160 2.1�1010/24.1

Continued
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protein identifications, while sample 7 yielded 269 unique protein identifica-

tions. This suggests that the lower limit for planktonic community proteomics

using this approach is approximately 1.0�109 cells.

Although differences in community composition, targeted proteins, sample

processing steps, and tandemMS-based analyses methods can all influence pro-

tein detection limits, we recommend collecting cells from50 to 200 L of seawa-

ter for the best results. For example, concentrating cells from 50 L at an average

concentration of 1.0�106 cells/mL in surface seawater will yield 1.5�1010

cells, assuming an average concentration efficiency of 29% (Table 14.1).

3. SAMPLE PREPARATION

Minimal manipulations, including test tube transfers and fraction-

ations, are desired during sample preparation of low-biomass samples. There

are several key decisions to make regarding sample processing (Fig. 14.2).

Start by identifying target proteins. Consider the following: (1) cellular loca-

tion and size of target proteins, (2) absolute and relative abundance of target

proteins, and (3) availability of sequence data for target proteins. There are

several approaches that can be used to enrich for target proteins, such as cen-

trifugation, precipitation, and/or fractionation. However, biomass is lost at

each stage of enrichment, so extra care should be taken to ensure that all bio-

mass is recovered at each step. For example, we identified 226 and 333 pro-

teins in replicate proteomes from a hydrothermal vent plume (Mattes et al.,

2013; Table 14.1). 94% of the proteins identified in the first replicate were

identified in the second replicate. Differences protein identification were

most likely due to differences in the amount of biomass recovered after

the first centrifugation step (Section 3.1.1, below).

Table 14.1 Planktonic marine samples concentrated for tandem MS-based
proteomics—cont'd

Location
Unique protein
identifications

Prefilter
(mm)

Initial
volume
(L)

Final
volume
(mL)

Cells recovered
(counts/%)

Puget Sound

surface-2

–a 0.8 100 180 6.2�1010/23.4

Average N/A 124 172 4.2�1010/28.9

aUnpublished proteomic results.
Samples were collected from the South Atlantic in 2007 (Morris et al., 2010), Puget Sound in 2008, a
hydrothermal vent plume at Axial Seamount (1450 m) in 2011 (Mattes et al., 2013), and from the North
Pacific in 2012. In all cases, half of the biomass was used for tandemMS-based proteomics analyses. Addi-
tional biomass was archived.
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3.1. Separating soluble and membrane cell fractions
This protocol is for fractionating soluble proteins from the membrane-

bound proteins in bacteria and archaea samples for tandem MS-based

community proteomics. It has been used successfully to produce crude

membrane, enriched membrane, and soluble cell fractions for separate

tandem MS analyses.

3.1.1 Pooling cells from concentrated samples
Thaw and combine a concentrated sample obtained by TFF. Distribute the

concentrated sample evenly into multiple 30 mL centrifuge tubes and spin at

18,000 rpm (39,000� g) for 60 min at 4 �C. Mark the orientation of each

1
2
3
4
5
6
7
8

Whole cell community
proteomics

Targeted community
proteomics

French press

1. Proteins of interest (untargeted or targeted)
    Survey whole cell metaproteome
    Survey membrane metaproteome
    Verify expression of a specific protein
2. Cell lysis method
     French press cells resuspended in solution
     Sonicate cells in solution or on filters
3. Cell fractionations
    Target cell fractions (i.e., membrane proteins)
    Target a specific protein with known mass (gel)

Key considerations
Soluble

Target specific proteins
based on mass

Targeting specific proteins
based on cellular location

Microtip sonicationFrench press Microtip sonication

Mechanical
lysis methods

Mechanical
lysis methods

Membrane

Figure 14.2 Sample processing flowchart for tandem MS-based community proteo-
mics. Whole cell community proteomics and targeted community proteomics use
the same methods to collect and lyse cells. Different fractionation methods, however,
can be used to target proteins in different cell fractions (i.e., soluble versus membrane),
to target specific proteins based on isoelectric point and/or mass (2D or 1D gel), or to
increase the number of proteins identified by analyzing fractions separately (Morris
et al., 2007, 2010; Morris, Sowell, Barofsky, Zinder, & Richardson, 2006).
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centrifuge tube so that the location of the small pellet is known. Discard the

supernatant and wash the pellet from one centrifuge tube using 1 mL 4 �C
20 mM tris(hydroxymethyl)aminomethane (Tris) pH 7.4. The cell pellet will

likely not be visible to the naked eye, so carefully wash the side of the first

centrifuge tube that contains a pellet several times using a low-flow rate

1 mL pipette. Start combining the pellets by transferring the first pellet

resuspended in 1 mL Tris to the second centrifuge tube that contains a pellet.

Resuspend the second pellet bywashing the side of the second centrifuge tube

using the same 1 mL of Tris (now Tris/pellet) from the first tube. Repeat

sequentially until all resuspended pellets are combined into the last centrifuge

tube (using the same 1 mL of Tris). Repeat this procedure two more times

with an additional 1 mL of fresh 4 �C 20 mM Tris–HCl pH 7.4 to rinse

the sample tubes and ensure that all cells have been recovered. The final vol-

ume should be �3 mL. This process yields a whole cell concentrate.

3.1.2 Lysing cells by French press
Transfer the whole cell concentrate (procedure above) to a thoroughly

cleaned French press mini-cell that has been stored at 4 �C. Lyse the cells

using a French press at 20,000 lbs/in.2. Slowly release the sample (in drops,

not in a stream) into an acid-washed collection bottle. French press again at

20,000 lbs/in2 to ensure that all cells are lysed. This process yields a lysed cell

extract.

3.1.3 Lysing cells by sonication
Transfer the lysed cell extract (from procedure above) into two 1.5 mL

microcentrifuge tubes. Centrifuge at 14,000 rpm (18,000� g) for 60 min

at 4 �C to remove the Tris–HCl. Discard the supernatants. Rinse each pellet

in 200 mL 4 �C 20 mM Tris–HCl pH 7.4. Discard the supernatant wash. To

each cell pellet add 300 mL 6 M urea in 50 mM (NH4)HCO3 and sonicate

cells using a microtip sonicating probe (100 W MSE 20 kHz; 20�10 s,

4 �C), not a sonicating bath. Ensure that the sample is completely chilled

to 4 �C prior to repeating sonication by either placing in an ice bath or flash

freezing with liquid nitrogen or dry ice in ethanol. The sonication probe

should be submerged in the solution and not touching the sides of the cen-

trifuge tube. This process yields a lysed cell extract.

3.1.4 Generating a membrane-enriched cell fraction
Distribute 1.5 mL of the lysed cell extract into two 1.5 mL microcentrifuge

tubes. Centrifuge at 14,000 rpm (18,000� g) for 60 min at 4 �C. This first
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centrifugation step will generate a soluble fraction supernatant and a crude

membrane pellet. Remove the soluble fraction supernatants and place them

into two ultrahigh-speed centrifuge tubes. Gently rinse each pellet in 200 mL
4 �C 20 mM Tris–HCl pH 7.4. Discard the wash, flash freeze the pellets and

store at �80 �C. These are the crude membrane cell fractions. Do not

add protease inhibitors to any of these samples because they will adversely

influence the completeness of enzymatic digestions required for tandem

MS-based proteomic analyses.

The next centrifugation step will generate a membrane-enriched cell

pellet from the soluble fraction supernatants obtained above. Centrifuge

the soluble fraction supernatants at 40,000 rpm (129,000� g) for 60 min

at 4 �C. Transfer the supernatants from this high-speed centrifugation to

two new 1.5 mL microcentrifuge tubes, flash freeze, and store at �80 �C.
These are the soluble cell fractions. They contain soluble proteins (and

DNA sheered to �500 bp). Wash the pellets obtained by high-speed cen-

trifugation with 200 mL 4 �C 20 mM Tris pH 7.4. Discard the wash, flash

freeze, and store the pellets at �80 �C. These are the membrane-enriched

cell fractions. Again, do not add protease inhibitors.

4. EXTRACTING AND DIGESTING PROTEINS

For the digestion procedure presented here, we recommend starting

with 30–300 mg of protein. Protein concentrations can be estimated after the

cells are lysed using the Bradford assay (Bradford, 1976) or more accurately

estimated from amino acid concentrations (Moore, Nunn, Goodlett, &

Harvey, 2012). With each chemical assay, the list of interfering solutes needs

to be considered as urea and chlorophyll commonly interfere with the wave-

length used to estimate protein concentrations. If the sample size is limited,

peptide concentrations can also be quantified after digestions are completed

and desalted. Peptide concentrations are measured on samples using the

Thermo Scientific NanoDrop 2000/2000c Spectrophotometer. The pep-

tide bond absorbance is monitored at 205 nm UV wavelength

(Grimsley & Pace, 2003; Scopes, 1974).

To increase the number of peptides generated during digestions, protein

disulphide bonds are reduced and then “capped” using an alkylating reagent

to ensure that the disulphide bonds do not reform. Reductions are carried

out in a reducing environment to minimize the reformation of disulfide

bonds and alkylating agents are added to block the sulfur groups.
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4.1. Reduction and alkylation
Lyse cells accordingly to Section 3.1.2 or 3.1.3. If the sample size is limited,

the following protocol can be equally divided by half, a third, or a quarter.

Add 20 mL of 1.5M Tris–HCl pH 8.8 to the lysed cells in 300 mL 6M freshly

made urea with 50 mM (NH4) HCO3. Add 7.5 mL of 200 mM Tris (2-

carboxyethyl) phosphine, vortex and let it sit for 1 h at 37 �C in order to

reduce the disulphide bonds. In the dark, add 60 mL of 200 mM

iodoacetimide (IAA), vortex and let it sit for 1 h at 20 �C in the dark. IAA

is an alkylating agent and should be made the day that it is used. Add

60 mL of 200 mM dithiothreitol in the dark in order to quench excess

IAA, then vortex and let it sit for 1 h at 20 �C. Divide the sample into three

microcentrifuge tubes (�150 mL in each tube) and add 800 mL 25 mM (NH4)

HCO3 to each of the three tubes and vortex to dilute the urea. Add 200 mL
methanol (HPLC grade) to each tube to assist in protein denaturation, or

unfolding, allowing the digestion enzyme Trypsin to have more access to

cleavage sites (Li, Schmerberg, & Ji, 2009).

4.2. Trypsin digestion
To the reduced and alkylated proteins add Trypsin at a 50:1 protein to

enzyme ratio and incubate for 12 h at 37 �C (first Trypsin digestion). We

recommend Promega sequencing grade modified trypsin because it is lyoph-

ilized in 20 mg aliquots that are modified by reductive methylation, reducing

the rate of autolytic digestion.

Centrifuge the tubes in order to pool the condensate and add another

aliquot of Trypsin at a 25:1 protein to enzyme ratio for 2 h at 37 �C (second

Trypsin digestion). Speedvac samples at 4 �C, pooling samples that were split

into three tubes as the volume decreases. When samples approach 100 mL,
add 50 mL 1% TFA to lower the pH prior to desalting. Vortex the sample

and continue to speedvac the sample to near dryness. This step should be

repeated until a pH of �2 is achieved.

4.3. Desalting
We recommend desalting the peptides to remove salts and urea from the

digestion buffers prior to analyzing samples on a mass spectrometer.

Although desalting can be completed inline on some HPLC trapping

columns, salts can clog nanoflow chromatography capillaries and when

introduced into the mass spectrometer can decrease the signal to noise ratio.

Using a C4, C8, C12, or C18 resin will retain nonpolar solutes, such as pep-

tides (e.g., Nest Group, www.nestgrp.com; Southborough, MA). Dried
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down peptide digests are resuspended in a 5% acetonitrile (ACN) solution

with 0.1% trifluoroacetic acid (TFA), making sure the final pH is <2. The

size of the desalting column should be selected based on the amount of pro-

tein in the sample. The basic protocol includes conditioning the column in

80% ACNþ0.1% TFA (centrifuge 3 min, 110� g; repeat twice), followed

by equilibrating the column with 5% ACN, 0.1% TFA (centrifuge 3 min,

110� g; repeat twice). The samples in 5% ACN, 0.1% TFA are then added

to the column (centrifuge 3 min, 110� g). Collect flow through and put

through the column one more time.Wash the salt fraction from the column

with 5% ACN, 0.1% TFA (centrifuge 3 min, 110� g; repeat twice). Change

the collection tube and collect flow through after adding 50–80% ACN,

0.1% TFA. Dry in a Speedvac to �10 mL. Avoid taking the sample to com-

plete dryness. Resuspend the peptide digest in 5% ACN, 0.1% formic acid to

yield a final concentration of 1 mg/mL and store at �80 �C.

5. MASS SPECTROMETRY

For tandem MS-based community proteomics, it is important to take

into consideration the type of mass spectrometers used for the analyses. Bio-

mass is typically limited, due to the collection restraints described above, and

samples are complex and comprised of many different species. The dynamic

range of the instrument is therefore critical and can greatly influence the

number of proteins identified. There are a wide variety of MS platforms.

It is critical to consider the sensitivity of the MS and the HPLC systems,

the mass accuracy of the precursor ions (MS1) and fragment ions (MS2),

and the duty cycle of the instrument (how quickly the mass spectrometer

selects the parent ions for fragmentation and collects fragment ion spectra).

For exploratory proteomic profiling, the mass spectrometer is typically oper-

ated using a data-dependent acquisition (DDA) strategy, where the ions

targeted for fragmentation are chosen from the precursor (MS1) survey scan

(Fig. 14.3A). The user can design an MS experiment to fragment the top

5–20 most intense ions observed in the MS1 scan. This provides an unbiased

method for collecting spectra on the most abundant ions observed in the

precursor ion scan from a single analysis with a mass to charge (m/z) range

of 300–2000. There are a number of other parameters that can be modified

in the method file that will drive the HPLC and the mass spectrometer, all-

owing the experienced user multiple ways to design a relatively simple DDA

experiment. For example, two-dimensional long chromatographic separa-

tions (>20 h) on very complex, protein rich samples (estimated �25 mg)
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using DDA can achieve a high number of protein identifications (2214 pro-

teins; Verberkmoes et al., 2009). Alternatively, a data-independent acquisi-

tion strategy, such as the Precursor Acquisition Independent From Ion

Count (PAcIFIC), has a much wider dynamic range requires less sample

can yield similar numbers of protein identifications compared to a 20-h

two-dimensional chromatography experiment (Fig. 14.3B). The PAcIFIC

method requires that sample injections of�1 mg are repeated up to 32 times

in order to cover the full 300–2000 m/z scan range (a 48-h analysis cycle).

This method allows the collection of MS2 data without the observation

of an MS1 precursor prior to fragmentation, resulting in fragmentation data

for very low-abundance peptides (Morris et al., 2010; Panchaud et al.,

2011, 2009).

A typical DDA (top three analysis) analysis of a whole cell lysate of the

diatom Thalassiosira pseudonana on an LTQ-DECA (scan rate: 1 Hz) using a

nanoflow HPLC will yield 200–300 protein identifications with two or

more peptides (20 cm analytical column; 1 injection, 90 min gradient;

FDR (false discovery rate)<1%) with low mass accuracy on the precursor

and fragment ions. The number of MS2 scans collected is a reflection of the

duty cycle or scan rate. The LTQ-DECA is limited to collecting three frag-

ment ion spectra across a 30 s chromatographic peak, thus the top three ana-

lyses. Analysis of the same culture on an LTQ-Orbitrap (maximum scan rate:

5 Hz) using a nanoflowHPLC system (20 cm analytical column; 1 injection,

90 min gradient; FDR<1%) and DDA (top eight analysis) will yield

400–500 protein identifications with two or more peptides (FDR<1%)

and high mass accuracy collected only on MS1 precursor ions. In unknown

community proteomics, high mass accuracy, such as is found on the LTQ-

Orbitrap, is needed in order to increase the confidence in peptide assign-

ments and protein identifications. TheQ-Exactive is renowned for its ability

to collect high mass accuracy data both in the MS1 and MS2 scans while

fragment ions are measured in the second mass spectrometer and MS2 fragmentation
spectra are collected. MS2 spectra collected represent putative peptides that are iden-
tified by searching a peptide database. (B) During data-independent acquisition MS2
data are systematically collected across the 400–1400 m/z scan range for the purpose
of identifying low-abundance peptides in samples with variable or wide protein concen-
tration ranges (Panchaud, Jung, Shaffer, Aitchison, & Goodlett, 2011). This method, ter-
med Precursor acquisition independent of ion count (PAcIFIC), requires that each
sample be injected into the mass spectrometer a total of 32 times to cover the
fullm/z range. Each injection experiences a 60–90 min HPLC gradient and 13 MS2 scans
are performed per duty cycle, each collecting fragmentation spectra in a 2.5 m/z
channel.
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maintaining a superior duty cycle (maximum scan rate of 12 Hz). The same

analysis of the diatom T. pseudonana using a Q-Exactive with DDA (top

20 analysis) yields 1100–1200 protein identifications with two or more pep-

tides (20 cm analytical column; 1 injection, 90 min gradient; FDR<1%).

Thus far, the Q-Exactive provides the greatest number of identifications

with high mass accuracy on precursor and fragment ions in the shortest

period of time. Sometimes the cost or the availability of an instrument, such

as the Q-Exactive, might not allow for an experiment to be analyzed on this

instrument, therefore knowledge of fractionation methods or well-designed

experiments on a different instrument can yield similar results at a fraction of

the cost. For more information about tandem MS-based analyses, please

refer to the additional proteomics chapters in this volume.
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Abstract

Metaproteomic studies of whole microbial communities from environmental samples
(e.g., soil, sediments, freshwater, seawater, etc.) have rapidly increased in recent years
due to many technological advances in mass spectrometry (MS). A single 24-h liquid
chromatograph–tandemmass spectrometry (LC–MS/MS) measurement can potentially
detect and quantify thousands of proteins from many dominant and subdominant nat-
urally occurring microbial populations. Importantly, amino acid sequences and relative
abundance information for detected peptides are determined, which allows for the
characterization of expressed protein functions within communities and specific
matches to be made to microbial lineages, with potential subspecies resolution. Con-
tinued optimization of protein extraction and fractionation protocols, development of
quantification methods, and advances in mass spectrometry instrumentation are
enabling more accurate and comprehensive peptide detection within samples, leading
to wider research applicability, greater ease of use, and overall accessibility. This chapter
provides a brief overview of metaproteomics experimental options, including a general
protocol for sample handling and LC–MS/MS measurement.
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1. INTRODUCTION

For decades, scientists have measured the protein complement of a

biological sample with the intent of defining physiological changes and

responses of living cells across various experimental treatments. Classical

proteomics approaches use gel-based protein separation and detection

methods (O’Farrell, 1975) to experimentally characterize proteome changes.

These experiments are less than ideal for extensive proteome characterization

of complex biological samples however, since they are limited in analysis

throughput and proteome coverage. The advent of electrospray ionization

(ESI) allowed on-line coupling of liquid chromatography separation with

mass spectrometry analysis. This represented an important advance in prote-

omics research by enabling direct analysis of protein and peptide samples by

liquid chromatograph-tandem mass spectrometry (LC–MS/MS) (Fenn,

Mann, Meng, Wong, & Whitehouse, 1989; Karas & Hillenkamp, 1988).

The analytical platform of LC–MS/MS has been continuously improvedwith

the development of multidimensional nanoscale LC and high-performance

hybrid MS instrumentation. Shotgun proteomics was invented to analyze

total peptide digests of proteome samples with LC–MS/MS. Peptides and

proteins are identified by searching MS/MS data against a protein sequence

database. Current proteomics technologies provide (1) deep proteome cover-

age for identification and quantification of thousands of proteins from a single

proteome sample or a multiplexed set of samples, (2) confident peptide iden-

tification using highly accurate mass measurements, (3) detection across large

dynamic range of peptide abundances, and (4) resolution of similar peptides

from complex metaproteome samples.

Based on the shotgun proteomics technology, metaproteomics was

recently developed to interrogate the in situ physiology of microbial com-

munities. Metaproteomics is enabled by the advent of metagenomics, which

provides high-quality protein sequences for database searching and peptide/

protein identification. The expected amino acid sequences from uncultured

organisms in a given sample allow accurate peptide-spectrum matching of

the collected MS/MS data. Significant advances in DNA sequencing tech-

nologies and their application in the field of metagenomics have greatly

expanded the field of metagenomics and led to many coupled meta-

genomics–metaproteomics studies in environmental microbiology.

The primary goals of many metaproteomic studies are to link the

expressed functions of a community to its genetic potential as defined by
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metagenomics, thereby characterizing physiological responses or functional

changes of microbes growing in natural environments. Insights have been

gained into the in situ physiological demands of microorganisms during bio-

remediation and nutrient cycling processes (Abram et al., 2011; Justice et al.,

2012; Lacerda, Choe, & Reardon, 2007; Wilmes, Wexler, & Bond, 2008),

and the identity of active populations within these communities and their

resource preferences (Pan et al., 2011; Taubert et al., 2012). Additional studies

have characterized functions of microbial communities across seasons and

natural gradients within aquatic systems (Morris et al., 2010; Mueller et al.,

2011; Williams et al., 2012), and in symbiotic associations with various

Eukaryotic hosts (Burnhum et al., 2011; Delmotte et al., 2009; Haange

et al., 2012; Klaassens, de Vos, & Vaughan, 2007; Liu, Fan, Zhong,

Kjelleberg, & Thomas, 2012; Verberkmoes et al., 2009). Beyond these

primary goals, metaproteomic approaches are emerging as important and

versatile tools to address many questions related to microbial ecology and

community assemblyprocesses (Mueller et al., 2010; Schneider et al., 2012), nat-

ural population evolution (Denef & Banfield, 2012; Denef et al., 2010), and

to aid in microbial genome annotation validation (Jaffe, Berg, & Church,

2003; Savidor et al., 2006) and characterization of protein posttranslational

modifications (Erickson et al., 2010; Gupta et al., 2007; Singer et al., 2010).

Shotgun proteomics acquires a large collection ofMS/MS spectra resulting

from individual peptides digested from proteins (Link et al., 1999; Wolters,

Washburn, & Yates, 2001). A wide variety of mass spectrometers can be used

for these experiments (see Yates, Ruse, &Nakorchevsky, 2009). During each

experimental run, the instrument will collect hundreds of thousands of MS/

MS spectra by switching between the collection of MS1 spectra of full-length

intact peptide ions and the collection ofMS2 spectra of fragment ions resulting

from the collision-induced dissociation (CID) of selected precursor peptide

ions. Peptides are identified by searching their MS/MS spectra against a data-

base of proteins expected to occur in a given sample. Because peptides not rep-

resented in the protein database cannot be identified, it is crucial to carefully

design the database of expected proteins using existing or concurrently gener-

ated DNA sequence data in a metaproteomics experiment.

2. EXPERIMENTAL CONSIDERATIONS AND OPTIONS

Many reviews provide excellent overviews of technological principles

and specific experimental protocols regarding mass spectrometry and shot-

gun proteomics in general (e.g., Yates et al., 2009). However, there are
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important factors to consider when designing and running metaproteomics

experiments for environmental microbiology studies. The goal of this chapter

will be to highlight significant developments and experimental options in

metaproteomics and provide a general methodology detailing the steps to per-

form a metaproteomics measurement (Wolters et al., 2001; Fig. 15.1). This

specific type of experiment analyzes complex mixtures of tryptic peptides

derived from whole community protein extracts and involves the coupling

of nanoscale 2-dimentional liquid chromatography (strong cation exchange

(SCX) LC followed by reverse-phase (RP) LC) on-line with tandem mass

spectrometry analysis throughnanospray ionization.Techniques using alterna-

tive separation technologies (e.g., strong anion-exchange (Wiśniewski,

Nagaraj, Zougman, Gnad, & Mann, 2010), hydrophilic interaction

(Di Palma, Boersema, Heck, & Mohammed, 2011), and affinity chromatog-

raphy (Ficarro et al., 2002)), or alternative ionization techniques (e.g.,MALDI,

Figure 15.1 Overview of a metaproteomics workflow. The experimental procedure
shown in gray includes protein extraction, proteolysis, and LC–MS/MS analysis. The
obtained MS/MS data are a large collection of MS/MS spectra acquired during LC
separation illustrated as a base peak chromatogram on the left and a MS/MS spectrum
on the right. The MS/MS data are processed in a computational procedure shown in
black, which includes database searching, peptide assembly, and functional analysis.
The proteomic results provide insights into the metabolic activities of measured
microbial communities.
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SALDI (Chen, Shiea, & Sunner, 1998), DIOS (Thomas, Shen, Crowell,

Finn, & Siuzdak, 2001), AP-MALDI (Laiko, Baldwin, & Burlingame,

2000), and SELDI (Merchant & Weinberger, 2000)) will not be described

here, but should be considered depending on a given experiment’s needs.

Perhaps the most important consideration for metaproteomic experi-

ments is the biological diversity of the sample being analyzed (i.e., howmany

species or populations are present and their relative abundances), which will

directly affect the coverage of each population’s proteome obtained by each

experiment (i.e., number of detected proteins of the total predicted prote-

ome). A typical 24-h LC–MS/MS experiment acquires hundreds of thou-

sands ofMS/MS scans on the chromatographically separated peptides. These

spectra will generally identify tens of thousands of peptides comprising up to

a few thousand proteins. However, since most natural microbial communi-

ties will be composed of hundreds to thousands of populations each

expressing a protein complement of thousands of proteins, the proteome

coverage of the community is often biased toward highly abundant proteins

from dominant populations. In contrast, a typical proteome run for a single

sequenced isolate can identify approximately 50% of the predicted proteome

being expressed if culture conditions favor high protein production and

protein extraction efficiency is high.

The most common methods to expand proteome coverage rely on sam-

ple fractionation to reduce the sample complexity prior to LC–MS/MS

analysis. One approach is to fractionate at the initial step of protein extrac-

tion from microbial cells utilizing differential centrifugation to separate

proteins based on their general localization properties (e.g., cytosolic,

membrane, extracellular, or periplasmic proteins; Ram et al., 2005).

Another set of techniques fractionates extracted proteins using isoelectric

focusing and gel electrophoresis (Hörth, Miller, Preckel, & Wenz, 2006;

Jafari et al., 2012). All of these methods can be used alone or in combination

to provide greater proteome coverage. However, it should be noted that

any fractionation inevitably leads to an increased number of samples for

LC–MS/MS analysis, which reduces the overall experimental throughput.

Off-line fractionation can also lead to significant sample loss. Thus, one has

to balance the benefits of fractionation (chiefly, deeper metaproteome

coverage) with its increased requirements for instrument time and

sample amount.

The biomass contained within a given environmental sample is a second

important consideration for metaproteomic experiments. Typically several

hundred micrograms of protein should be extracted for adequate MS
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analysis, allowing for repeat runs for technical replication and potential fail-

ures. If we assume that microbial cells contain 30 fg of protein per cell (based

on aquatic bacterioplankton estimations; Fukuda, Ogawa, Nagata, & Koike,

1998; Zubkov, Fuchs, Eilers, Burkill, & Amann, 1999) approximately

1�1010 cells will be needed for a single extraction, which can create

limitations for proper experimental design.

Another critical point that needs to be accounted for prior to experimen-

tation is the design of the protein sequence database for peptide identifica-

tion. Shotgun proteomic experiments are reliant on a comprehensive list of

protein sequences predicted from the metagenome of the community being

analyzed (see Fig. 15.1). Ideally, these databases will be comprised of high-

quality assembled and annotated sequences from DNA collected from the

same environmental samples. As creating specific metagenome databases

for all proteome samples is not a trivial task, alternative database designs have

been employed with success. These include using metagenomes derived

from similar environments or sampled at different times than the proteome

samples to be analyzed, or using annotated draft or closed genomes of isolates

expected to populate a given proteome sample (e.g., Verberkmoes et al.,

2009; Wilkins et al., 2009). These approaches each have inherent limita-

tions, with most problems arising from a given database not capturing the

proper level of protein sequence diversity, thereby resulting in poor overall

numbers of peptide matches and protein identifications.

Lastly, peptide quantification is an important and active area of research

within the field of proteomics. The most straightforward methods are des-

ignated “label-free” approaches, which correlate collected MS data (i.e.,

peptide ion peak intensity or normalized counts of spectra from a matched

protein) with protein abundances that are compared relatively across sample

sets (Florens et al., 2006; Griffin et al., 2010). Alternative approaches use iso-

topic labeling of the proteomes to detect quantitative differences between

peptides containing different isotopic signatures. For example, in metabolic

labeling experiments, one experimental treatment will be grown using stable

isotope labeled media where 15N or 13C is incorporated into newly synthe-

sized proteins, and the proteome from this treatment will be compared to a

proteome collected from cells grown in label-free media (e.g., Belnap et al.,

2009; Ong et al., 2002; Pan et al., 2006). Another method involves chemical

labeling of peptides postextraction with isobaric tags (e.g., iTRAQ (Ross

et al., 2004), TMT (Thompson et al., 2003)). Different tags can be applied

to separate experimental treatments and samples can be combined and ana-

lyzed together allowing for relative quantitation to be made between
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peptides. If absolute quantitation is desired, the most widely used approach

involves adding known quantities of labeled peptides to a sample as a stan-

dard reference (e.g., QconCAT (Benyon, Doherty, Pratt, & Gaskell, 2005),

AQUA (Gerber, Rush, Stemman, Kirschner, & Gygi, 2003)). Each of these

methods has inherent advantages and disadvantages (Bantscheff, Lemeer,

Savitski, & Kuster, 2012; Bantscheff, Schirle, Sweetman, Rick, & Kuster,

2007). Generally, label-free approaches are the least accurate, but the easiest

to perform. Labeling experiments, however, require more processing steps

and additional reagents, but provide high accuracy, a wide dynamic range,

and good reproducibility (see a comparative study by Li et al., 2011).

3. GENERALIZED PROCEDURE

3.1. Equipment and reagents for LC-MS/MS
• Quaternary high-performance liquid chromatograph (HPLC) system.

Solvent A: 95% H2O, 4.9% acetonitrile (ACN), and 0.1% formic acid

(FA). Solvent B: 30% H2O, 69.9% ACN, and 0.1% FA. Solvent C:

5% H2O, 94.9% ACN, and 0.1% FA. Solvent D: 500 mM ammonium

acetate in Solvent A.

• RP column: Cut a 100-mm-I.D. self-pack PicoFrit column (New

Objective, Woburn, MA) to 25 cm long. Add a small amount of RP

C18 resin (Phenomenex Inc.) to 1 ml methanol in a 1.5-ml tube and vor-

tex to suspend resin particles. Place the RP slurry tube in a pressure cell

and connect the column to the pressure cell. Pressurize the pressure cell

using 800 psi helium gas and pack 15 cm RP resin into the column.

Equilibrate the column with Solvent A for 20 min. Alternatively,

prepacked RP C18 PicoFrit columns can be purchased from New

Objective (Woburn, MA). Prepacked columns offer more reproducible

LC performance at a higher cost than self-packed columns.

• SCX column: cut a piece of 15-cm-long 250-mm-I.D. fused silica cap-

illary. Connect to a filter union (M-520, Upchurch Scientific). Add a

small amount of SCX resin (Phenomenex Inc.) to 1 ml methanol in a

1.5-ml tube and vortex to suspend resin particles. Place the SCX slurry

tube in a pressure cell and connect the column to the pressure cell. Pres-

surize the pressure cell using 800 psi helium gas and pack 5 cm SCX resin

into the column. Equilibrate the column with Solvent A for 10 min.

A new SCX column should be used for every LC–MS/MS run to min-

imize sample carry-over between runs.
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• LTQ-Orbitrap mass spectrometer (Thermo Scientific, San Jose, CA).

Hybrid MS instruments, such as LTQ-Orbitrap, allows acquiring

high-resolution full scans for accurate quantification. A less expensive

ion trap instrument, LTQ, can also be used with the compromise of

less accurate mass measurement and abundance quantification.

Time-of-flight instruments andQExactive offer goodmass spectrometry

performance at an intermediate instrument cost.

3.2. Protein extraction considerations
A wide range of protocols for efficient extraction of proteins from microbial

cells is available, allowing for optimal extraction from a variety of samples.

The appropriate extraction method will depend on a variety of intrinsic fac-

tors related to each collected sample. Once a sufficient amount of cellular

material has been collected, a generalized extraction protocol will include

steps for cell lysis, solubilization and chemical reduction of the proteome,

separation of the proteome from residual sample components (i.e., lysed cel-

lular debris, residual sample matrix, interfering chemical substances), and

precipitation of the proteome. Different cell lysis techniques can be used

depending on the cell membrane and wall structures of the members of

the community within a sample (e.g., physical lysis via heat, pressure, or

sonication; or chemical lysis generally using detergents and stabilizing

agents). Another sample dependent consideration is removal of possible

coextracted contaminants. Soil samples have proven to be particularly diffi-

cult to extract proteins from given a protein’s tendency to adhere or adsorb

to mineral surfaces or associate with humic colloids. Multiple modified

extraction protocols are available to address these issues and should be con-

sulted as needed (see, e.g., Chourey et al., 2010; Keiblinger et al., 2012). The

protocol below will detail the steps for protein handling and MS analysis

postextraction (i.e., after a proteins have been precipitated). It should

be noted that approximate protein concentrations will be needed and can

be performed on the sample prior to precipitation using a standard assay

kit (e.g., bicinchoninic acid (BCA) protein assay kit).

3.3. Proteolysis and cleanup
1. Once a sufficient amount of proteins have been extracted, precipitated,

and concentrated via centrifugation, the resulting protein pellet should

be resuspended, reduced, and denatured in 1 ml of protein denaturing

buffer. Iodoacetamide can be used to alkylate free cysteine residues.
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Adjust the volume of added buffer depending on the size of the pellet.

Incubation of the suspension for 1 h at 60 �C with vortexing every

20 min will aid in resuspension.

2. Add trypsin at a 1:100 ratio to the overall proteins (by weight). Incubate

overnight at 37 �Cwith gentle shaking. To obtain more extensive diges-

tion, a second aliquot of trypsin can be added at a 1:100 ratio, and the

sample incubated for an additional 5 h at 37 �C with gentle shaking.

3. Clean up the digest sample with a RP solid-phase extraction (SPE) car-

tridge. Alternatively, sample digestion and cleanup can be performed

using a filter-aided sample preparation protocol (Manza, Stamer,

Ham, Codreanu, & Liebler, 2005; Wiśnewski, Zougman, Nagaraj, &

Mann, 2009). Final peptide concentration should be determined using

a general assay kit (i.e., BCA protein assay kit).

3.4. Two-Dimensional liquid chromatography separation
1. Add�100 mg of the peptide sample into a 200-ml tube, place the tube in an

LC pressure injection cell, and connect the SCX column to the cell. Pres-

surize the cell using 800 psi of helium to load the sample onto the column.

2. The two-dimensional LC system should be assembled as shown in

Fig. 15.2. This LC setup shares basic configurations as the MudPIT

method (McDonald, Ohi, Miyamoto, Mitchison, & Yates, 2002).

The SCX column is connected directly to the RP column to achieve

on-line two-dimensional separation. The RP column is integrated with

the electrospray tip to eliminate postcolumn dead volume. The high

voltage for ESI is applied to the waste flow to remove electrochemistry

reaction products from the LC system. Compared to split-phase

MudPIT, this setup eliminates the RP trap column by desalting the

sample offline using SPE. The SCX column is decoupled from the

RP column using a filter union such that the RP column can be reused

for multiple runs and the SCX column can be replaced for every run.

Adjust the length of the waste line to achieve a flow rate of 300 nl/min

at the tip of the RP column at 100% Solvent A.

3. Elution of the peptides off the column and injection into the mass

spectrometer is performed usingHPLC. The generalized gradient profile

discussed here allows elution of peptides over a 24-h time frame, all-

owing for continuous daily runs and minimal instrument downtime.

Eleven LC elution gradient profiles are used within one run. The first

10 cycles involve the following components: (1) column equilibration

297Microbial Proteomics Using Mass Spectrometry



with 100% Solvent A for 5 min, (2) pulsed addition of Solvent D at a

defined percentage for each cycle for 2 min (The percentages of Solvent

D used in the salt pulses of the 10 cycles are 10%, 15%, 20%, 25%, 30%,

35%, 40%, 45%, 50%, and 60% in this order.), (3) reequilibration of the

column with 100% Solvent A for 3 min, and (4) a 110-min continuous

gradient from 100% Solvent A to a 50:50 mixture of Solvent A and Sol-

vent B. The final LC elution profile includes: (1) initial equilibration for

5 min with Solvent A, (2) a pulse with 100% Solvent D for 5 min, (3)

reequilibration with 100% Solvent A for 5 min, and (4) and a final con-

tinuous resolution gradient of 165 min from 100% Solvent A to 100%

Solvent B. The first 10 LC cycles elutes the majority of peptides using

up to 60% Solvent D for the SCX step gradient and ramping up to

50% Solvent B for the RP continuous gradient. The last LC cycle

elutes the remaining peptides by using 100% Solvent D for the SCX

salt pulse and ramping up to 100% Solvent B for the RP gradient.

SCX salt pulse steps in the 11 LC cycles are optimized to elute off

approximately the same amount of peptides for each RP separation.

3.5. Tandem mass spectrometry analysis
1. Check the tune and calibration of the mass spectrometer and adjust if

needed. The mass calibration of an Orbitrap instrument needs to be reset

weekly to achieve consistent high mass accuracy. The ion optics of mass

spectrometers should be calibrated only when necessary, and the ion

Figure 15.2 Schematic diagram of the LC-MS/MS System. The HPLC system pumps LC
solvent at 100 ml/min. The split tee divides the flow, delivering a 300-nl/min flow to the
LC columns and diverting the rest to the waste. The arrows indicate flow directions. Pep-
tides are preloaded on the SCX column. During a salt pulse, an aliquot of the peptides
are eluted off the SCX column and loaded onto the RP column. The RP column then
resolves peptides using an RP LC gradient. The filter union functions as the frit for
the SCX column. Eluent from the RP column is electrosprayed into mass spectrometer.
Ionized peptides are analyzed by tandem mass spectrometry. The high voltage for
electrospray ionization (ESI) is applied to the LC flow via an electric contact on the
waste line.
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source stack should be cleaned regularly for optimum detection

sensitivity.

2. Set upMS/MSmethods in theMS instrument control software. Acquire

MS/MS data continuously for the entire duration of the LC separation.

Configure 6–12 data-dependent MS/MS scans for each full scan,

targeting the precursor ions of top intensities in the full scan. Enable

dynamic exclusion for the MS/MS scans. Acquire full scans using

Orbitrap at resolution 30,000. Acquire MS/MS scans using ion trap

or Orbitrap with CID at 35% normalized collision energy and a 3-Da

isolation window. Initiate the LC separation sequence by HPLC and

start concurrent data acquisition by mass spectrometer.

3. As peptides elute off the LC column, they are ionized by nanospray ion-

ization and analyzed in real time by tandemmass spectrometry. TheMS1

scans detect the m/z and intensity of all incoming peptide ions at regular

time intervals. Every data-dependent MS2 scan following a MS1 scan

automatically targets an abundant ion that has not been analyzed by a

prior MS2 scan. The targeted peptide ion is isolated by its m/z and frag-

mented by CID. Them/z and intensity of the resultant fragment ions are

recorded in the MS2 scan. Mass spectrometers can only acquire a limited

number of MS2 scans per minute, whereas the LC may elute off many

more peptides per minute. As a result, many peptides, particularly low-

abundance ones, will not have the chance to be selected for MS2 analysis

during their chromatographic peak.

4. After data acquisition is completed, it is important to manually check the

quality of the LC–MS/MS data by inspecting total ion chromatograms for

overall sample complexity and total signal intensity. Check base peak chro-

matograms forLC separation resolution.ESI is suppressed during salt pulses

and should recover after salt pulses in less than 10 min.Check the quality of

tandem mass spectra. Anomalies can be caused by sample problems or

malfunctions of the LC–MS/MS system. The performance of the LC–

MS/MS system can be verified by running standard proteome samples.

5. Copy acquired raw MS/MS data files from the MS instrument control

computer to a data analysis computer. The details of data processing will

be covered in the next chapter.
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Abstract

Water column oxygen (O2)-deficiency shapes food-web structure by progressively
directing nutrients and energy away from higher trophic levels into microbial commu-
nity metabolism resulting in fixed nitrogen loss and greenhouse gas production.
Although respiratory O2 consumption during organic matter degradation is a natural
outcome of a productive surface ocean, global-warming-induced stratification inten-
sifies this process leading to oxygen minimum zone (OMZ) expansion. Here, we
describe useful tools for detection and quantification of potential key microbial players
and processes in OMZ community metabolism including quantitative polymerase chain
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reaction primers targeting Marine Group I Thaumarchaeota, SUP05, Arctic96BD-19, and
SAR324 small-subunit ribosomal RNA genes and protein extraction methods from OMZ
waters compatible with high-resolution mass spectrometry for profiling microbial
community structure and functional dynamics.

1. INTRODUCTION

Oxygen minimum zones (OMZs) are widespread and expanding

oceanographic features arising from microbial respiratory demand during

organic matter degradation in stratified waters (Diaz & Rosenberg, 2008;

Paulmier & Ruiz-Pino, 2009; Whitney, Freeland, & Robert, 2007). Opera-

tionally defined by oxygen (O2) concentrations less than 20 mM, OMZs sup-

port thriving microbial communities that directly influence ocean nutrient

and energy cycling (Ulloa, Canfield, Delong, Letelier, & Stewart, 2012;

Wright, Konwar, & Hallam, 2012). In the absence of O2, alternative respira-

tory substrates are utilized in microbial energy metabolism in a defined order

based on free energy yield. These include metals such as iron and manganese,

nitrate (NO3
�), nitrite (NO2

�), sulfate (SO4
2�), and carbon dioxide (CO2).

Within OMZs, the use of NO3
� and NO2

� as terminal electron acceptors

culminates in greenhouse gas production and fixed nitrogen loss in the forms

of nitrous oxide (N2O) and dinitrogen gas (N2), respectively. Both dissimila-

tory nitrate reduction (denitrification) and anaerobic ammonium oxidation

(anammox) processes are known to mediate these transformations within

OMZs (Bruckner et al., 2013; Jayakumar, O’Mullan, Naqvi, & Ward,

2009; Lam et al., 2009). Recent studies also posit an essential role for sulfur

cycling in OMZs, coupling the production and consumption of reduced sul-

fur compounds to dissimilatory nitrate reduction and dark CO2 fixation

(Canfield et al., 2010; Lavik et al., 2009; Stewart, Ulloa, & DeLong, 2011;

Walsh et al., 2009). The integration of C, N, and S cycles represents a recur-

ring themewithin theO2-deficient water column, where electron donors and

acceptors are actively recycled between lower and higher oxidation states by

metabolically coupled microorganisms (Ulloa et al., 2012).

Over the past four years, taxonomic and plurality sequencing studies

have begun to describe microbial community structure and function of

O2-deficient waters in enclosed and semi-enclosed basins and coastal and

open-ocean OMZs (Ulloa, Wright, Belmar, & Hallam, 2013; Wright

et al., 2012). Several microbial groups have emerged as potential key players

in mediating C, N, and S cycles within these ecosystems. Here, we describe
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known and novel polymerase chain reaction (PCR) primers targeting the

small-subunit ribosomal RNA (SSU rRNA) genes from several of these

groups including Marine Group I Thaumarchaeota, SUP05, Arctic96BD-

19, and SAR324 SSU rRNA (or 16S) genes for use in quantitative PCR

(qPCR) assays and protein extraction methods from O2-deficient waters

compatible with high-resolution mass spectrometry for profiling microbial

community structure and functional dynamics.

2. EXPLORING OXYGEN MINIMUM ZONE
COMMUNITY STRUCTURE

Numerous methods for investigating microbial community structure

have been used with varying degrees of taxonomic resolution and quantita-

tive power in O2-deficient waters. These include amplicon-based methods

such as terminal restriction length polymorphism (T-RFLP) or denaturing

gradient gel electrophoresis (DGGE) of SSU rRNA genes (Lin, Scranton,

Chistoserdov, Varela, & Taylor, 2008; Lin, Scranton, Varela, Chistoserdov,

& Taylor, 2007; Rodriguez-Mora, Scranton, Taylor, & Chistoserdov, 2013;

Vetriani, Tran,&Kerkhof, 2003;Zaikova et al., 2010), SSU rRNAgene clone

library sequencing (Edgcomb et al., 2009; Fuchs, Woebken, Zubkov,

Burkill, & Amann, 2005; Orsi, Song, Hallam, & Edgcomb, 2012;

Stevens & Ulloa, 2008; Stoeck, Hayward, Taylor, Varela, & Epstein, 2006;

Walsh & Hallam, 2011; Zaikova et al., 2010), and massively parallel tag

sequencing (Allers et al., 2013; Herlemann et al., 2011; Stoeck et al., 2009,

2010).While T-RFLP andDGGE are inexpensive and amenable to automa-

tion, peak resolution is limited and taxonomic identification requires second-

ary purification and sequencing steps.Clone libraries canprovide significantly

more taxonomic information per read. However, quantitative power is lim-

ited by the cost of paired-end Sanger sequencing.Conversely, tag sequencing

currently provides less taxonomic information per read than clone libraries

but significantly more quantitative power. Catalyzed reporter deposition

(CARD) and fluorescent in situ hybridization (FISH) have also been used

in community composition (Fuchs et al., 2005; Lin et al., 2006, 2008;

Wakeham et al., 2007) and group-specific studies targeting SUP05

(Glaubitz, Kiesslich, Meeske, Labrenz, & Jurgens, 2013; Lavik et al.,

2009), Marine Group A (Allers et al., 2013), and Planctomycetes

(Woebken, Fuchs, Kuypers, & Amann, 2007;Woebken et al., 2008). While

CARD–FISH provides effective group-specific quantitation, probe devel-

opment and optimization can be cost prohibitive and technically demanding
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when profiling large numbers of samples. Finally, metagenomic and meta-

transcriptomic sequencing approaches have been used to assess microbial

community structure using phylogenetic anchors such as the SSU rRNA

gene and conserved clusters of orthologous groups in open-ocean OMZs

(Bryant, Stewart, Eppley, & DeLong, 2012, Canfield et al., 2010, Stewart

et al., 2011,Ulloa et al., 2012) and semi-enclosedbasins experiencing seasonal

O2-deficeincy (Walsh et al., 2009). While plurality sequencing approaches

provide direct insight intomicrobial community structure and function, tax-

onomic resolution is dependent on database matching to defined reference

genomes.

qPCR using dye assay chemistry such as SYBR®Green or EvaGreen can

be a specific alternative or adjunct to sequencing and CARD–FISH

methods. For example, qPCR using 50-endonuclease probe-based chemis-

try (Taqman) or dye assay chemistry (SYBR® Green) has been successfully

adapted for rapid and high-throughput quantification of microbial

populations in seawater (Mincer et al., 2007; Suzuki, Taylor, & DeLong,

2000; Takai & Horikoshi, 2000). In O2-deficient waters, qPCR has been

used successfully to quantify functional gene expression of nitrogen cycling

genes (Lam et al., 2009; Ward et al., 2009). Moreover, domain-specific

primers targeting total Bacteria and Archaea, and group-specific primers

targeting SUP05 and Arctic96BD-19 SSU rRNA gene copy number have

been used in SYBR® Green-based qPCR assays to monitor secular changes

in microbial community structure (Walsh & Hallam, 2011; Zaikova et al.,

2010). The use of group-specific primers provides quantitative assessments

of taxon abundance needed to accurately describe and monitor population

dynamics in response to changing levels of water column O2-deficiency.

2.1. Sample processing and environmental DNA extraction
Multiple methods for environmental DNA (eDNA) extraction from seawa-

ter exist and no single method will unfailingly provide ultraclean nucleic

acids in sufficient quantity and quality to support qPCR applications with-

out prior optimization. Here, we describe a method using a peristaltic pump

to concentrate biomass from seawater onto a 0.2-mm Sterivex filter that has

been used successfully to recover eDNA from O2-deficient waters in the

northeast subarctic Pacific Ocean (NESAP). Sample collection and filtration

protocols can be viewed as visualized experiments at http://www.jove.

com/video/1159/ (Zaikova et al., 2010) and http://www.jove.com/

video/1161/ (Walsh et al., 2009), respectively.
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1. Using a peristaltic pump (Cole-Parmer), seawater is filtered through a

2.7-mm GF/D prefilter to reduce particle and eukaryotic cell loading.

Flow through biomass is concentrated in-line onto a 0.2-mm Sterivex

filter (Millipore). Filter volumes will vary with cell densities ranging

between 1 l in surface ocean waters and up to 200 l in dark ocean

waters. Following biomass concentration, a syringe is used to purge

remaining seawater from the filter cartridge prior to lysis buffer

addition.

2. 1.8 ml of lysis buffer (0.75M sucrose, 40 mM EDTA, 50 mM Tris,

pH 8.3) is added to the Sterivex filter, sealed at both ends with parafilm,

frozen on dry ice, and stored at �80 �C until extraction.

3. Prior to eDNA extraction, the Sterivex filter is thawed on ice followed

by the addition of 100 ml lysozyme (125 mg in 1000 ml TE) and 20 ml
RNase A (10 mg/ml) and resealed. The Sterivex filter is then incubated

at 37 �C for 1 h in a rotating incubator or hybridization oven.

4. After 1 h, 100 ml Proteinase K and 100 ml of 20% SDS is added to the

Sterivex filter and incubated at 55 �C for 1–2 h in a rotating incubator

or hybridization oven.

5. The resulting lysate is extruded from the Sterivex filter into a 15-ml

tube using a 10-cc syringe. Rinse the filter with 1 ml of lysis buffer,

extrude, and combine with lysate.

6. Add an equal volume (�3 ml) of phenol:chloroform:IAA (25:24:1),

pH 8.0, to lysate, invert to mix, and centrifuge at 2500� g at room tem-

perature for 5 min or until aqueous layer is clear. Transfer aqueous layer

to a new 15-ml tube.

7. Add equal volume of chloroform:IAA (24:1) to tube with aqueous

layer, invert to mix, centrifuge at 2500� g at room temperature for

5 min until aqueous layer is clear, transfer aqueous layer to a new

15-ml tube, and add 1–3 ml TE buffer (pH 8.0).

8. For buffer exchange, transfer aqueous layer to Amicon® Ultra filter

with 10K nominal molecular weight limit cutoff (Millipore) and cen-

trifuge at 3500� g for 10 min at 4 �C or until there is less the 1 ml

remaining in the Amicon filter. Keep samples on ice during buffer

exchange steps.

9. Buffer exchange two more times with 1–3 ml TE. In the final spin,

bring volume down to 200–500 ml. Record the final extraction volume

and transfer to 1.5-ml tube.

10. Quantify eDNA using the Quant-iT™ PicoGreen© dsDNA reagent

(Invitrogen) and standards in 96- or 384-well microtiter plates on a
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Varioskan Flash spectral scanning plate reader (Thermo Scientific)

according to manufacturer’s instructions. To determine eDNA quality,

mix 2–5 ml of eDNA with loading dye and run on a 0.8% agarose gel

with ethidium bromide (or other nucleic acid stain). Include additional

wells with 10 ml of 1 kbþ ladder and three lanes of 20 ng/ml l HindIII

ladder (2, 5, and 10 ml) as size standards. Run the gel at 15 V for

12–16 h and visualize using UV gel dock.

2.2. Small-subunit ribosomal RNA gene primer design
Quantitative PCR primers for environmental microorganisms need to be

designed with both sequence specificity and target group diversity in mind.

Here, we describe a simple approach to qPCR primer design extensible to

both taxonomic and functional gene markers using the SAR324 SSU rRNA

gene as an example. Additional qPCR primers targeting total Bacteria and

Archaea,Marine Group I Thaumarchaeota, SUP05, and ArcticBD96-19 are

represented in Table 16.1 with original citations. SSU rRNA gene

sequences for SAR324 primer design were recovered from clone libraries

sourced from NESAP waters and clustered at 97% identity with reference

sequences available in the SILVA 102 full release database (Pruesse et al.,

2007) using MOTHUR (Schloss et al., 2009). From a total of 1089

sequences, 179 operational taxonomic units (OTUs) were resolved. Repre-

sentative sequences from each OTU were aligned using the SILVA aligner

(http://www.arb-silva.de/aligner/) and subsequently imported into the

ARB reference tree to verify taxonomic placement based on secondary

structure alignment. Primer specificity and coverage were determined using

BLAST (Altschul, Gish, Miller, Myers, & Lipman, 1990) searches against

1231 SAR234 sequences in the SILVA 111 full release database and Test-

Prime (http://www.arb-silva.de/search/testprime/) (Klindworth et al.,

2013). From a coverage perspective, both primers hit 93% of identified

OMZ sequences and 53% of all SAR324 sequences in the database permit-

ting a single mismatch. From a specificity perspective, both primers hit 24%

of sequences sourced from oxygenated surface, mesopelagic and bathype-

lagic waters and less than 1% of sequences sourced from sediments, soils,

or host-associated environments. Results using TestPrime were similar to

BLAST with 41% of SAR324 sequences matching the primer pair with zero

mismatches, 51% with one mismatch, and 52% with two mismatches. The

majority of missed sequences originated in oxygenated surface, mesopelagic

and bathypelagic waters, sediments, and soils.
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Table 16.1 Summary table indicating qPCR primer sequences, reaction concentrations, annealing temperatures, expected amplicon lengths in base pairs,
standards used, primer efficiencies, and detection limits

Target group Primer name Primer sequence (50 to 30)a

Final primer
concentration
(nM)

Annealing
(�C)

Amplicon
size (bp)

Primer
efficiency

Detection
limit
(copies/ml) Reference

Total Bacteria 27F AGAGTTTGATCCTGGCTCAG 300 55 492 100.5�0.78% 7.77�102 Zaikova
et al.
(2010)DW519R GNTTTACCGCGGCKGCTG 300

SAR324 SAR324_625F CCGGAGGGTCTTTCGAAACT 300 65 140 98.14�15.3% 1.14�102 Primer pair
described
in this
study

SAR324_764R CGCCTCAGCGTCAGAGTG 300

Arctic96BD-
19

Ba519F CAGCMGCCGCGGTAANWC 300 59 529 85.3�7.72% 1.29�102 Walsh and
Hallam
(2011)Arcticl048R CTATTTCTAGAAAGTTCGCAGG 300

SUP05 Ba519F CAGCMGCCGCGGTAANWC 300 63 529 100.2�0.26% 2.67�102 Zaikova
et al.
(2010)1048R CCATCTCTGGAAAGTTCCGTCT 300

Total Archaea 20F TTCCGGTTGATCCYGCCRG 300 65 499 95.5�4.65% 1.95�102 Zaikova
et al.
(2010)DW519R GNTTTACCGCGGCKGCTG 300

Crenarchaeota GI_751F GTCTACCAGAACAYGTTC 500 58 205 93.2�8.63% 2.30�102 Mincer
et al.
(2007)

GI-956R HGGCGTTGACTCCAATTG 500

aInternational Union of Pure and Applied Chemistry (IUPAC) degenerate base symbols; N¼A, G, C, or T; K¼Gor T;M¼AorC;W¼A or T;R¼AorG; Y¼Cor T;H¼A, C, or T.



2.3. Quantifying small-subunit ribosomal RNA gene
copy number

Quality controls were performed against plasmid standards recovered from

NESAP waters to empirically determine optimal annealing temperatures,

efficiencies, and detection limits for all primer pairs (Table 16.1 and

Fig. 16.1).

1. Target group SSU rRNA gene copy number is determined by qPCR.

Each 20 ml reaction contains 10 ml Ssofast EvaGreen Supermix

(BioRad), 2 ml of template DNA, specified primer concentration

(Table 16.1), and remaining volume of sterile, nuclease-free water.

Reactions are carried out in low tube strips or 96-well white qPCR

plates and run on a CFX96 Real-Time PCR detection system

(BioRad) under the following PCR conditions: initial denaturation at

98 �C for 2 min, followed by 40 cycles of primer annealing at specified

temperature (Table 16.1) for 30 s and a plate read. Real-time data is ana-

lyzed with the CFX Manager Analysis Software (BioRad) (Fig. 16.1A).

(Note: Ssofast EvaGreen does not require extension time at

72
�
C. Optimal primer concentrations and annealing temperatures

should be tested using primer dilution series across a range of annealing

temperatures and template concentrations.)

2. Plasmid standards are prepared using the Plasmid Midi kit (Qiagen)

followed by plasmid-safe DNase treatment (Epicentre) according to

manufacturer’s instructions. After enzyme treatment and heat inactiva-

tion, DNA is purified with phenol:chloroform:IAA (25:24:1) followed

by buffer exchange (3�) with Tris–EDTA (pH 8.0) using an Amicon

Ultra 1 10K filter (Millipore).

3. Standard DNA is quantified using Quant-iT PicoGreen dsDNA kit

(Invitrogen) and copies of standard per ml is determined by Eq. (16.1).

A 10-fold dilution series is prepared ranging from approximately

10 to 107 copies/ml. The Log gene copy number in reaction versus

quantification cycle (Cq) threshold is graphed to produce a standard

curve (Fig. 16.1B).

Standard concentration ngDNA=mlð Þ
¼ DNA concentration ng=mlð Þ
Fragment size bpð Þ� 1:096�10�21ð Þ g=bpð Þ�109 ng=gð Þ ð16:1Þ
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4. The number of gene copies in each qPCR reaction is determined from

the standard curve. The number of gene copies in a ml of seawater is

determined by Eq. (16.2).

Copies=ml seawater¼Copies=ml in reaction
�DNAextraction volume ml=ml seawater filteredð Þ

ð16:2Þ

5. The limit of detection is established based on a comparison of dissocia-

tion curves and Cq threshold for all sample replicates (Table 16.1). Each

assay produces logarithmic amplification curves with 85–100% amplifi-

cation efficiency over the standard range.

6. Following reaction cycles, a melting curve from 55 to 95 �C, held at

0.5 �C increments for 2 s is performed to check for reaction specificity

(Fig. 16.1C). Standard and sample amplicons are visualized as described

in DNA extraction section running the gel at 80 V for 90 min to verify

expected product length and the extent of primer dimer formation

(Fig. 16.1D).

7. Processed qPCR results are represented graphically in relation to envi-

ronmental parameter data (Fig. 16.2). (Note: Although developed for

quantifying SSU rRNA gene copy number, the primers should be

extensible to reverse transcription qPCR assays to quantify SSU rRNA

gene expression.)

3. DETECTING OXYGEN MINIMUM ZONE PROTEINS

Environmental proteomics also known as metaproteomics was first

used to describe microbial community gene expression in an acid mine

drainage ecosystem (Ram et al., 2005). Reduced community complexity

in the acid mine milieu enabled the identification of key metabolic activities

and metabolic partitioning between community members. Since that time,

metaproteomic approaches have been successfully applied to a wide range of

natural and human-engineered ecosystems including soils (Keiblinger et al.,

2012; Schneider et al., 2012), leaf surfaces (Delmotte et al., 2009), human

guts (Verberkmoes et al., 2009), napthalene-degrading enrichment cultures

(Guazzaroni et al., 2013), and wastewater treatment plants (Kuhn et al.,

2011; Wilmes, Wexler, & Bond, 2008). Although no metaproteomes for
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OMZ microbiota have been reported, surface ocean surveys have provided

insight into microbial community responses to nutrient conditions along a

coastal to open-ocean transect in the South Atlantic (Morris et al., 2010),

coastal northeast Pacific Ocean upwelling (Sowell et al., 2011), and winter

to summer transitions off the Antarctic Peninsula (Williams et al., 2012).

Indeed, metaproteomics opens a functional window into microbial commu-

nity metabolism and coupled biogeochemical cycles needed to more

accurately monitor microbial community responses to changing levels of

water column O2-deficiency.

3.1. Sample processing and protein extraction
Protein extraction yields per unit volume of seawater need to be considered

prior to large-scale sample collection to ensure sufficient biomass is filtered

for downstream processing and detection steps. Here, we provide a protein

extraction and peptide detection protocol optimized for community gene

expression profiling in O2-deficient marine waters in the NESAP. Empirical

observations suggest that a minimum of 108 cells is needed to reliably detect

abundant proteins under these water column conditions using nano-high-

performance liquid chromatography coupled to a Thermo Electron

LTQ-Orbitrap mass spectrometer with electrospray ionization.

1. Using a peristaltic pump (Cole-Parmer), seawater is filtered through a

2.7-mm GF/D prefilter to reduce particle and eukaryotic cell loading.

Flow through biomass is concentrated in-line onto a 0.2-mm Sterivex

filter (Millipore). Filter volumes required will vary with corresponding

cell densities and typically range between 1 l in surface oceanwaters and

up to 200 l in dark ocean waters. Following biomass concentration, a

syringe is used to purge remaining seawater from the filter cartridge

prior to lysis buffer addition.

2. 1.8 ml of lysis buffer (0.75M sucrose, 40 mM EDTA, 50 mM Tris,

pH 8.3) is added to the Sterivex filter, sealed at both ends with parafilm,

frozen on dry ice, and stored at �80 �C until extraction.

3. Prior to protein extraction, the Sterivex filter is thawed on ice followed

by the addition of 200 ml of 10� Bugbuster (Novagen). The Sterivex

filter is then incubated at room temperature with rocking or rolling for

20–30 min to lyse cells.

4. The lysate is extruded from the filter into a 15-ml tube using a 10-cc

syringe and put on ice prior to centrifugation at 3500� g for 10 min at
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4 �C to pellet cellular debris. Rinse the filter with 1 ml of lysis buffer,

extrude, and combine with lysate.

5. For buffer exchange, transfer aqueous layer to Amicon®Ultra filter with

10K nominal molecular weight limit cutoff (Millipore), increase volume

to 4 ml with 100 mMNH4HCO3, and centrifuge at 3500� g for 10 min

at 4 �Cor until there is less the 1 ml remaining in the Amicon filter. Keep

samples on ice during buffer exchange steps.

6. Buffer exchange two more times with 1–3 ml of 100 mMNH4HCO3.

In the final spin, bring volume down to 200–500 ml. Record the final

extraction volume and transfer to 1.5-ml tube.

7. Protein concentration is determined with 2-(4-carboxyquinolin-2-yl)

quinoline-4-carboxylic acid (Bicinchoninic acid or BCA) assay.

8. Add powdered urea to a final concentration of 8 M (780 mg/ml).

NOTE: each mg of Urea added will add 0.8 ml of volume.

9. A 50 mMworking stock of the reducing agent Dithiothreitol (DTT) is

added to a final concentration of 5 mM and the sample is incubated at

60 �C for 30 min.

10. Following DTT incubation, the sample is diluted 10-fold with

100 mM NH4HCO3 and 1M CaCl2 is added to a final concentration

of 1 mM.

11. The sample can now be flash-frozen in liquid nitrogen and stored at

�80 �C until trypsin digestion.

3.2. Protein digestion and sample cleanup
To remove residual salts from seawater samples as well as detergents used in

protein extraction both a C18 column and strong cation exchange (SCX)

column are used following trypsin digest.

1. Trypsin digest is carried out using 1 unit of mass spectrometry grade

trypsin to 50 units protein at 37 �C for 6 h.

2. A 1 ml/50 mg bed volume C18 Solid Phase Extraction (SPE) (Sigma-

Aldrich, Supelco Supelclean) column is conditioned with 3 ml of

methanol and rinsed with 2 ml of 0.1% Trifluoroacetic acid (TFA)

using a vacuum manifold.

3. After conditioning, the sample is added to the column and washed with

4 ml of 95:5 0.1%TFA:Acetonitrile (ACN) and allowed to dry. Pep-

tides are eluted with 1 ml of 80:20 0.1%TFA:ACN using vacuum

and concentrated to 50–100 ml in a speed-vac.
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4. A 1 ml/50 mg bed volume SCX SPE column is used to clean

remaining detergents from the sample. Condition the column by fol-

lowing steps 5–10 on a vacuum manifold. (Note: A SCX SPE 1 ml/

50 mg tube is sufficient for up to 400 mg of protein, use a 1 ml/

100 mg tube for larger protein amounts.)

5. Condition column with 2 ml of methanol.

6. Rinse column with 2 ml 10 mM ammonium formate (NH4HCO2),

25% ACN, pH 3.0.

7. Rinse column with 2 ml of 500 mM NH4HCO2, 25% ACN, pH 6.8.

8. Rinse column with 2 ml of 10 mM NH4HCO2, 25% ACN, pH 3.0.

9. Rinse column with 2 ml of Nanopure water.

10. Rinse column with 4 ml of 10 mM NH4HCO2, 25% ACN, pH 3.0.

11. Acidify sample by adding 10%TFA inNanopure water to a final sample

concentration of 1% and centrifuge for 5 min at 15,000� g at room

temperature to pellet any precipitates. Slowly pass the supernatant

through column.

12. Wash the columnwith 4 ml of 10 mMNH4HCO2, 25%ACN, pH 3.0,

and elute to dryness. Blot ends of manifold tubing below columns dry.

13. Place fresh 2.0-ml microcentrifuge tubes below columns, and with the

vacuum turned off, add 1.0 ml MeOH:H2O:NH4OH (80:15:5) to

each column.

14. Turn on vacuum, slowly elute sample from columns, and when col-

umns are dry add an additional 500 ml of MeOH:H2O:NH4OH

(80:15:5) for a total elution volume of 1.5 ml. Concentrate the sample

in a speed-vac to a final volume of 50–100 ml, adding small volumes of

H2O to dissolve particulate matter on the side of the tube (if needed).

Perform BCA protein assay.

15. The sample can now be flash-frozen in liquid nitrogen and stored at

�80 �C until needed for MS analysis.

3.3. Tandem mass spectrometry and peptide identification
While the detection and quantification of potential key microbial players in

O2-defcient waters provides insight into community structure and dynam-

ics, additional methods for profiling environmental gene expression are

needed for gene model and pathway validation. The application of high-

pressure liquid chromatography (HPLC) coupled tandemmass spectrometry

to identify expressed protein sequences from O2-defcient waters offers a

rapid and high-throughput profiling solution. The most effective peptide

matching relies on the availability of environmental sequence information
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derived from the ecosystem under study although a standard reference data-

base compiled from cultured isolates and publically available marine

metagenomes can also be utilized. Here, we use a database of conceptually

translated protein sequences from paired-end fosmid and whole-genome

shotgun sequences from the Saanich Inlet water column to profile commu-

nity gene expression across gradients of O2 and hydrogen sulfide.

1. Aliquots containing �5 mg of protein are analyzed by online capillary

liquid-chromatography–tandem mass spectrometry (Thermo, LTQ

ion trap mass spectrometer or Thermo LTQ-Orbitrap mass spectrome-

ter) using data-dependent fragmentation on the top 10 ions per duty

cycle and a 100-min LC gradient from 0.1% formic acid in water to

0.1% formic acid acetonitrile. (Note: Reverse-phase capillary HPLC

column used was made in-house at Environmental Molecular Sciences

Laboratory at Pacific Northwest National Laboratories by slurry packing

3 mm Jupiter C18 stationary phase into a 60 cm length of 360 mm o.

d.�75 mm i.d. fused silica capillary tubing using a 1 cm sol-gel frit

for retention of the packing material.)

2. Peptides are identified from MS/MS spectra using SEQUEST™ all-

owing for a potential oxidation of the methionine residues. Each search

is performed using an environmental database of predicted protein

sequences generated from the source location. For ion trap data, a mass

error window of 3 m/z units is used for the precursor mass. A mass error

window of 1 m/z unit is used for Orbitrap data, given the higher reso-

lution of the instrument. In both cases, a 0 m/z tolerance is used for the

fragmentation mass. Peptides identifications are permitted if they have a

mass spectra generating functions value of less than 10�11, which corre-

sponds to a false discovery rate below 2% (Kim, Gupta, & Pevzner,

2008). Identifications are allowed for all possible peptide termini, that

is, not limited by tryptic-only termini.

3. The number of peptide observations (scans matching to a peptide) from

each protein is used as a rough measure of relative abundance and mul-

tiple charge states of a single peptide are considered as individual obser-

vations, as are the same peptides detected in different mass spectral

analyses. However, it is important to note that while abundant proteins

tend to produce more spectra, not all peptides ionize equally well. The

most accurate quantitation requires some form of metabolic, isotopic, or

isobaric tagging, or in the case of targeted proteomics, selected reaction

monitoring or multiple reaction monitoring using stable isotope-labeled

synthetic peptides (Walther & Mann, 2010).
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3.4. Taxonomic binning and visualization
of expressed proteins

There are many ways to visualize taxonomic distributions in environmental

sequence data including heat maps, histograms, bubble plots, and trees.

Here, we describe a composite visualization method using BLAST and

the least common ancestor (LCA) algorithm implemented in MEGAN

(Huson, Auch, Qi, & Schuster, 2007) superimposed on the Interactive Tree

of Life (iTOL) (http://itol.embl.de/) (Letunic & Bork, 2007, 2011) to visu-

alize the taxonomic distribution of expressed proteins from the Saanich Inlet

water column (Fig. 16.3). Protein abundance information is mapped onto

these tree structures using the normalized spectral abundance factor

(NSAF) (Zybailov et al., 2006). The NSAF values for a given protein can

be then compared for a more accurate representation of gene expression

between environmental samples.

1. Amino acid sequences of detected proteins are compared to known

protein sequences in genomic databases such as NCBI RefSeq via

BLAST. A bit score ratio of 0.4 is used as a cutoff for confidence

and the top hit is assigned to that protein sequence.

2. To increase taxonomic resolution and include genomes or

metagenomes that are not yet in public database (such as RefSeq),

the target database can be amended with the user-defined sequence

information. For example, protein sequences for SUP05 uncultured

bacterium and Candidatus Kuenenia stuttgartiensis were included in

the BLAST against the NCBI RefSeq database by amending the

RefSeq database with the additional genomic sequence information

from desired organisms.

3. Peptide scan counts are summed for each protein (with PPP>0.95).

For peptides mapping to more than one protein, scan counts are

divided between the total number of identified proteins.

4. The spectral abundance factor (SAF) (Eq. 16.3) is calculated using the

sum of all scan counts for a given protein divided by the number of amino

acids making up the protein sequence. The NSAF (Eq. 16.4) is the SAF

for a given protein divided by the sum of all SAFs for a given sample.

SAF¼ Sum of scan counts for a given protein

Length of given protein
ð16:3Þ

NSAF¼ SAF

Sum of all SAF in a given sample
ð16:4Þ
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5. MEGAN is run using the BLAST output for all identified protein

sequences in a given sample by using the “Import from BLAST” option

in the “File” menu. In the “Import” tab of the import dialogue box,

select the BLAST output file, in the “‘Content” tab, deselect SEED

and KEGG options, in the “LCA Params” tab, change “Min Support”

to 1 and deselect “Use Min-Complexity Filter.” (Note: These param-

eters are user defined and can be altered based on user preferences or

specific data requirements.)

6. Users can include taxa missing from the NCBI taxonomy or alter the

structure of the NCBI taxonomy, for example, SUP05 uncultured bac-

terium by downloading the NCBI taxonomy structure from http://ab.

inf.uni-tuebingen.de/data/software/megan4/download/welcome.html

under “Updates of NCBI taxonomy.” Unzip the file in the MEGAN/

class/resources/files directory. Open the “names.dmp” file in a text edi-

tor, append an unused taxon ID number (left most field) for the new

“species” and enter “scientific name” in the far right field maintaining

the syntax present in the rest of the file. Repeat this process at the genus

or family level (parent nodes) as needed. For example, in the case of

SUP05 uncultured bacterium, the “names.dmp” file was amended with

the following lines:

805819 |SUP05 cluster| |scientific name|

805820 |uncultured SUP05 cluster bacterium| |scientific name|

To place SUP05 in context with existing parent nodes for higher

order taxonomic structure, determine the taxon ID number present

in the “names.dmp” file, for example, the Gammaproteobacteria taxon

ID number is 1236. Open the “nodes.dmp” file, locate the position of

your new taxon ID number in the far left field, and enter the new taxon

IDnumber in the far left field and the taxon IDnumber for the parent node

in the second field position, for the remainder of the fields copy from an

existing line (the NCBI download site explains all these fields in

taxdump_readme.txt at ftp://ftp.ncbi.nlm.nih.gov/pub/taxonomy/).

For example, in the case of SUP05 uncultured bacterium, the “nodes.

dmp” file was amended with the following lines:

805819 | 135619 | order | | 1 | 1 | 1 | 1 | 5 | 1 | 0 | 0 | |

805820 | 805819 | species | | 1 | 1 | 1 | 1 | 5 | 1 | 0 | 0 | |
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Save both of these files and relaunch MEGAN to use the newly

assigned taxonomy and import your BLAST output file as described

in step 1.

7. In the MEGAN tree view, open all the desired nodes by selecting a leaf

on the far right, and selecting “Uncollapse Subtree” from the “Tree”

menu to open the internal nodes for that leaf, repeat for all leaves. From

the “Select” menu, select “All Nodes” and then from the “Export”

menu select “Reads” in the “File” menu to export a list of sequences

belonging to each taxon level.

8. On your desktop, open a terminal window. Using the cd command,

enter the directory containing the MEGAN output files. Combine

these files into a single file with sequence name and taxon ID using

the following gawk scripts:

user$ gawk ‘{f¼FILENAME".new";sub(" >̂",”",$0);print $0 “\t”

FILENAME> f}’ *.fasta user$

cat *.new >combine_taxanames.txt user$

gawk ‘! a[$0]þþ’ combine_taxanames.txt >

combine_taxonnames_clean.txt

9. To sum theNSAF values for all proteins assigned to a given taxon node,

copy the “combine_taxonnames_clean.txt” file into Excel and sum the

NSAF values for all sequences with a unique taxon ID using the

SUMIF function.

10. Tree generation using iTOL requires the NCBI taxon ID assigned by

MEGAN. A user account in iTOL is required to enter and store created

trees. Enter a list of all taxon IDs (obtained from the “names.dmp” file

for identified taxa) into iTOL at “other trees” (no number below 1 is

permitted) to generate a Newick formatted output tree. Copy the tree

and upload it to a new project in iTOL using “advanced options” with

internal node IDs selected. View tree in iTOL to evaluate information

content and visual balance. If there are more nodes than are possible to

view in a single figure, consider adjusting the MEGAN parameters, or

use a cutoff of minimum NSAF value, excluding all underrepresented

nodes, to reduce to total number of nodes and repeat the import pro-

cess. Once satisfied with your tree, export in Newick format including

internal nodes.

11. Compare the taxon names in the exported tree to the taxon names of

the nodes from MEGAN. It is important that names match exactly.

Change spaces and “|” into “_.”
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12. For each sample, make a .csv file in the format “taxa” “value” “value”

“value.” Use the same value in the first two “value” columns with an

“R” in front of the first value and a zero for the third value (e.g.,

Gammaproteobacteria, R28, 28, 0). See iTOL “Uploading and work-

ing with your own trees” for more information on file headers. To pro-

vide a scale for your tree, add values to nodes which are “0” and

manipulate the graphics file later to move scale bubbles into tree posi-

tions in the figure.

13. The .csv file is uploaded with a new tree in iTOL using the “Multivalue

bar or pie chart” data type. Additional settings such as theminimum and

maximum radii are user defined. Occasionally, the tree or the data may

not be displayed in the iTOL user interface but can still be exported.

Use the export function to generate an .svg file.

14. The output of multiple .svg files can be composited together using

graphic design software (e.g., Adobe Illustrator) to visualize NSAF

values, sequence read count, and taxonomic structure in a unified per-

spective (Fig. 16.3).
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Abstract

Microbial ecologists have reaped enormous benefit from advances in high-throughput
DNA sequencing. However, the short read lengths of currently dominant technologies
have made a seemingly simple question about shotgun metagenomic experiments
difficult to answer: what small subunit ribosomal RNA (SSU rRNA) genes are present
in a sequenced biological sample? Without these gene sequences, it is difficult to inter-
pret a sample within the rich context of ribosomal rRNA databases accumulated over
decades. This chapter presents specialized software, EMIRGE, for the assembly of SSU
rRNA genes. EMIRGE is optimized to deal with strain similarity and the fluctuating levels
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of conservation within the SSU rRNA gene that make assembly difficult. It has been used
to successfully assemble genes from shotgun metagenomes, long PCR amplicons, and
total-RNA transcriptomes. A detailed discussion of how EMIRGE works and how it deals
with the uncertainty inherent in the assembly problem is presented. Practical sugges-
tions are given for understanding and optimizing parameter choice, data preprocessing
and postprocessing, and creation of a candidate SSU rRNA gene database. When high-
throughput sequencing data are available, EMIRGE can serve as a valuable tool for inter-
preting microbial community structure.

1. INTRODUCTION: THE UTILITARIAN SMALL SUBUNIT
rRNA GENE IN MICROBIAL ECOLOGY

For over 35 years, microbial ecologists have used the nucleic acid

sequences of ribosomal RNA genes or transcripts to document and explore

the seemingly boundless diversity of the planet. Although early studies some-

times used 5S rRNA (Stahl, Lane, Olsen, & Pace, 1984), the small subunit

(SSU; 16S) rRNA and its associated gene quickly became the preferred phy-

logenetic marker owing to several key qualities: (i) SSU genes are universally

distributed; (ii) SSU genes are highly conserved, allowing for meaningful

alignments and broad PCR priming sites; and (iii) SSU genes contain enough

variable nucleotides to be information rich (Tringe & Hugenholtz, 2008).

Woese and colleagues used these properties for building quantitative molec-

ular phylogenies of life, shepherding taxonomists through the paradigm shift

to a three-domain tree that included archaea (Fox et al., 1980). These early

studies laid the foundation for reference databases of ribosomal sequences

within which newly sequenced isolates could be interpreted. It was subse-

quently realized that molecular sequencing of ribosomal genes, eventually

with “universal” primers (Lane et al., 1985) targeting conserved SSU regions,

allowed for profiling the taxonomic makeup of entire environments, without

the prerequisite of isolation in culture (Olsen, Lane, Giovannoni, Pace, &

Stahl, 1986; Pace, Stahl, Lane, & Olsen, 1986; Stahl et al., 1984). The useful-

ness of this approach is self-evident: contemporary databases that catalog par-

tial and full SSU gene sequences today contain well over three million entries

(Cole et al., 2007; DeSantis et al., 2006; Pruesse et al., 2007).

A second “revolution” in the use of amplified SSU gene fragments for

microbial ecology arrived with the release of massively parallel sequencing

technologies. The cloning bottleneck that limited most Sanger-

sequencing-based approaches to hundreds or, at most, thousands of clones

has given way to inexpensive experiments that sample tens of thousands
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(Sogin et al., 2006) to millions (Caporaso et al., 2011) of amplification prod-

ucts per biological sample. This has primarily been achieved by building

adapter sequences required for sequencing via 454/Roche (Margulies

et al., 2005) or Illumina (Bentley et al., 2008) technology directly into

SSU-targeting “universal” primers (Caporaso et al., 2012; Sogin et al.,

2006). Library preparation of amplified SSU fragments for these sequencing

technologies becomes as simple as setting up a polymerase chain reaction. The

ease and cost-effectiveness of this strategy have led to several ambitious pro-

jects to catalog microbial diversity, including from the human body (Huse,

Ye, Zhou, & Fodor, 2012) and from hundreds of thousands of samples from

across the planet (www.earthmicrobiome.org; Gilbert et al., 2010).

Despite its popularity and longevity, the technique of sequencing PCR-

amplified SSU fragments has technical complications that have stubbornly

persisted through the decades. Quantification of relative taxon abundances

(cell numbers) is often inferred from the number of sequencing reads attrib-

uted to that taxon. However, variable genome copy number of the ribo-

somal RNA operon (from 1to 15 copies, but unknown for the vast

majority of genomes) (Lee, Bussema, & Schmidt, 2009) can confound this

inference (Farrelly, Rainey, & Stackebrandt, 1995). Attempts have been

made to correct for this bias by inferring copy number from known genomes

and a phylogeny (Kembel, Wu, Eisen, & Green, 2012), but even closely

related species can have different rRNA operon copy number. Partly for this

reason, arguments have been made for using alternate phylogenetic marker

genes (Roux, Enault, Bronner, & Debroas, 2011; Vos, Quince, Pijl, De

Hollander, & Kowalchuk, 2012), but these alternatives do not benefit from

the vast historical accumulation of SSU reference sequences and associated

metadata, nor do they provide the taxonomic breadth of PCR access that is

afforded by the highly conserved priming regions in rRNA genes.

The choice of PCR primers to use in small subunit ribosomal RNA

(SSU rRNA) studies has effects on the taxonomic specificity and sensitivity

of the resulting amplicon. Limits in sequencing technology led to shorter

sequenced fragments in early studies (Lane et al., 1985), but increasing

Sanger-sequencing read lengths, and the development of PCR approaches,

soon allowed for widely adopted primers that amplified the nearly full-

length SSU gene (Lane, 1991). For all technologies, unfortunately, even

“universal” degenerate primers were shown to have amplification biases that

limit the utility of PCR-based methods for relative quantification of some

taxa, especially if many cycles of PCR are performed (Fan, McElroy, &

Thomas, 2012; Polz & Cavanaugh, 1998). With the advent of new
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sequencing technology, we have returned to short (though abundant) reads,

and several recent studies have reexamined the theoretical taxonomic cov-

erage of various primer pairs, with sometimes conflicting results about the

optimal set of primers and read lengths to minimize bias (Hao & Chen,

2012; Liu, DeSantis, Andersen, & Knight, 2008; Ong et al., 2013;

Soergel, Dey, Knight, & Brenner, 2012; Walters et al., 2011; Youssef

et al., 2009). Chimeric amplification products, representing artificial

sequences not present in the sample, can also confuse the interpretation

of both richness and relative abundance calculations (Haas et al., 2011;

Hugenholtz, 2003). Even with the shorter amplification products favored

by high-throughput sequencing studies, a sizable fraction of reads—

especially from low-abundance taxa—are from such chimeric artifacts,

and chimeras can form reproducibly from reaction to reaction (Haas

et al., 2011; Schloss, Gevers, & Westcott, 2011).

Recovering full or partial SSU rRNA genes directly from metagenomic

reads or assembled contigs should avoid some of the biases inherent in PCR-

based approaches to microbial community phylogenetic characterization.

Though not without technical limitations (Morgan, Darling, & Eisen,

2010), sequencing and assembling partial or full genomes via DNA extracted

directly from the environment avoids PCR primer bias, amplification bias,

copy-number errors, and chimeric artifacts. Ideally, complete assembled

genomes could be used to place communities in a taxonomic context. How-

ever, with notable exceptions, assembly of near-complete (Denef &

Banfield, 2012; Hess et al., 2011; Tyson et al., 2004) or complete

(Sharon et al., 2012) microbial genomes from community sequencing is dif-

ficult, and the catalog of complete bacterial reference genomes is in relative

terms small and biased (Wu et al., 2009).

Many strategies have been proposed to infer community phylogenetic

structure from metagenomic reads or contigs, only some of which exclu-

sively rely on the SSU rRNA. When using entire read sets or assemblies,

most programs assign taxonomy via sequence homology to known genomes

and differ in the way they assess uncertainty. One common approach is to

assign the taxonomy of the BLAST-based least common ancestor of all

sequences homologous to a metagenomic fragment of interest (Huson,

Mitra, Ruscheweyh,Weber, & Schuster, 2011). Another approach uses more

sophisticated and sensitive hiddenMarkovmodels for homology-based assign-

ment (Brady & Salzberg, 2009). Using just a subset of “clade-specific” genes

mined from existing genomes for homology-based comparison has been

reported to improve accuracy and computational speed (Segata et al., 2012).
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Alternatively, nucleotide composition can be used, either alone or in combi-

nation with homology approaches (Liu et al., 2013; MacDonald, Parks, &

Beiko, 2012; Parks, MacDonald, & Beiko, 2011).

Because of the breadth and depth of SSU rRNA databases, many strat-

egies have been proposed to mine metagenomic data sets for SSU fragments,

and use those fragments for taxonomic characterization. SSU fragments,

rather than full-length assembled genes, are often used because modern

k-mer-based assembly programs for high-throughput sequencing reads fail

to properly assemble the unique alternately conserved and divergent domain

structure of the SSU gene (Miller, Baker, Thomas, Singer, & Banfield,

2011). Multiple strategies have been proposed to identify metagenomic

reads originating from SSU genes and use these to infer a community’s tax-

onomic profile, via BLAST or placement in a reference tree (Bengtsson

et al., 2012; Hao & Chen, 2012; Sharpton et al., 2011). For 454 data,

assembled fragments, even if imperfect and/or shorter than full length, have

been shown to outperform unassembled reads in taxonomic classification

(Fan et al., 2012; Radax et al., 2012).

2. OVERVIEW OF THE EMIRGE ALGORITHM

Our approach to SSU rRNA-based characterization of microbial

communities is to assemble near-full-length SSU genes from high-

throughput Illumina sequencing data with specialized, open-source software

(https://github.com/csmiller/EMIRGE). The input data can be generated

via shotgun metagenomics (Gladden et al., 2011; Handley et al., 2013;

Miller et al., 2011; Wrighton et al., 2012), targeted sequencing of sheared,

near-full-length SSU amplicons (Miller et al., 2013; Ong et al., 2013), or

total-RNA metatranscriptomic data. The assembly algorithm, expectation–

maximization reconstruction of genes from the environment (EMIRGE),

leverages the large number of previously reported SSU rRNA sequences as

candidate sequences in a formof template-guided assembly.Over several iter-

ations, EMIRGE maps reads to these candidate sequences, corrects them to

reflect the true gene sequences sampled by the reads, and produces accurate

estimates of assembled SSU rRNA gene abundances based on a probabi-

listic accounting of read alignment depth. The remainder of this chapter

further describes the underlying algorithm behind EMIRGE, argues for

the advantages of maintaining and using the uncertainty inherent in

high-throughput sequencing, and discusses several practical issues that arise
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when using EMIRGE that point out both the strengths and limitations of

the approach.

2.1. Sources of uncertainty in the rRNA assembly problem
The fundamental assumption made by EMIRGE is that one candidate ref-

erence SSU rRNA gene generated each observed read (here and below, the

term “read” is used interchangeably with “paired read,” as EMIRGE treats

paired reads essentially as single concatenated reads). Put another way, each

read is a sampled fragment from exactly one candidate SSU rRNA gene pre-

sent in the biological sample. If it were certain that all SSU rRNA gene

sequences in a biological sample were present in the candidate database,

and if each SSU rRNA read could be unambiguously mapped to exactly

one candidate, calculating read-depth abundances and correcting any errors

in the candidate SSU rRNA sequence would be trivial. However, because

in a natural community reads often are sampled from closely related species,

and because shorter reads inherently have less information, there is usually

uncertainty about exactly which reference sequence generated each read

(Fig. 17.1). In addition, reads are not error free. Base-call errors are accom-

panied by a quality score representing the probability of an erroneous call,

but a high error probability only implies uncertainty about the called base,

and not certainty about any of the three alternative bases. Thus, base-call

errors in reads can also confuse the issue of which reference sequence gen-

erated a given read. Of course, in a real sample, the generating SSU rRNA

gene may not be present in the candidate database at all, and so there is also

uncertainty about the base identity at each position in a candidate sequence.

When combined, these sources of uncertainty preclude a simplistic strategy

for template-guided assembly and abundance estimations.

2.2. The expectation–maximization algorithm in EMIRGE
The expectation–maximization (EM) algorithm (Dempster, Laird, & Rubin,

1977) allows for the estimation of hidden parameters in a probabilistic model

from known observations, including for models of biological phenomena

such as gene expression or protein domain interactions (Do & Batzoglou,

2008). In the case of EMIRGE, the observed data at hand are the short

high-throughput sequencing reads and the starting database of candidate

SSU rRNA genes. Hidden to us are the true sequences and relative abun-

dances of each candidate gene in the biological sample, as well as information

about which candidate gene generated each read. If it were certain which
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candidate sequence generated which read, then calculating relative read-depth

abundances would be trivial, and we could easily compute a corrected con-

sensus for each candidate gene with mapped reads. If, on the other hand, the

correct sequences for candidate genes were known alongside their relative

abundances, then we could make an educated decision as to which candidate

sequence generated each read.

The EM algorithm proceeds exactly by alternating between these two

assumptions. First, a probabilistic guess is calculated describing which candi-

date SSU rRNA sequences may have generated each SSU rRNA read, under

the assumption that something is known about the identity and relative abun-

dance of the candidate sequences. Then this probabilistic description of which

sequence generated each read is used to refine what is known about the con-

sensus sequences and relative abundances of the candidate SSU rRNA genes.

With multiple flip-flops between these two steps, the probabilities reflecting

each of the estimated parameters begin to accurately reflect the most likely

explanation for the observed set of all sequencing reads (Fig. 17.2).

Figure 17.1 Sources of uncertainty in template-guided SSU rRNA assembly. Any given
read (bottom) will have uncertain base calls at each position, as indicated by varying
Sanger quality values estimated by the sequencing machine (Q in lower bar chart). This
quality value represents only the probability that the called base is correct and indicates
nothing about the individual probabilities of other possible bases being correct. A read
will have been generated by exactly one of many possible candidate SSU rRNA genes
(top), each of which will have different and unknown relative abundances in the biolog-
ical sample (pie charts). Reads may not perfectly align with candidate SSU rRNA genes
(bold bases). The sequence of each actual SSU rRNA gene in a biological sample is also
uncertain and can only be described probabilistically, with the most probable base at
each position being chosen for the consensus sequences (Pr in top bar charts). EMIRGE
also keeps track of the probability of each of the three other possible bases at each posi-
tion in a candidate SSU rRNA gene, based on information from aligned reads (not
shown). All of these factors make unambiguous mapping and attribution of reads to
candidate SSU rRNA genes complex.
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2.3. Iterations, algorithm convergence, and stabilization
of reconstructed sequences

In each iteration, EMIRGE performs the following steps (Miller et al.,

2011), each of which is documented and timed in the output log file:

i. Map reads against the current most probable consensus sequence for

each candidate SSU rRNA.

ii. Calculate the new probability of each base at each position in the can-

didate sequences, based on the current probabilistic distribution

describing where each read could have come from, the base calls within

those reads, and base quality scores.

iii. Calculate the probability that a given candidate SSU rRNA gene gen-

erated a given read, for all possible pairs of candidate genes and reads.

iv. Calculate the estimated abundances of each of the candidate genes,

given the just-calculated individual probabilities that each read gener-

ated each sequence.

v. Write out a new consensus sequence for each candidate sequence for

the next iteration of read mapping, based on the most probable base

at each position (Fig. 17.2).

After a number of iterations, EMIRGE’s estimates of the various probabil-

ities calculated stabilize to the point where changes become minute. This is

algorithm convergence. At the moment, EMIRGE does not automatically

Figure 17.2 Iterative adjustment of individual base probabilities in the consensus
sequences of candidate SSU rRNA genes. Shown are the probabilities (Pr(N); y-axis)
for each of four possible bases at each position (x-axis) for selected nucleotides of a rep-
resentative candidate gene. Probabilities for iterations 1–8 are overlaid with increasing
opacity. Most positions in the gene are unambiguous: a single base has a probability near
one, while the remaining three bases have probabilities near zero, and this does not
change from iteration to iteration. For other positions (highlighted with arrows indicating
increasing iteration number), EMIRGE gradually adjusts originally less certain bases to
reflect increased evidence from confidently mapped reads in later iterations, ultimately
revealing a highly probable consensus across all positions.
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detect this, but in practice, this usually ranges from approximately 30

iterations (for simple communities) to 80–120 iterations (for complex com-

munities). One way to observe algorithm convergence is by plotting the

number of nucleotide changes made in the consensus candidate sequences

over time (Fig. 17.3). Early in the process, the total number of nucleotide

changes made in all candidate sequences per iteration is large. In later iter-

ations, if the algorithm has converged, several iterations will pass with no or

very few changes being made to the candidate sequences, as each position in

each candidate sequence gains a clearly most probable base supported by

multiple reads (Fig. 17.2). EMIRGE stores calculations and temporary files

for each iteration in a separate directory. Most users will be most interested

in EMIRGE’s assemblies and abundance estimates after the final iteration,

but extracting information about the evolution of given candidate SSU

rRNA consensus sequences through the iterations can easily be done by

comparing the iter.N.cons.fasta files in each directory, where N is the

iteration number (see Section 3).

Figure 17.3 Algorithm convergence. EMIRGE was run on a supragingival plaque shot-
gun metagenomics sample from the Human Microbiome Project (SRS017139;
Huttenhower et al., 2012). Plotted for each iteration are the total number of nucleotides
in all consensus candidate SSU rRNA genes that were modified from the previous iter-
ation. In early rounds, multiple nucleotide changes aremade to consensus sequences as
the candidate SSU rRNA genes are adjusted to reflect biological reality in the sample,
based on information contained in the reads. In later iterations, very few or no changes
are made, as EMIRGE reaches an optimal solution and assembly.
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2.4. Splitting and merging candidate SSU rRNA sequences:
algorithmic warts

During each iteration, EMIRGE makes two necessary but awkward rule-

based decisions that diminish the elegance of the EM algorithm as it is cur-

rently implemented. If the consensus sequences of two candidate SSU

rRNA sequences evolve over the course of several iterations to be highly

similar, then those two sequences are merged. If a single sequence accumu-

lates enough high-probability reads that indicate a minor strain with alter-

nate bases at several positions, then it is assumed that the consensus sequence

really represents two or more “strains” in the data set (a rarer minor strain is

masked by amore abundant strain). That candidate sequence is then split into

two sequences to allow differential read-mapping in further iterations. Can-

didate sequences which are minor strains split off in some iteration are mar-

ked with a unique identifier (_mXX) in EMIRGE-produced FASTA files.

It should be noted that when to split and merge is completely user defined

(via the options --snp_fraction_thresh, --variant_fraction_thresh, and

--join_threshold), because it is a somewhat arbitrary choice. It may be

advantageous with certain use cases to be more or less stringent when merg-

ing similar sequences. Currently, with default parameters, EMIRGE

attempts to merge two candidate SSU rRNA genes when their most prob-

able consensus sequences in any iteration share �97% identity, in line with

the most common definition of an operational taxonomic unit. Similarly, by

default EMIRGE will split a candidate sequence into major and minor

strains if more than 4% of positions in the gene show evidence of a minor

strain (as secondary bases with significant probability, indicating underlying

read support).

3. EMIRGE OUTPUTS: RECONSTRUCTED SEQUENCES
WITH ESTIMATED ABUNDANCES

At each iteration, EMIRGE produces files which store the most prob-

able candidate SSU rRNA consensus sequences, an estimate of their relative

abundances, and the full probabilistic description of each possible base at

each position in the candidate sequences. Most users are interested in the

first two items (who is there and at what levels?) after the final iteration.

For convenience, a script is provided with EMIRGE to produce a formatted

FASTA file that contains abundance information in the header. Example

usage on the 80th iteration’s directory would be:

emirge_rename_fasta.py iter.80 > renamed.fasta
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The resulting file, renamed.fasta, will be an estimated-abundance-sorted

file of consensus sequences. The header consists of a unique internal

EMIRGE sequence identifier, the accession of the original candidate

sequence used to template assembly, and the estimated relative abundance

of that sequence, as the Prior probability calculated by the EM algorithm

(Miller et al., 2011). As implemented, the EM calculations assume that all

candidate sequences are the same length, and thus any differences in the

number of reads generated by each candidate is only related to relative abun-

dance. In practice, candidate sequences can be slightly different lengths (espe-

cially, if the community contains longer eukaryotic SSU rRNA genes). Left

uncorrected, longer sequences would have slightly overestimated relative

abundances, simply because there are more potential bases for reads to be sam-

pled from. The headers for each sequence thus also include a length-corrected

estimate of relative abundance labeled “NormPrior.” The postprocessing

script will optionally remove or mask any bases left over from the original can-

didate gene sequence that were not supported by sufficient read depth, which

can happen with very low abundance sequences with few mapping reads.

These sequences with low read support, however, should generally be treated

with suspicion, as they have been shown to be less reproducible in boot-

strapping experiments (see below and Miller et al., 2013).

4. PRACTICAL CONSIDERATIONS WHEN
RUNNING EMIRGE

EMIRGE is freely available at https://github.com/csmiller/EMIRGE

and runs on any linux-based operating system. Detailed installation and

usage instructions are distributed with the code. In the following sections,

additional practical advice is given with considerations about how to run

EMIRGE under various use cases.

4.1. Strategies for quality control and filtering
of input reads

EMIRGE’s underlying read mapper, bowtie (Langmead, Trapnell, Pop, &

Salzberg, 2009), is parameterized to allow for multiple mismatches in align-

ments, mapping reads to candidate SSU rRNA sequences that may not be

reflective of what actually exists in a biological sample. However, if entire

sections of reads are unreliable, those reads will not be mapped. Thus, it

is recommended that reads undergo some minimal quality trimming before

being input into EMIRGE. In practice, it is sufficient to trim off bases from

343EMIRGE Assembly of rRNA Genes

https://github.com/csmiller/EMIRGE


the 30 endof reads until a basewith aminimumPHREDquality of 3 is encoun-

tered (Wrighton et al., 2012). If oneorboth reads in a pair are shorter than some

minimum threshold after trimming (e.g., 60 bp), that read pair is discarded.

Because roughly 90% of run time on metagenomic or amplicon datasets

is spent in the read mapping step, which scales linearly with input data size,

one strategy to reduce run time is to prefilter reads to select a high-quality

representative subsample for EMIRGE. For example, by selecting the

100,000 amplicon reads with the highest average quality scores per sample

for EMIRGE, Ong et al. (2013) reconstructed sequences from defined com-

munities with high genus- and species-level precision and recall for

sequences >0.1% estimated abundance. For shotgun metagenomic data of

bacterial communities, less than 0.25% of all reads are typically from an

SSU rRNA gene. Identifying and selecting a priori which reads are from

the SSU rRNA gene (via an initial homology search) can vastly speed

EMIRGE run times, as the 99.75% of reads not aligning to the candidate

database with each iteration are not searched for mappings. However, it

should be noted that EMIRGE tends to gradually recruit additional SSU

rRNA reads with each iteration, presumably as candidate SSU rRNA con-

sensus sequences are corrected to reflect the reality defined by the sample.

These reads may be especially relevant for genes more distant from those

in the starting candidate database. A strategy that exclusively prefilters for

SSU rRNA reads with low sensitivity may exclude some of the informative

data. No matter if read prefiltering is done or not, select steps in each iter-

ation (most crucially the time-consuming read mapping step) can be carried

out concurrently on multiprocessor machines, as specified with the

--processors option.

4.2. Running EMIRGE on metagenome shotgun
sequencing data

EMIRGE was originally designed to reconstruct SSU rRNA genes from

shotgun metagenomic data (Gladden et al., 2011; Miller et al., 2011).

The script provided with EMIRGE for this use case is emirge.py. This ver-

sion of the program is optimized for the situation where the number of non-

SSU rRNA reads is much larger than the number of SSU rRNA reads, and

typically runs in <1 GB of RAM. Besides files containing the (paired) reads

and files containing the candidate database of SSU rRNA genes, the user is

also required to provide an estimate of the insert size mean and standard

deviation. These values are used to constrain the mapping of paired reads,

and can be approximate, or learned from an initial test mapping.
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For each read, a practical decision is made to set the probability that a

candidate sequence generated that read to zero if there is no alignment. This

allows the data structure storing these probabilities to be a sparse matrix,

rather than an expensive N read by M candidate sequence matrix

(1.5�1011 matrix cells for a typical amplicon experiment). Similarly,

EMIRGE chooses to discard candidate SSU rRNA sequences that do not

have a minimum expected number of reads attributed to them. Choosing

this parameter (--min_depth) represents a tradeoff between algorithm speed

(consider fewer possible candidates) and potential sensitivity (keep sequences

with low coverage with the hopes that more reads are recruited in later algo-

rithm iterations). By default, sequences with<3� expected coverage depth

are discarded.

4.3. Running EMIRGE on SSU rRNA gene amplicons
or transcriptome data

EMIRGE has also been used to reconstruct near-full-length SSU rRNA

genes from sheared long PCR amplicons. This strategy is in contrast to those

that produce sequencing-ready libraries via direct incorporation of adapters

into PCR primers targeting selected short hypervariable regions (e.g.,

Caporaso et al., 2011; Sogin et al., 2006). Two sets of broad-range SSU

rRNA primers have been reported for generating amplicons for EMIRGE

assembly: 27F/1492R (Miller et al., 2013) and 338F/1061R (Ong et al.,

2013). With standard primers and library preparation, there is a preference

for sequencing reads to initiate at amplicon ends (Miller et al., 2013), prob-

ably due to the increased availability of free ligation targets during library

preparation (Harismendy & Frazer, 2009). This ligation-mediated bias can

be reduced or removed by using either transposon-based library preparation

(Parkinson et al., 2012) or by using standard library preparation with prod-

ucts amplified with amino-modified primers blocked on their 50 end by an

NH2 group (unpublished data).

The script provided with EMIRGE for the use case of amplicon

sequencing is emirge_amplicon.py. This version of the program is optimized

for the situation where all reads are expected to be generated from SSU

rRNA genes. The script pre-caches all reads and associated quality scores

in memory to shorten computation time, for the use case of having a limited

(currently, a few million) amplicon-generated reads per sample. The RAM

footprint for an emirge_amplicon.py run of a few million reads is typically

�5 GB. This script may also be appropriate for subsamples of reads gener-

ated from total RNA, if the expected number of SSU rRNA reads in the
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dataset is appropriate. The same read-filtering strategies discussed in

Section 4.1 for shotgun metagenomic data also shorten execution time

for transcriptome reads generated from total or rRNA-depleted RNA.

4.4. Strategies for quality control and filtering
of reconstructed sequences

As discussed earlier, the outputs of EMIRGE are near-full-length

reconstructed SSU rRNA gene sequences and their estimated relative abun-

dances. As with any experimental protocol generating SSU rRNA

sequences (and especially with PCR-generated data), basic quality control

and filtering of the output is good practice. EMIRGE-generated chimeras

can be reported in amplicon experiments if two conditions are satisfied:

(i) the polymerase chain reaction generated a chimera and (ii) an appropriate

chimeric candidate template SSU rRNA sequence is present in the reference

database. In practice, sequences reconstructed by EMIRGE from meta-

genomic data appear to contain few chimeras (Gladden et al., 2011;

Handley et al., 2013; Miller et al., 2011), but sequences reconstructed by

EMIRGE from amplicon studies can contain as much as 40% chimeras

(unpublished data). Thus, as with traditional clone libraries, filtering poten-

tial chimeric sequences with appropriate software is crucial (Haas et al.,

2011; Schloss et al., 2011).

It is also necessary to remove low-abundance sequences generated by

EMIRGE that are unlikely to contain sufficient actual coverage to support

accurate consensus sequence reconstruction. Although EMIRGE only cal-

culates probabilistic attributions of any read to any candidate SSU rRNA

gene sequence, the expected coverage depth of any sequence can be esti-

mated via a simple calculation (Miller et al., 2013). If N reads of length L

are mapped to a SSU rRNA gene of length G with roughly uniform length

coverage, average depth coverage (C) can be calculated in a standard way

C¼L∗N
G

:

The only variable not readily available is the number of mapped reads,N.

However, the expected number of reads for any sequence can be calculated

by simply multiplying the total number of successfully mapped SSU reads by

the EMIRGE estimate of abundance. As an example, for a dataset with

100,000 total mapped 100 bp reads, for a reconstructed near-full-length

gene of length 1500 bp, a gene sequence with an estimated abundance of

0.1% would have an expected 0.001�100,000¼100 reads sampled from
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it, for an estimated depth coverage of (100�100)/1500�6.7�. Low

coverage depth can manifest itself as incomplete sampling of reads

across the length of a reconstructed sequence. Bases with no mapped reads

are impossible to probabilistically assign. The postprocessing script

emirge_rename_fasta.py (see Section 3) has the option of filtering out fin-

al EMIRGE sequences below a certain probability/estimated abundance

and of marking regions of reconstructed sequences with no read support

(as N bases) for later removal. Both of these strategies have been employed

to remove low abundance sequences, which have been shown to be less

accurately reconstructed than high abundance sequences in bootstrapping

experiments (Miller et al., 2013).

5. CHOOSING A CANDIDATE DATABASE
OF rRNA GENES

EMIRGE has primarily been used with a filtered, clustered version of

the SILVA SSU database (Pruesse et al., 2007) for candidate template

sequences. SILVA includes sequences from all three domains of life, making

metagenomic EMIRGE runs with this database especially useful. However,

EMIRGEwill run with any starting database of templates (including, in the-

ory, non-SSU rRNA gene templates), and there may be an advantage with

exclusively bacterial and archaeal communities or amplicons to using a data-

base with more careful chimera screening, such as the greengenes core data-

base (DeSantis et al., 2006). Preparing SILVA or any starting database for

EMIRGE is straightforward. First, abnormally short (<1200 nt) or long

(>2000 nt) sequences are removed to target only near-full-length

sequences. Next, sequences are normalized to contain only letters within

the standard set of {A,C,T,G}. This is a requirement of the read mapper.

A script is distributed with EMIRGE to do this: fix_nonstandard_chars.py.

Replacement bases within {A,C,T,G} are chosen at random within the set

specified by the ambiguous IUPAC code; erroneous bases introduced by this

procedure are quickly corrected by the sequencing reads after a handful of iter-

ations. Candidate sequences are then clustered with USEARCH/UCLUST

(Edgar, 2010) to remove highly similar SSU rRNA genes, typically at�97%

identity. Finally, a bowtie (Langmead et al., 2009) index of the remaining SSU

rRNA genes is preconstructed for read mapping with parameters optimized

for speed (--offrate¼1). Clustering the candidate database at other identity

levels may be beneficial. If candidate sequences are too divergent from genes

in a biological sample (e.g., with novel candidate divisions), then EMIRGE
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can struggle to accurately reconstruct SSU rRNA genes with sufficient taxo-

nomic detail, although with simulated data candidate sequences <90% iden-

tical to correct sequences regularly served to template correctly assembled

sequences (Miller et al., 2011). A more aggressively clustered candidate data-

base will shorten EMIRGE’s computation time.

6. CONCLUSIONS AND FUTURE OUTLOOK

As sequencing technology continues to rapidly change, a need for spe-

cialized software for specialized analysis tasks will remain. EMIRGE is one

such piece of software, targeting the narrowly defined but difficult challenge

of assembly of SSU rRNA genes from short, error-prone sequencing reads.

Although inexpensive newer technologies with long reads and low error

rates will some day obviate the need for such software, for the moment

the most widely used sequencing technologies coupled to the most widely

used assembly algorithms do a poor job of assembling these genes. EMIRGE

will continue to be useful to reconstruct full-length SSU genes from meta-

genomic datasets (Gladden et al., 2011; Handley et al., 2013; Miller et al.,

2011; Wrighton et al., 2012), but the most powerful use of the software

may be to assemble long PCR amplicons, both of the SSU rRNA gene

(Miller et al., 2013; Ong et al., 2013; Wilkins et al., 2009) as well as other

targeted genes of interest. The general probabilistic model underlying

EMIRGE should extend to any gene of interest with suitable primers and

a sizable reference database of candidate template sequences.
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Abstract

One of the most widely employed methods in metagenomics is the amplification and
sequencing of the highly conserved ribosomal RNA (rRNA) genes from organisms in
complex microbial communities. rRNA surveys, typically using the 16S rRNA gene for
prokaryotic identification, provide information about the total diversity and taxonomic
affiliation of organisms present in a sample. Greatly enhanced by high-throughput
sequencing, these surveys have uncovered the remarkable diversity of uncultured
organisms and revealed unappreciated ecological roles ranging from nutrient cycling
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to human health. This chapter outlines the best practices for comparative analyses of
microbial community surveys. We explain how to transform raw data into meaningful
units for further analysis and discuss how to calculate sample diversity and community
distance metrics. Finally, we outline how to find associations of species with specific
metadata and true correlations between species from compositional data. We focus
on data generated by next-generation sequencing platforms, using the Illumina plat-
form as a test case, because of its widespread use especially among researchers just
entering the field.

1. INTRODUCTION

Prokaryotic cells make up the majority of biomass on the planet

(Whitman, Coleman, & Wiebe, 1998) and influence every ecosystem from

the world’s oceans to the human gut. Metagenomics approaches, including

amplicon-based techniques targeting the conserved small subunit ribosomal

RNA genes (commonly 16S rRNA in prokaryotes), facilitate research of the

structure, function, and stability of microbial communities (Amann,

Ludwig, & Schleifer, 1995; Pace, 1997; Woese, Kandler, &Wheelis, 1990).

Although 16S rRNA surveys of microbial communities are widely used

to characterize the composition and diversity of microorganisms present in a

sample, there are many problems associated with transforming 16S rRNA

sequences into proxies for species, given the ambiguity of bacterial species.

Additionally, although there is no consensus for what constitutes a microbial

species, the operational taxonomic unit (OTU) is a widely used construct of

clustered sequence data that approximates “species” in subsequent analysis

steps. OTUs are typically formed by grouping together sequences that are

within a defined genetic cut-off, even though such grouping does not accu-

rately reflect current opinion about microbial species (Gevers et al., 2005),

typically overestimates sample diversity (Huse, Welch, Morrison, & Sogin,

2010), and inappropriately assumes that diverse organisms evolve at similar

rates. Single base changes and chimeras can create artificial diversity during

both PCR and sequencing (Qiu et al., 2001; Zhou et al., 2011). Further-

more, prior to sequencing, the preparation of samples incorporates many

known biases due to differential access to microbial DNA for amplification

(Forney, Zhou, & Brown, 2004). Steps should be taken to reduce these

errors and biases whenever possible—from library preparation to computa-

tional processing and analysis.

Despite these limitations, 16S rRNA surveys have emerged as the most

popular approach to study microbial communities, largely due to the speed,
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convenience, and low cost of this analysis as a result of next-generation

sequencing technologies. These technologies allow researchers to compare

hundreds of community profiles marked with molecular barcodes in a single

sequencing run. As such, rRNA surveys have been used to complete

comprehensive body site sampling in healthy adults through the Human

Microbiome project (Huttenhower, Gevers, Knight, Abubucker, Badger,

Chinwalla et al., 2012) and to sequence hundreds of thousands of environ-

mental samples from across the world through the Earth Microbiome

project (http://www.earthmicrobiome.org/), as well as countless other

projects characterizing microbial community variation in space or time.

This chapter outlines the bioinformatics approaches used to compare

microbial communities using high-throughput sequencing technologies,

focusing on data generated by the Illumina sequencing platform

(San Francisco, CA). We use an example of a 16S rRNA survey generated

using Illumina sequencing, although many of the principles are relevant to

other platforms. We focus on the following topics in the comparative analyses

of microbial communities:

• Background

• Sequence processing

• Comparative analyses

2. SEQUENCING TERMINOLOGY

Identifying microorganisms present in a natural community using a

sequencing-based 16S rRNA survey begins with the construction of a

library. A library is a collection of DNA fragments that represents the

sequence diversity in a sample. These fragments are enriched from the rest

of the community genomic DNA by PCR using primers which match the

microbial population or gene of interest. For Illumina sequencing, the com-

plete molecular construct contains the amplified genomic DNA, sequences

that identify the sample it originated from (i.e., index or barcode sequences)

and sequences required by the platform to adhere library fragments to the

solid matrix and provide a priming site for the sequencing reaction. Adding

a barcode sequence to the molecular construct identifying which sample the

library originated from allows for hundreds of libraries to be sequenced in

the same reaction, commonly called multiplexing. Illumina offers paired-

end sequencing, which provides a sequence for the forward and reverse

strands of a template, enabling resequencing of very short template
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sequences for improved accuracy, or longer effective reads with enhanced

positional information for longer template sequences.

3. SEQUENCE PROCESSING

Methodological artifacts must be minimized through quality filtering,

while computational analyses require sequences to be organized into appro-

priate groups, and biological interpretation is facilitated by assignment of a

meaningful taxonomic label to each group. Errors at any of these steps can

lead to inappropriate interpretation. There are many different methods for

analyzing and grouping sequence data. We will outline our approach,

highlighting alternatives to commonly applied techniques when appropri-

ate. Both the mothur (Schloss et al., 2009) and QIIME (Caporaso et al.,

2010) software packages provide a comprehensive suite of tools for 16S

rRNA analysis, including fastq quality filtering, OTU assignment, and clas-

sification for comparative analyses. The standard protocols associated with

each package includemany of the steps outlined below to process 16S rRNA

sequence data.

We will use an example dataset throughout this chapter for illustration pur-

poses. These libraries were prepared using a two-step PCR approach with

primers targeting rRNA sequence positions 515 and 786 of the Escherichia coli

genome (region V4) similar to a previously published method (Knight et al.,

2011). The raw data and library construction protocol can be downloaded

from the distribution-based clustering (DBC) Web site (https://github.

com/spacocha/Distribution-based-clustering/blob/master/MIE_dir/). Librar-

ieswere sequencedon an IlluminaMiSeq instrument (Illumina, SanDiego,CA)

with 2�251 paired end reads with an 8 base indexing run. Our samples were

multiplexed with additional samples, including a defined mock community.

1.1 million reads were obtained from 20 freshwater samples and

approximately 230,000 from the mock community.

Below, we will outline steps necessary to process the sequencing data

into manageable units for further analysis, although our most recent protocol

for sequence processing andOTUcalling with DBC can be found at https://

github.com/spacocha/Distribution-based-clustering/. The basic outline

includes:

• Quality filtering, dereplication, and trimming of sequences

• Creating OTUs

• Removing artifacts and assigning informative labels to OTUs
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3.1. Quality filtering, dereplication, and trimming
of sequences

The overall quality of the run was visualized from the fastq file with the

program FastQC (http://www.bioinformatics.babraham.ac.uk/projects/

fastqc/) (Fig. 18.1). Across any sequencing platform, the average quality

decreases with the length of DNA that is sequenced. One way to increase

the quality of bases toward the end of a read and increase the read

length is to use overlapping paired-end sequencing, commonly applied

with Illumina. The observation of the same base in the reverse orientation

can be used to reduce the error rate. Paired-end sequences can be

joined with programs such as SHE-RA (Rodrigue et al., 2010), PandaSeq

(Masella, Bartram, Truszkowski, Brown, & Neufeld, 2012), or within

mothur using make.contigs. Alternatively, nonoverlapping, paired-end

sequences have been concatenated and analyzed together (Werner, Zhou,

Caporaso, Knight, & Angenent, 2012). Otherwise, two separate analyses

can be done independently on the 50 and 30 reads. Although the information

content is typically increased with overlapping reads, our protocol is stan-

dardized to use information from each end independently.

Raw data are first quality filtered, dereplicated, and trimmed. Improve-

ment in diversity estimates can be gained after quality filtering (Bokulich

et al., 2013) although overfiltering can lead to a loss of information.

We use the mock community to determine the optimal amount of quality

filtering. Our mock community is created from purified, linearized

plasmids containing 16S rRNA sequences from a clone library. Thus,

the concentration and sequence of each template is known, which can

be used to evaluate quality-filtering performance. We use QIIME’s

split_libraries_fastq.py to demultiplex and quality filter the sequences,

although other programs can be used to accomplish a similar filtering.

[Note: we used a custom perl script (fastq2Qiime_barcode.pl) to modify

the output of the Illumina data to correspond with the format required

by split_libraries_fastq.py. This may not be necessary in all cases,

depending on the form of the data from the sequencer and the position

of the barcode sequence.]

Overfiltering can skew the abundance ratios in 16S-rRNA amplicon

data and underfiltering allows many more errors into the analysis. We have

identified two parameters in QIIME’s split_libraries_fastq.py that increase

the quality of the resulting data: (1) the maximum number of bad bases

allowed before trimming (–max_bad_run_length) and (2) the threshold

quality score (–last_bad_quality_char).
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Figure 18.1 The per base sequence quality as determined by FastQC for (A) the 50

(forward) read and (B) 30 (reverse) end of a paired-end 250�250 MiSeq (Illumina)
sequencing run. Raw base qualities are highest from approximately 20 (after the primer)
to 70 bps or so.
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Figure 18.2 Intermediate quality filtering results in a dataset that is most similar to the
input (defined, mock) community. (A) The solid line shows the distance of the resulting
data from the input sequences after quality filtering using various quality thresholds (right
axis). The dotted line shows the total number of unique sequences remaining after every
filtering step (left axis). X-axis is the ASCII characters (Illumina’s version 1.5 encoding) used
in the split_library_fastq.py program of QIIME (–last_bad_char), representing different fil-
tering stringencies ranging from E to Z, corresponding to Phred scores of 5 to 26 and
probabilities of error from 0.3165 to 0.0025, respectively. (B) The solid line shows the dis-
tance of the resulting data from the input sequencing after allowing a specified number of
bases to fall below the quality threshold before truncating the sequence (right axis). The
dashed line shows the total number of unique sequences remaining after each step (left
axis). X-axis is the number of consecutive bases with quality scores below the quality
threshold that are allowed before truncating the sequence in the split_libraries_fastq.
py program of QIIME (–max_bad_run_length). JSD, Jensen Shannon divergence.



We vary these two parameters and compare the resulting sequences to

the known, mock community to identify the optimal filtering criteria.

We found that with a quality threshold of Phred 17 (–last_bad_char Q; error

rate�0.02) and truncating the sequence when two bases fall below the qual-

ity filter (–max_bad_run_length 2) results in a mock community that has the

smallest distance from our input (Fig. 18.2).

3.2. Creating OTUs
Grouping sequences into OTUs is important, because all downstream ana-

lyses are dependent on them, but there is little consensus on how this should

be done. Somemethods group sequences into clusters with sequences from a

well-curated database as the “seed” (e.g., QIIME’s “closed-reference” cluster-

ing). While this method is quick and convenient, it is not recommended

because it can discard novel sequences in the dataset, evenwhen they are abun-

dant. This can be overcome with the “open-reference” approach (http://

qiime.org/tutorials/open_reference_illumina_processing.html), where novel

sequences are instead retained. Other programs cluster sequences de novo,

forming OTUs based on their relation to other sequences in the dataset

[e.g., average-linkage clustering in mothur (Schloss et al., 2009), heuristics

such as USEARCH (http://www.drive5.com/usearch/) and ESPRIT (Sun

et al., 2009)].

We favor an approach called DBC. DBC is an alternative method of for-

ming OTUs de novo that is accurate and discriminating. This approach is dif-

ferent from other clustering methods because it uses the additional

information contained in the distribution of sequences across libraries. Using

the distribution and genetic information, DBC can reduce much of the false

diversity created by sequencing error for a mock community. It can also pro-

vide the power to identify differentially distributed sequences that would oth-

erwise be clustered together because of their sequence similarity. Amanuscript

describing the details of DBC will appear in the near future (Preheim,

Perrotta, Martin-Platero, & Gupta, submitted for publication) and the most

up-to-date, detailed protocol for running this algorithm can be found at

the Web site (https://github.com/spacocha/Distribution-based-clustering).

DBCworks to group genetically similar sequences that have a similar dis-

tribution across samples. The sequence by library matrix is used along with

the pairwise genetic distance file to inform the clustering. The DBC algo-

rithm can accept both aligned and unaligned phylogenetic distances, using

the lowest of both to improve OTU calling. We used mothur align.seqs to
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create an alignment to a reference dataset (http://www.mothur.org/wiki/

Silva_reference_alignment), generated from the mothur formatted Silva

alignment and trimmed to the positions of our amplicon. Typically, we gen-

erate a distance matrix using FastTree—make_matix (Price, Dehal, & Arkin,

2009), although other distance programs can be used. The distribution

similarity is evaluated for two sequences using the chi-squared test and

the Jensen–Shannon divergence.

DBC is typically run in parallel for datasets of any significant size. This

requires that the data are preclustered to a very low identity (�90% identity

clusters), and each cluster is analyzed independently to form the final OTUs.

Thus, the DBC algorithm evaluates whether to divide sequences found

within each 90% cluster into additional OTUs based on the distribution

and genetic information provided. OTUs called within the 90% clusters

independently are merged into a final cluster list.

3.3. Artifact removal and classification of OTUs
Artifacts can inflate the total number of OTUs and diversity estimates. DBC

can reduce the impact of sequencing errors, but non-rRNA sequences and

chimeras may still be present which will inflate total diversity.We follow the

recommendations on the mothur Web site (Schloss et al., 2009; http://

www.mothur.org/wiki/MiSeq_SOP) and use align.seqs command with

the modified reference alignment (Schloss, 2009).We discard sequences that

do not start and end at the same position in the alignment using mothur:

screen.seqs command with start and end options. Chimeras create false

diversity, but are not easily distinguished from true rRNA sequences. They

should be identified with specialized software such as UCHIME (Edgar,

Haas, Clemente, Quince, & Knight, 2011) and removed from further anal-

ysis. In the example dataset, 6.2% of the resulting OTUs were chimeric,

using the forward read only (35% from the overlapped reads).

Assigning a taxonomic label to each OTU created during clustering can

help to interpret downstream analyses, especially when comparing against

thepublished literature.Overlapped, paired-end sequences facilitate taxonomy

assignment because their greater length increases the power of taxonomic clas-

sification.When overlapping is not possible and short reads must be used, tax-

onomic classification can be optimized for the specific design and read length

(Mizrahi-Man, Davenport, & Gilad, 2013). The Ribosomal Database Project

(RDP) naive Bayesian Classifier (Wang, Garrity, Tiedje, & Cole, 2007) is one

of the most popular approaches, although others are available, such as

Greengenes (DeSantis et al., 2006). TheRDP classifier typically performs well
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on assigning short sequences at the family level (Claesson et al., 2010). How-

ever, when applying to short sequences, it is best to refine the training set that

theRDPclassifier uses for classification to includeonly the sequenced region as

other regions may be characterized by quite different compositions (Werner

et al., 2012). Concatenated, nonoverlapping sequences can be classified with

Rtax (Soergel, Dey, Knight, & Brenner, 2012), which can be implemented

through QIIME.

We typically match OTU representatives with Sanger-sequenced envi-

ronmental clones from the same sample to increase the phylogenetic infor-

mation associated with the most abundant organisms. This may be

particularly useful in environments that are not well studied (i.e., the bottom

of a lake), as opposed to more commonly analyzed samples (i.e., human

microbiome). Although this type of analysis is not high-throughput, it does

enhance the information gained from either the Sanger-sequenced or the

Illumina-sequenced libraries alone and can be a powerful additional tool

for the analysis of the most abundant sequences.

After completing these steps, the representative sequences, an OTU by

library matrix and associated phylogenetic information from either the

matching Sanger clones or the RDP classification can be used in down-

stream analysis.

4. COMMUNITY ANALYSIS

Because there are many options available to compare microbial com-

munities, it is critical to match the tools utilized with the specific biological

questions being pursued. Data generated from most high-throughput

sequencing platforms (e.g., Illumina or 454) will be similar after OTU

calling and classification, so many of the tools and reviews of community

analyses in relation to pyrosequencing data can be applied to Illumina

datasets as well. QIIME community analysis (http://qiime.org/tutorials/

tutorial.html) can be used to guide the user through common types of

analyses. Therefore, the goal of this section is to identify caveats of a few

commonly applied analyses and provide an implementation of appropriate

alternatives in areas such as:

• Diversity estimates

• Community distance metrics

• Associations of OTUs with metadata

• Correlation analysis
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4.1. Diversity estimates
Estimating the total diversity (often called alpha diversity) within a com-

munity is a common first step to summarize community composition.

True diversity reflects both the number of species present and the

evenness of their distribution. However, because molecular surveys only

capture a fraction of all species actually present in a community, all met-

rics reflect only an estimate of true diversity and will be sensitive to the

sampling depth used. This complicates comparisons across samples with

different sampling depths as more deeply sequenced samples may spuri-

ously appear to be more diverse, independently of their actual composi-

tion. There are several metrics used to measure diversity, including the

Shannon and Simpson indices (Hill, 1973), which measure both richness

and evenness, and the Chao-1 estimator, which estimates species richness

from the rarefaction of observed sequences (Chao, 1984; Chao, Colwell,

Lin, & Gotelli, 2009). Shannon and Simpson indices are strongly pre-

ferred due to their reduced sensitivity to sampling depth (Haegeman

et al., 2013).

To demonstrate the potential for artifacts of sequencing depth to con-

found meaningful analysis of diversity, we compared the sensitivity of rich-

ness and Shannon and Simpson diversity to sampling depth (Fig. 18.3).

Using the OTU versus library matrix generated from the DBC algorithm

above, we chose a library with 80,047 reads to compute the Chao-1 richness

and Shannon and Simpson diversity metrics in PySurvey (sample_diversity

with indices¼[‘richness’], methods¼[‘Chao1’] and indices¼[‘shannon’,

‘simpson’]). We then take random subsamples of the full dataset to simulate

sequencing experiments with fewer reads, ranging from 1000 reads up to the

full set 80,047 reads at 500 read intervals. We compute estimates of the three

metrics in 100 iterations of random samples at each sequencing depth.While

the Shannon and Simpson estimates of effective species quickly stabilize

around 101 and 26, respectively, the species richness estimated by

Chao-1 continues to rise with sequencing depth. Thus, while indices based

on both species richness and abundance are relatively insensitive to sequenc-

ing depth, indices such as the Chao-1 estimator that measure only species

richness remain highly sensitive to sequencing depth, even at high coverage.

Although the Simpson index is less dependent on sequencing depth, it is also

less sensitive to rare OTUs. For this reason, Shannon is the preferred metric

for rRNA community analysis—achieving a balance of sensitivity to rare

OTUs without undue dependency on sequencing depth.
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4.2. Community distance metrics
Many applications call for estimating the distance between two distinct com-

munities, a task that is impacted by sampling noise and “compositional”

effects, which refer to biases that arise from the fact that only relative abun-

dances rather than absolute values are measured (i.e., relative frequencies for

all species must sum to 100%). Measures of distance between communities

can be categorized based on the properties of the communities they account

for: incidence (presence/absence), abundance (absolute or relative), and/or

phylogenetic relatedness. Generally, incidence-based distances, where all

components contribute equally, are especially challenging to estimate reli-

ably (Chao, Chazdon, Colwell, & Shen, 2005), whereas measures which

give larger weights to more abundant components are more readily esti-

mated (Bent & Forney, 2008). This is analogous to the alpha diversity exam-

ple in Fig. 18.3, where species richness is much more challenging to estimate

than the Shannon entropy or the Simpson diversity.

To overcome the sampling noise-associated 16S rRNA survey data, we

propose adopting the square root of the Jensen–Shannon divergence JSD1/2,

defined as:
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Figure 18.3 Richness is a function of sequencing depth, whereas Shannon and Simpson
diversity indices stabilize with sequencing depth. (A) Chao-1 estimator (Chao1) of rich-
ness for the same library subsampled to different depths. (B) Effective number of species
calculated with the Shannon diversity index (SDI) for the same library subsampled to
different depths. Because SDI is computed on a log scale, we transform the SDI to
the effective number of species present, which is on linear scale, by computing eSDI.
(C) Effective number of species calculated as the inverse of the Simpson diversity index
(1/Simpsons diversity index) for the same library subsampled to different depths.
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JSD has a clear information theoretic interpretation and is commonly

used to measure differences between distributions. In this context, it gives

the logarithm base 2 of the effective number of distinct communities (com-

munities that have no species in common) and is the beta component of the

Shannon entropy (Jost, 2006). The square root is of JSD is used, as it trans-

forms JSD into a proper metric (Endres & Schindelin, 2003), enhancing

interpretability. JSD accounts for the problem of compositional effects, as

it is a measure of divergence between distributions, and maintains accurate

and robust performance on datasets that confound Euclidean distances.

JSDwasused to compare the samples froma stratified lake.Countswerenor-

malized [fracs_f¼ps.normalize(counts)] and the JSD1/2 was used to compare

communities fromdifferent extraction techniques and different depths in a strat-

ified lake [D¼ps.dist_mat (fracs_f , axis¼‘rows’, metric¼‘JSsqrt’)] and plotted

with PySurvey [ps.plot_dist_heatmap (D, plot_rlabels¼True,

rlabel_width¼0.06)]. Twomajor zones were identified, as the longest branches

in the tree, dividing the upper (1–7 m) and lower (9–19 m) samples. Addition-

ally, four total subzones were identified (sub1, 1–5 m; sub2, 7 m; sub3, 9–11 m;

sub4, 13–19 m). Although the different extraction techniques (MoBio vs.

Qiagen) tended toclusterwithother samples fromthe sameextraction technique

within subzones sub1 and sub4, samples otherwise clusteredbydepth (Fig. 18.4).

4.3. Associations of OTUs with metadata
Multivariate statistical techniques have been developed specifically to handle

high-dimensional data, including Principal Coordinates Analysis. These

techniques work by first reducing the dimensionality of the data by identi-

fying principal “axes” of differentiation among communities, which repre-

sent distinct combinations of bacterial species. These tools are particularly

effective when the variable of interest (e.g., pH, disease state) is associated

with major changes in community structure, but are less effective at

detecting subtle variations in community structure. Furthermore, they have

trouble pinpointing the specific bacterial species that drive these associations.

Recently, statistical learning techniques have been employed to detect asso-

ciations between bacterial species and environmental metadata. Statistical

learning has many advantages over multivariate statistical approaches,

including the ability to detect both major and minor variations in microbial

community structure, the ability to detect nonlinear associations involving

combinations of bacterial species, and the ability to pinpoint the specific

bacterial species that underlie these associations.
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Figure 18.4 A heatmap depicting different biogeochemical zones of a stratified lake. The bacterial community for each depth was compared
to all other libraries using the square root of the Jensen–Shannon divergence (JSD1/2) and plotted as a heatmap. Bacterial communities cluster
into two major zones (upper, oxic and lower, anoxic zone) as shown by the largest branch on the dendrogram (i.e., tree) and four subzones.
Libraries are labeledwith the depth (inmeters) and the extraction technique. MB, MoBio PowerWater DNA extraction kit; Q, Qiagen Blood and
Tissue Kit. For example, 1.MB refers to 1 m depth in the water extracted with the MoBio kit and 19.Q refers to 19 m depth with the Qiagen kit.
The dendrogram above and to the left of the heatmap are identical.



One statistical learning technique that is well suited to microbial com-

munity analysis is Random Forest classification, which is implemented in

the SLIME software package. For example, SLIMEwas recently used to dis-

criminate patients with inflammatory bowel disease from healthy controls

and to identify the specific bacterial taxa underlying this association (Papa

et al., 2012). SLIME can detect associations using categorical or quantitative

metadata and runs permutation tests to assess statistical significance. It is best used

for relatively large datasets where the total number of samples exceeds 50. The

input for this analysis is a table of OTU counts and corresponding metadata. It

will proceed to test the significance of every column of metadata, reporting the

P-value of each association, the most important bacterial taxa, and advanced

metrics such as the area under the curve and other classification results.

4.4. Correlation analysis
Microorganisms interact with each other in various ways, through compe-

tition for shared resources, antagonistic mechanisms (e.g., antibiotic produc-

tion), or in mutual or symbiotic associations. Correlation analysis can

identify possibly interacting OTUs by identifying groups that change across

a large sample in a similar way. However, correlations from low-diversity

samples are often artifacts related to the compositional nature of sampling

and sequencing (Friedman & Alm, 2012). For example, variation in a single,

dominant OTU causes all other OTUs to have a spurious negative correla-

tion to this dominant strain, although their absolute abundance may not

have changed. As a result, standard correlation metrics (Pearson, Spearman,

etc.) should not be used to compare OTUs. Instead, SparCC (https://

bitbucket.org/yonatanf/sparcc) can be used to infer correlations from

compositional data with high accuracy, even in low-diversity samples, and

can be thought of as a replacement for Pearson correlations. Nonetheless, cor-

relations do not imply causality and can arise when two OTUs respond to a

third unmeasured environmental factor. Thus, additional experiments are

needed to verify results from SparCC or other similar methods.

We used SparCC to identify correlated OTUs using the OTU by

library matrix (created as stated earlier) after filtering out OTUs with

fewer than 100 counts (-c 100) across at least two libraries (-s 2) using

QIIME’s filter_otu_table.py (removing the first line of the resulting table).

We then ran SparCC on the data, using 50 bootstraps and a “one-sided”

test. Interestingly, of the two pairs with correlations of 0.7, one is

classified as Saprospiraceae (ID0000005M), which have been found attached
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to filamentous bacteria (Xia, Kong, Thomsen, & Nielsen, 2008). The

other bacteria could not be classified (ID0000388M). This analysis provides

the underlying information to identify important interactions in the

environment.

5. SUMMARY

In this chapter, we provide an overview of the methods used to inter-

pret high-throughput microbial community analysis, with a focus on data

from the widely used Illumina sequencing platform. We explain how to

transform Illumina sequence data into meaningful units for further analysis,

including a specialized OTU calling method (DBC). We discuss why

Shannon diversity is a more appropriate measure of diversity than richness

and use the JSD1/2 as a metric for distance between microbial communities.

Finally, we use Random Forest classification to identify associations between

specificOTUs andmetadata and use SparCC to identify true correlations from

proportional composition data. Armed with these tools and the increasing

power of high-throughput sequencing, we expect that researchers will con-

tinue to discover exciting new connections between bacterial communities

and their diverse environments.
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Abstract

High-throughput DNA sequencing technologies, coupled with advanced bioinformat-
ics tools, have enabled rapid advances in microbial ecology and our understanding of
the humanmicrobiome. QIIME (Quantitative Insights Into Microbial Ecology) is an open-
source bioinformatics software package designed for microbial community analysis
based on DNA sequence data, which provides a single analysis framework for analysis
of raw sequence data through publication-quality statistical analyses and interactive
visualizations. In this chapter, we demonstrate the use of the QIIME pipeline to analyze
microbial communities obtained from several sites on the bodies of transgenic and
wild-type mice, as assessed using 16S rRNA gene sequences generated on the Illumina
MiSeq platform. We present our recommended pipeline for performing microbial com-
munity analysis and provide guidelines for making critical choices in the process. We
present examples of some of the types of analyses that are enabled by QIIME and dis-
cuss how other tools, such as phyloseq and R, can be applied to expand upon these
analyses.

1. INTRODUCTION

Advances in DNA sequencing technologies, together with the avail-

ability of culture-independent sequencing methods and software for analyz-

ing the massive quantities of data resulting from these technologies, have

vastly improved our ability to characterize microbial communities in many

diverse environments. The human microbiota, the collection of microbes

living in or on the human body, is of considerable interest: microbial cells

outnumber human cells in our bodies by a ratio of up to 10 to 1 (Savage,

1977). These microbial communities contribute to healthy human

physiology (De Filippo et al., 2010; Dethlefsen & Relman, 2011; Spencer

et al., 2011) and development (Dominguez-Bello et al., 2010; Koenig

et al., 2011), and dysbiosis (or imbalance in these communities) is now

known to be associated with disease, including obesity (Turnbaugh et al.,

2009) and Crohn’s disease (Eckburg & Relman, 2007). More recently, evi-

dence from transplants into germ-free mice suggests that some of these

associations may be causal, because certain phenotypes can be transmitted

by transmitting the microbiota (Carvalho et al., 2012; McLean,

Bergonzelli, Collins, & Bercik, 2012; Turnbaugh et al., 2009),

even including transmission of human phenotypes into mice (Diaz Heijtz

et al., 2011; Koren et al., 2012; Smith et al., 2013).

Illumina’s MiSeq and HiSeq DNA sequencing instruments, respectively,

sequence tens of millions, or billions, of DNA fragments in a single
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sequencing run (Kuczynski et al., 2012). The rapidly increasing data vol-

umes typical of recent studies drive a need for more efficient and scalable

tools to study the human microbiome (Gonzalez & Knight, 2012). QIIME

(Quantitative Insights Into Microbial Ecology) (Caporaso, Kuczynski, et al.,

2010) is an open-source pipeline designed to provide self-contained micro-

bial community analyses, from interacting with raw sequence data through

publication-quality statistical analyses and visualizations.

QIIME integrates commonly used third-party tools and implements

many diversity metrics, statistical methods, and visualization tools for analyz-

ing microbial data. Consequently, most individual steps in the microbial

community analysis can be performed in multiple ways. Here, we describe

how samples are prepared for an Illumina MiSeq run, the QIIME pipeline,

and our view of the current best practices for analyzing microbial commu-

nities with QIIME. Although there are other pipelines available, including

mothur (Schloss et al., 2009), the RDP tools (Olsen, Larsen, & Woese,

1991; Olsen et al., 1992), ARB (Ludwig et al., 2004), VAMPS (Sogin,

Welch, & Huse, 2009), and other platforms, in this review, we focus on

analysis with the MiSeq platform and QIIME as this combination is increas-

ingly popular as a method for analyzing microbial communities and a

detailed comparison of other available pipelines and sequencing platforms

is beyond the scope of the present work.

2. QIIME AS INTEGRATED PIPELINE OF
THIRD-PARTY TOOLS

An early barrier to adoption of QIIME was that it was difficult to

install, in part because of the large number of software dependencies

(third-party packages that need to be installed before QIIME is operational).

The large number of dependencies was, however, a deliberate choice made

during QIIME development. To build a pipeline for sequence analysis that

encompasses the many steps from sequence collection, curation, and statis-

tical analysis, the user must consider many existing tools that have been

developed to perform specific functions and extensively benchmarked on

their ability to perform these functions, such as the uclust program for clus-

tering sequences into Operational Taxonomic Units (OTUs) (Edgar, 2010).

A pipeline thus has two options: either reimplement the algorithm or use the

existing software (by creating a “wrapper” that allows its input and output to

be incorporated into the pipeline). The QIIME developers choose to wrap

all the algorithms rather than reimplement them. This choice preserves the
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integrity of the programs that make up the pipeline, as there is no doubt that

the tool being used is the one designed, created, and tested by the original

authors, and, in most cases, peer-reviewed by the scientific community. The

reuse of existing software also allows the QIIME pipeline to include and dis-

tribute newly developed and improved algorithms more rapidly than would

be possible if each algorithm had to be reimplemented and retested to check

that it matched the original. Thus QIIME users can be sure that they have

the most up-to-date tools for their analysis and can credit the authors of the

component software packages appropriately.

One important, but sometimes poorly understood, aspect of the QIIME

pipeline is that itwraps algorithms and tools produced byother researchers into

a single pipeline for sequence analysis. It is therefore important to cite the indi-

vidual tools that you use as well as QIIME itself. For example, an analysis using

the default QIIME parameters (Caporaso, Kuczynski, et al., 2010) would use

uclust (Edgar, 2010) to cluster the sequences against the GreenGenes database

(DeSantis et al., 2006), assign taxonomy using the RDP classifier (Wang,

Garrity, Tiedje, & Cole, 2007), and build principal coordinate analysis

(PCoA) beta-diversity plots using UniFrac (Lozupone & Knight, 2005). It

is important for researchers who are considering contributing to the QIIME

pipeline to recognize that their contributions will be cited so that they can

continue to expand upon their work. For example, the pick_otus.py

script alone offers a choice of nine different clustering algorithms, each devel-

oped by researchers who should be acknowledged if their particular

algorithm is used.

For taxonomy databases and other reference databases, including

GreenGenes, it is also important to cite the release version that you are using

(DeSantis et al., 2006), not least because the results will change depending

on which release you used, and others may not be able to reproduce your

results without this information. For GreenGenes, the default taxonomy

database in QIIME, the version is named after the release date, such as the

12_10 release. The latest version of GreenGenes can always be downloaded

from the qiime.orgWeb site.Using the sameGreenGenes, reference database

version is critical for comparisons of taxonomy assignments andOTUs across

different studies. For this reason, all the studies in the QIIME database are

always processed against the same release version of GreenGenes.

An overview of some of the key tools used by the default QIIME

pipeline follows:

• uclust (Edgar, 2010). Used for OTU picking.

• usearch (Edgar, 2010). Used for OTU picking and chimera checking.

374 José A. Navas-Molina et al.



• RDP classifier (Wang et al., 2007). Used for taxonomy assignment.

• GreenGenes database (DeSantis et al., 2006). Used as a reference database

for taxonomy assignment and reference-basedOTUpicking (see below).

• PyNAST (Caporaso, Bittinger, et al., 2010). Used for multiple sequence

alignment.

• UniFrac (Lozupone & Knight, 2005). Used as a phylogenetic metric for

beta-diversity analysis.

3. PCR AND SEQUENCING ON ILLUMINA MiSeq

Microbial community analysis typically begins with the extraction of

DNA from primary samples (note that although most of this DNA comes

from cells in the sample, some may consist of dead cells or extracellular

DNA, so the representation of the active community from these sources

is not perfect). Although methods for DNA extraction vary, several large

initiatives such as the Earth Microbiome Project (Gilbert, Meyer,

Antonopoulos, et al., 2010; Gilbert, Meyer, Jansson, et al., 2010) and the

Human Microbiome Project (HMP) (Human Microbiome Project,

2012a, 2012b; Turnbaugh et al., 2007) have standardized on the MOBIO

PowerSoil DNA extraction kit (www.mobio.com) to efficiently recover

DNA from a wide range of sample types. After extraction, samples are

PCR amplified under permissive conditions with primers containing the

MiSeq sequencing adapters, a 12-nucleotide Golay barcode (first

introduced in Fierer, Hamady, Lauber, & Knight, 2008) on the forward

primer, followed by the bases matching the 16S rRNA gene; the reverse

primer is not barcoded (Caporaso et al., 2012). The annealing temperature

is set to 50 �C, which in our hands minimizes PCR artifacts (both primer

dimer and background “smear”) while encouraging the primers to anneal

to the largest diversity of sequences possible. Similarly, we believe that

including sequencing adaptors and barcodes in the PCR step has advantages

over multiple enzymatic treatments of the 16S amplicon that are otherwise

needed to introduce adaptors and barcodes after PCR. The first and most

important consideration is the reduction of sample handling, which lowers

the chance of contamination, mislabeling, and loss of small-volume samples

during preparation. Combining the adapters and barcodes in the PCR step

allows for exact well-to-well mapping of samples to primers, providing a

standardized way to track sample-barcode combinations through library

preparation, an important consideration when sequencing hundreds to

thousands of samples using 96- or 384-well sample preparation formats.
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Because the MiSeq can generate a large number of sequences per run,

many samples can bemultiplexed on each single sequencing run. The choice

of barcodes thus deserves some attention. For instance, homebrew

“barcodes” can be as simple as using an arbitrary sequence of known nucle-

otides placed at the front of the amplicon and fed into an informatics pipeline

for detection. Although simple, this approach has limited ability to detect

sequencing error (Caporaso et al., 2012) and increases the risk of mis-

assignment of a sequence to the wrong sample. The use of error-correcting

barcodes, such as Hamming (Hamady, Walker, Harris, Gold, & Knight,

2008) or Golay codes (Caporaso et al., 2012), allows the user to detect

and correct errors in the barcode, decreasing the chances that a sequence

is assigned to the wrong sample. Error-correcting barcodes also allow the

user to retain more sequences because 8-nucleotide Hamming codes can

detect and correct 2 and 1 bit errors, respectively (Hamady et al., 2008),

and 12-nucleotide Golay codes can detect and correct 4 and 3 bit errors,

respectively (Hamady & Knight, 2009). With the unique Golay codes

described in Caporaso et al. (2012), up to 2167 samples could bemultiplexed

on a single MiSeq run at a depth of 4600 per sample, certainly sufficient to

detect the effects of many biological phenomena of interest (Kuczynski,

Costello, et al., 2010; Kuczynski, Liu, et al., 2010). As the QIIME default

settings detect Golay barcodes, we encourage the use of these codes when

possible to maximize sequence retention and assignment accuracy.

Detailed instructions for loading the MiSeq for amplicon runs with cus-

tom barcodes can be found on the Earth Microbiome Project Web site

(www.earthmicrobiome.org). Briefly, pooled libraries are analyzed by

Bioanalyzer (Agilent Technologies) and diluted to 2 ZM quantitated by

use of a Qubit Fluorometer (Life Technologies, high-sensitivity reagents).

The phiX spike-in library (Illumina Inc.) is also diluted to 2 ZM prior to

use. Denaturation of the pooled 16S rRNA gene amplicon libraries and

the phiX control is performed according to manufacturer’s instructions

(Illumina Inc.), giving a denatured template concentration of 20 rM. Dena-

tured templates are further diluted to 5 rM (using Illumina HT1 buffer) and

subsequently combined to give an 85% 16S rRNA gene amplicon library

and 15% phiX control pool (1000 mL total volume). Improvements in the

Illumina analysis software may allow reduction of this phiX spike-in, allow-

ing more of the sequences to be used for 16S rRNA gene amplicons.

MiSeq reagent cartridges are prepared according to the manufacturer’s

instructions (Illumina Inc.). The sample pool (1000 mL total volume) is

loaded into cartridge position 17. Custom 16S rRNA gene Read 1, Index
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Read, and Read 2 sequencing primers are added directly to cartridge wells

containing the standard Illumina Read 1, Index Read, and Read 2 sequenc-

ing primers (wells 12, 13, and 14, respectively, 5 mL each primer at 100 mM
concentration (Caporaso et al., 2012)). Primers are added to wells using a

long gel loading tip and gently mixed using a plastic Pasteur pipette. Care

must be taken to assure that reagents in the cartridge are localized to the bot-

tom of the wells and that no bubbles are present.

The spike-in of PhiX, at least at low levels, is still critical for obtaining

usable amplicon data because the optics requires diversity at each nucleotide

position, which is not possible with absolutely conserved nucleotides within

the 16S rRNA gene (or most other genes of interest). Many users have had

difficulty mixing this protocol for custom amplicons with Illumina’s own

indexing protocol, which allows a maximum of 96 samples to be multi-

plexed per run at the time of writing. It is critical to use either this protocol

exactly (allowing arbitrary numbers of custom barcodes) or Illumina’s

barcoding protocol, but not to mix and match steps and reagents.

4. QIIME WORKFLOW FOR CONDUCTING MICROBIAL
COMMUNITY ANALYSIS

The Illumina MiSeq technology can generate up to 107 sequences in a

single run (Kuczynski et al., 2012). QIIME takes the instrument output and

generates useful information about the community represented in each sam-

ple. At a coarse-grained level, we divide this process into “upstream” and

“downstream” stages (Fig. 19.1). The upstream step includes all the

processing of the raw data (sequencing output) and generating the key files

(OTU table and phylogenetic tree) for microbial analysis. The downstream

step uses the OTU table and phylogenetic tree generated in the upstream

step to perform diversity analysis, statistics, and interactive visualizations

of the data. Additionally, QIIME increasingly interfaces with other packages

such as IPython and R, allowing additional analyses to be conducted.

To illustrate some of the main features of QIIME, together with some of

the analyses that can be performed outside QIIME, we use an example

dataset consisting of samples from different body sites of 12 mice: the oral

cavity, ileum, cecum, colon, fecal pellet, skin, and whole mouse sample

by homogenizing the mouse carcass. Seven mice were wild-type genotype

(WT from here so on), while the five remaining mice were transgenic (TG

from here so on). The samples were collected by students during the IQ-Bio

course taught by Manuel Lladser and Rob Knight during Spring 2013 at
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Figure 19.1 QIIMEworkflow overview. The upstream process (brown boxes) includes all
the steps that generate the OTU table and the phylogenetic tree. This step starts by
preprocessing the sequence reads and ends by building the OTU table and the phylo-
genetic tree. The downstream process (blue boxes) includes steps involved in analysis
and interpretation of the results, starting with the OTU table and the phylogenetic tree
and ending with alpha- and beta-diversity analyses, visualizations, and statistics.



University of Colorado at Boulder (course identifiers: APPM5720-001-

2013, CHEM4751-001-2013, CHEM5751-001-2013, CSCI4830-006-

2013, CSCI7000-006-2013, MCDB6440-001-2013).

4.1. Upstream analysis steps
The QIIME analysis workflow starts with the sequencing output (fastq

files) and a user-generated mapping file. The mapping file contains infor-

mation for understanding what is in each sample and is therefore critical for

performing the rest of the analyses; it is in tab-delimited text format. The

main information in this file is a unique identifier for each sample, the

barcode used for each sample, the primer sequence used, and a description

for each sample, together with additional user-defined information that is

necessary for understanding the results such as which species the sample was

taken from, which site on the body is being studied, and clinical variables

relevant to the study. The sample identifier, barcode, and primer sequence

information are required for the first step of the QIIME workflow. This

preprocessing step combines sample demultiplexing, primer removal,

and quality-filtering. Additional information provided about the samples

in the mapping file is helpful for later steps, especially for analyses that

aggregate the samples by these fields (e.g., comparing lean to obese sub-

jects). We therefore recommend including as much additional data about

the samples as possible (often called “sample metadata”). This auxiliary

information is also very useful for identifying contaminated samples. For

example, SourceTracker (Knights, Kuczynski, Charlson, et al., 2011) is a

package included in QIIME that identifies the proportion of different

community sources, including contamination, in each sample based on a

database of samples from known communities.

4.1.1 Demultiplexing and quality-filtering
As mentioned earlier, high-throughput sequencing allows multiple samples

to be combined in a single sequencing run (Kuczynski et al., 2012). How-

ever, each sequence must then be linked back to the individual sample that it

came from via a DNA barcode. The barcodes, which are short-DNA

sequences unique to each sample, are incorporated into each sequence from

a given sample during PCR. QIIME uses the barcodes in the mapping file to

demultiplex, that is, to assign the sequences back to the samples they are

derived from, using error-correcting codes where available (as noted earlier).

QIIME is also able to demultiplex variable-length barcodes such as those

used in the HMP, see Section 5.2.1.
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During demultiplexing, QIIME removes the barcodes and primer

sequences because they are not needed in later steps. Thus, the result after

demultiplexing is a sequence matching the amplified 16S rRNA gene.

The third part of preprocessing is quality-filtering. Quality-filtering

improves diversity estimates with Illumina sequencing substantially

(Bokulich et al., 2013). Illumina instruments, like most sequencing instru-

ments, generate a quality score for each nucleotide (Phred), related to the

probability that each nucleotide was read incorrectly. QIIME uses the Phred

score and user-defined parameters to remove sequence reads that do not

meet the desired quality. These user-defined parameters are the percentage

of consecutive high-quality base calls (p), the maximum number of consec-

utive low-quality base calls (r), the maximum number of ambiguous bases

(typically coded as N) (n), and the minimum Phred quality score (q). For

a detailed discussion of how these parameters affect diversity results, see

Bokulich et al. (2013). This study recommends standard values for these

parameters as r¼3, p¼75%, q¼3, and n¼0, which are the default values

in the QIIME pipeline. However, the optimal values for these parameters

can vary both for individual sequencing runs and for different downstream

analyses, for example, analyses such as machine-learning benefit from larger

numbers of low-quality sequences, whereas accurate counts of OTUs from a

mock community require fewer, higher-quality sequences. Table 19.1 con-

tains an overview of the guidelines presented in Bokulich et al. (2013) for

tuning these parameters to a given dataset.

Table 19.1 Overview of the guidelines to tune up the quality-filtering parameters
Dataset characteristics q p r Results

Majority of high-quality,

full-length sequences

Increase Increase – Retrieving full-length

sequences with low error

rates, increasing the

discovery rate of rare

OTUs

Short reads or reads

truncated by early low-

quality base calls

– Lower Increase Retain lower quality but

taxonomic useful reads

Maximize read count for

machine-learning tools,

cross-metadata OTU

counts comparison, etc.

– Lower – Increased sample size

Adapted from Bokulich et al. (2013).
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The Illumina quality-filtering approach differs in its fundamental

principles from 454 denoising (Quince et al., 2009; Reeder & Knight,

2010). 454 denoising is based on flowgram clustering (Quince et al.,

2009; Quince, Lanzen, Davenport, & Turnbaugh, 2011) and is primarily

targeted at reducing homopolymer runs, which are not a problem on the

Illumina platform to the same extent. In contrast, the Illumina quality-

filtering is based on a per-base Phred quality score and does not target

indels.

The QIIME quality-filtering process works as follows. Starting at the

beginning of the sequence, QIIME checks that the next r Phred values

exceed the user-defined quality threshold q. If the test is positive, it continues

slicing the window of r bases until the test fails, or the end of the sequence is

reached. The sequence is then trimmed to the last base that met the quality

threshold. The next test determines whether the length of the trimmed

sequence exceeds p, expressed as the percentage of length of the raw

sequence. If this check fails, the sequence is excluded. Otherwise, QIIME

performs the last check on the sequence, which counts the number of

ambiguous characters (N) in the trimmed sequence and checks that it is less

than n. If the test fails, the sequence is rejected. QIIME combines the

demultiplexing, primer removal, and quality-filtering processes in a single

script, split_libraries_fastq.py:

split_libraries_fastq.py -i $PWD/IQ_Bio_16sV4_L001_sequences.fastq.

gz -b $PWD/IQ_Bio_16sV4_L001_sequences_barcodes.fastq.gz -m $PWD/

IQ_Bio_16sV4_L001_map.txt -o $PWD/slout --rev_comp_mapping_barcodes

In our example dataset, we used the --rev_comp_mapping_barcodes

option in order to indicate that the barcodes present in the mapping file

are reverse complements of Golay 12 barcodes. We used the recommended

default parameters for quality-filtering on this dataset. However, to change

the values for the r, p, n, and q quality-filtering parameters, we can use the

-r, -p, -n, and -q options to the script. This command will write a fasta-

formatted file in the slout folder, called seqs.fna, which contains the

demultiplexed sequences that pass the quality filter. Each sequence

contains the information about which sample it came from encoded in

the name of the sequence.

Multiple lanes of Illumina fastq data can be processed together in a single

call to the script, just by passing the sequence files, the barcode files, and the

mapping files in the same order to the -i, -b, and -m options, respectively.

For example, with two lanes, the command would look like:
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split_libraries_fastq.py -i sequences1.fastq,sequences2.fastq

-b sequences1_barcodes.fastq,sequences2_barcodes.fastq

-m mapping1.txt,mapping2.txt -o slout

The user can check how many sequences have been demultiplexed and

passed quality-filtering by using the count_seqs.py command. This com-

mand also shows the mean and standard deviation of the sequence length:

count_seqs.py -i $PWD/slout/seqs.fna

12687021: slout/seqs.fna (Sequence lengths (mean þ/- std): 150.9989

þ/- 0.1715)

12687021: Total

4.1.2 OTU picking
The next step is clustering the preprocessed sequences into OTUs, which in

traditional taxonomy represent groups of organisms defined by intrinsic phe-

notypic similarity that constitute candidate taxa (Sneath & Sokal, 1973;

Sokal & Sneath, 1963). For DNA sequence data, these clusters, and hence

the OTUs, are formed based on sequence identity. In other words,

sequences are clustered together if they are more similar than a user-defined

identity threshold, presented as a percentage (s). This level of threshold is

traditionally set at 97% of sequence similarity, conventionally assumed to

represent bacterial species (Drancourt et al., 2000); other levels approxi-

mately represent other taxa, although the fit between molecular data and tra-

ditional taxonomy varies for different taxa. QIIME supports three

approaches for OTU picking (de novo, closed-reference, and open-

reference) and multiple algorithms for each of these approaches

(Table 19.2). The de novo approach (Fig. 19.2A) groups sequences based

on sequence identity. The closed-reference approach (Fig. 19.2B) matches

sequences to an existing database of reference sequences. If a sequence fails to

match the database, it is discarded. The open-reference approach

(Fig. 19.2C) also starts with an existing database and tries to match the

sequences against them. However, if a sequence does not match the data-

base, it is added to the database as a new reference sequence.

The OTU picking strategies shown in Fig. 19.2 are built on top of algo-

rithms for de novo clustering. Of the various algorithms available, the

furthest-neighbor, average-neighbor, or nearest-neighbor in mothur

(Schloss & Handelsman, 2005; Schloss et al., 2009) (also named complete

linkage, average linkage, and single linkage, respectively) are the most
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Table 19.2 Supported OTU picking methods in QIIME with a brief description of the
algorithm employed and in which OTU picking approach can be used

Picking approach

Method
De
novo

Closed-
reference

Open-
reference Description References

cd-hit Yes – – Applies a “longest-

sequence-first list

removal algorithm” to

cluster sequences

Li and Godzik

(2006) and Li,

Jaroszewski, and

Godzik (2001)

Mothur Yes – – Takes an aligned set of

sequences and clusters

them using a nearest-

neighbor, furthest-

neighbor, or average-

neighbor algorithm

Schloss et al.

(2009)

Prefix/

suffix

Yes – – Clusters sequences

which are identical in

their first and/or last

bases

QIIME team,

unpublished

Trie Yes – – Clusters sequences

which are identical

sequences and sequences

which are subsequences

of other sequences

QIIME team,

unpublished

blast – Yes – Compares and clusters

each sequence against a

reference database of

sequences

Altschul et al.

(1990)

uclust Yes Yes Yes Creates seed sequences

which generate clusters

based on percent

identity

Edgar (2010)

usearch Yes Yes Yes Creates seed sequences

which generate clusters

based on percent

identity, filters low-

abundance clusters, and

performs de novo and

reference-based chimera

detection

Edgar (2010)
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Figure 19.2 Cartoon representation of the OTU picking approaches. (A) De novo,
(B) closed-reference, and (C) open-reference OTU picking, respectively. In the de novo
method, sequences are compared to each other and then clusters are formed. In the
closed-reference method, sequences are compared directly to a reference dataset
(e.g., GreenGenes). Sequences that match a reference sequence are clustered; the
remaining sequences are discarded. In both OTU picking methods, once clusters are
formed, a representative sequence is selected and then taxonomy is assigned to that
sequence (and applied to the rest of the sequences that make up the OTU). Open-
reference combines the closed-reference and open-reference methods. The first step
is identical to closed-reference, sequences discarded in the first step are clustered into
OTUs by the de novo method, and both OTU tables are merged into a single final OTU
table.De novo and open-reference cluster all the sequences, but closed-reference allows
better comparisons between studies, especially those using different primers, because
all OTUs occur in a common reference space.
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widely used. Furthest-neighbor requires that each sequence is closer than the

distance threshold to every other sequence already in the OTU (Fig. 19.3).

Average-neighbor requires that the average pairwise distance of all

sequences in the OTU is closer than the distance threshold. Nearest-

neighbor requires that each sequence is closer than the distance threshold

to any sequence already in the OTU. Because these three algorithms are var-

iants on hierarchical clustering, they require loading the distance matrix

(proportional to the square of the number of dereplicated sequences) into

memory and are therefore challenging to apply to large datasets (e.g., larger

than 105 sequences). The OTUs yield by these three algorithms also change

their memberships at different sequencing depths (i.e., the number of

sequences chosen for clustering), which can be a problem for estimates of

total OTU numbers (Roesch et al., 2007).

A solution to the distance matrix problem comes from uclust and

usearch, which are greedy algorithms based on using a single centroid in

each OTU (Edgar, 2010). The centroid could be either from a reference

database (usearch) or identified de novo from the sequence dataset (both

uclust and usearch) (Fig. 19.3). Sequences are serially compared to centroids

in a user-defined order (usually decreasing abundance). If a sequence falls

within the distance threshold of more than one centroid, the new sequence

Figure 19.3 Cartoon demonstrating different clustering algorithms. Circles rep-
resenting sequences linked with lines are within the distance threshold. The two num-
bered sequences are the first and second sequences in order in the file. The reference
algorithms only consider the distance between reference (R) and sequences.
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can be grouped with either the first centroid encountered or the one with

the closest distance. Both uclust and usearch are much more efficient than

the hierarchical methods, and they do not need to load a large distance

matrix into memory (although recent versions of mothur also avoid the

constraint of loading the full distance matrix). Usearch is the default de novo

OTU picking method in QIIME. Note that it is essential to note both

your OTU picking strategy, and, if de novo OTU picking is used, which

algorithm you used to do it: it is not sufficient simply to state that you used

a 97% threshold.

Because the OTU picking approach selection is a critical point in micro-

bial community analysis, the QIIME team has produced a detailed docu-

ment that describes the OTU picking protocols, their advantages, and

limitations (https://github.com/qiime/qiime/blob/master/doc/tutorials/

otu_picking.rst). Table 19.3 compares the different OTU picking

approaches and gives guidelines for choosing an appropriate OTU picking

strategy.

The recommended OTU picking approach is open-reference OTU

picking, because this approach provides the best trade-off between the time

taken to complete the analysis and the ability to discover novel diversity.

Once the sequences have been clustered into OTUs, a representative

sequence is picked for eachOTU. The entire cluster will thus be represented

by a single sequence, speeding up subsequent steps (because redundant

sequences need not be considered). QIIME allows the representative

sequence to be selected using several techniques: choosing a sequence at ran-

dom, choosing the longest sequence, and the most-abundant sequence or

the first sequence. If using uclust or usearch (Edgar, 2010), the cluster seed

will be used as the representative sequence. The default behavior in QIIME

is to use the most abundant sequence in each OTU as the representative

sequence, because these sequences are least likely to represent sequencing

errors (for other applications, such as clustering with near-full-length Sanger

sequences, it may be more desirable to pick the longest sequence instead).

In case of closed-reference OTU picking, sequences from the reference

collection should be used as the representative sequences, which is the

default behavior when the closed-reference approach is selected.

4.1.3 Identify chimeric sequences
During the PCR amplification process, some of the amplified sequences can

be produced from multiple parent sequences, generating sequences known

as chimeras. Although these sequences are technical artifacts rather than
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Table 19.3 OTU picking approaches comparison
De novo Closed-reference Open-reference

Must

use if

There is no reference sequence

collection to cluster against (e.g.,

infrequently used marker gene)

Comparing nonoverlapping amplicons.

The reference set of sequences must span

both of the regions being sequenced

–

Cannot

use if

Comparing nonoverlapping

amplicons (e.g., V2 and V4

regions of 16S rRNA)

There is no reference sequence collection

to cluster against (e.g., infrequently used

marker gene)

Comparing nonoverlapping amplicons

(e.g., V2 and V4 regions of 16S rRNA)

There is no reference sequence collection

to cluster against (e.g., infrequently used

marker gene)

Pros All reads are clustered Fast, as it is fully parallelizable (useful for

extremely large datasets)

Better tree and taxonomy quality since the

OTUs are already defined on the reference

set

All reads are clustered.

Fast, as is partially run on parallel

Cons Time consuming since it runs in

serial

Inability to detect novel diversity with

respect to the reference set because the

reads that do not hit the reference sequence

collection are discarded, so the analysis

focus on the “already known” diversity

If the studied environment is not well

characterized, a large fraction of the reads

can be thrown away

There are still some steps performed in

serial. If the data set contains a lot of novel

diversity with respect to the reference set,

this can still be slow

The table shows when each of the OTU picking approaches should be used and when they cannot be applied. It briefly describes the advantages and disadvantages of
using each of the OTU picking approaches.



representing actual members of the community, chimeric sequences are

important for alpha-diversity estimates (although they are less important

for cross-sample comparisons, because each chimera is relatively rare and

the same chimera is unlikely to be generated systematically in different sam-

ples; Ley et al., 2008). However, the same chimera can sometimes be gen-

erated in multiple PCR reactions, for example, Haas et al. (2011) reported

that chimeric sequences formed from Streptococcus and Staphylococcus

occurred multiple times independently, so the presence of the same

sequence in multiple PCRs does not mean that it is not chimeric.

QIIME currently supports three different methods for detecting chi-

meras: blast fragments, a taxonomy-assignment-based approach using

BLAST (Altschul, Gish, Miller, Myers, & Lipman, 1990); ChimeraSlayer

(Haas et al., 2011), which uses BLAST to identify potential chimera parents;

and usearch 6.1 (Edgar, 2010), which can perform de novo chimera detection

based on abundances as well as reference-based chimera detection. The rec-

ommended method for identifying chimeric sequences is uchime (Edgar,

Haas, Clemente, Quince, & Knight, 2011), which is integrated in the

usearch 6.1 (Edgar, 2010) pipeline. Uchime is the fastest method for

detecting chimeric sequences, and it is executed by default if the usearch

method is selected for picking OTUs.

4.1.4 Taxonomy assignment
The next step in the QIIME workflow is to assign the taxonomy to each

sequence of the representative set. This step connects the OTUs to named

organism, which is useful for inferring likely functional roles for members of

the community.When using a closed-reference approach for OTU picking,

the taxonomy of the sequences can be pulled out from the reference set. In

case of the open-reference and de novo approaches, because the clusters are

not created from any reference database (as a reminder, in the open-

reference approach, sequences that fail to cluster to the reference database

form new clusters), the taxonomy should be assigned using a reference

dataset. We recommend the GreenGenes database (DeSantis et al., 2006;

McDonald, Price, et al., 2012) as the default reference data set for assigning

taxonomy, although the RDP (Cole et al., 2009) and Silva (Quast et al.,

2013) databases also have strengths and weaknesses relative to GreenGenes

and should be considered for some analyses. Silva includes microbial eukary-

otes and has invested substantial effort in cleaning up marine taxa; RDP has

close links to formally recognized names in taxonomy, which can be espe-

cially useful for medical microbiology. QIIME can assign taxonomy against
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any of the given databases, or against a custom database, using several

methods: BLAST (Altschul et al., 1990), RDP classifier (Wang et al.,

2007), rtax (Soergel, Dey, Knight, & Brenner, 2012), mothur (Schloss

et al., 2009), and tax2tree (McDonald, Price, et al., 2012). The QIIME team

recommends the RDP classifier method (Wang et al., 2007) with a confi-

dence value of 0.8. However, if the user has paired-end reads, the best

method to use is the rtax (Soergel et al., 2012), and the user should provide

the fasta files with both the first and the second reads from the paired-end

sequencing. Note that the taxonomy assignment method and the reference

database must both be described in order for an analysis to be reproducible,

and that these methods can have a larger effect on taxonomy than the under-

lying biological sample, so it is important to be consistent (Liu, DeSantis,

Andersen, & Knight, 2008).

4.1.5 Sequence alignment
The next step in the QIIME workflow is to align the sequences. The

sequences must be aligned to infer a phylogenetic tree, which is used for

diversity analyses and to understand the relationships among the sequences

in the sample. Currently, QIIME supports the following methods for

performing sequence alignment: PyNAST (Caporaso, Bittinger, et al.,

2010), Infernal (Nawrocki, Kolbe, & Eddy, 2009), clustalw (Larkin et al.,

2007), muscle (Edgar, 2004), and mafft (Katoh, Misawa, Kuma, &

Miyata, 2002). The recommended (and default) method is PyNAST

(Caporaso, Bittinger, et al., 2010). This method aligns the sequences against

a template sequence alignment, for which we recommend the GreenGenes

core set (DeSantis et al., 2006).

When sequences do not align well using PyNAST, the Infernal package

(Nawrocki et al., 2009) should be used. Like PyNAST, it requires a template

alignment, but unlike PyNAST, it uses stochastic context-free grammars to

align incorporating secondary structure. Although this method is slow com-

pared to other methods, it does takes advantage of RNA secondary structure

(provided in a Stockholm-format file) and can be useful for aligning more

variable rRNAs. For marker genes other than rRNA genes, the best strategy

for building phylogenetic trees is to align the protein sequences (if available)

using muscle.

4.1.6 Phylogeny construction
This step in the QIIME workflow infers a phylogenetic tree from the mul-

tiple sequence alignment generated by the previous step. The phylogenetic
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tree represents the relationships among sequences in terms of the amount of

sequence evolution from a common ancestor. This phylogenetic tree is used

in many downstream analyses, such as the UniFrac metric (Lozupone et al.,

2005) for beta-diversity.

The current methods supported for inferring the phylogenetic tree in

QIIME are FastTree (Price, Dehal, & Arkin, 2009), clearcut (Evans,

Sheneman, & Foster, 2006), clustalw (Larkin et al., 2007), raxml

(Stamatakis, Ludwig, &Meier, 2005), andmuscle (Edgar, 2004). The default

and recommended method in QIIME is the FastTree (Price et al., 2009)

method because it shows the best trade-off between run time and reliability

of the inferred tree.

4.1.7 Make OTU table
The last part of the upstream stage in QIIME is to construct the OTU table.

The OTU table is a sample by observation matrix that also includes the tax-

onomic prediction for each OTU. For the OTU table representation,

QIIME uses the Genomics Standards Consortium candidate standard

Biological Observation Matrix (BIOM) format (McDonald, Clemente,

et al., 2012). The OTU table, the mapping file, and the phylogenetic tree

are the main files for performing the downstream analysis.

QIIME can perform all the steps for generating the OTU table and the

phylogenetic tree from the preprocessed data in a single command. There is

a separate command for eachOTU picking approach. In the following com-

mands, we assume that the GreenGenes reference files (DeSantis et al., 2006)

are located in the current directory. As a remainder, our seqs.fna has

12.687.021 sequences of length 150.9989�0.1715:

• For de novo (run time �80 h on 1 processor (not parallelizable)):

pick_de_novo_otus.py -i $PWD/slout/seqs.fna -o $PWD/denovo_otus

• For closed-reference (run time �2 h on 20 processors):

pick_closed_reference_otus.py -i $PWD/slout/seqs.fna -o $PWD/

closed_ref_otus -r $PWD/gg_12_10_otus/rep_set/97_otus.fasta -t

$PWD/gg_12_10_otus/taxonomy/97_otu_taxonomy.txt -a -O 20

• For open-reference (run time �27 h on 20 processors):

pick_open_reference_otus.py -o $PWD/open_ref_otus -i $PWD/slout/

seqs.fna -r $PWD/gg_12_10_otus/rep_set/97_otus.fasta -a -O 20

Because the closed-reference and open-reference OTU picking approaches

can be run in parallel, we use the -a and -O 20 options in order to run them

using 20 processors.
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4.2. Downstream analysis steps
Once we have generated the OTU table and the phylogenetic tree, we can

start the downstream analysis. At this point, we strongly recommend per-

forming a second level of quality-filtering based on OTU abundance.

The recommended procedure is to discard those OTUs with a number

of sequences <0.005% of the total number of sequences (see Bokulich

et al., 2013 for a detailed description of the effect of this parameter in further

downstream analyses). QIIME executes the OTU abundance quality-

filtering step through the script filter_otus_from_otu_table.py:

filter_otus_from_otu_table.py -i $PWD/open_ref_otus/

otu_table_mc2_w_tax_no_pynast_failures.biom -o $PWD/

open_ref_otus/otu_table_filtered.biom --min_count_fraction 0.00005

This step greatly reduces the problem of spurious OTUs, most of which

are present at very low abundance.

QIIME 1.7.0 allows a first-pass view of common diversity analyses using

a single command: core_diversity_analysis.py. One of the parameters

required by this command is the sampling depth, the number of sequences

that should be included in each sample for diversity analyses. This is

required, because many of the commonly used diversity metrics are very

sensitive to the number of sequences obtained per sample, such that samples

that are similar in the number of sequences that were obtained appear similar

to one another. This is bad because the number of sequences per sample is

typically a methodological artifact, not reflective of biological reality. The

sampling depth defines the size of the random subset of sequences that will

be selected for each sample for all subsequent diversity analyses.

The optimal sampling depth is data dependent. There is no universal way

of choosing a rarefaction level, although heuristics can be applied. For exam-

ple, if most samples have more than 10,000 sequences and the rest range

from 500 to 50 sequences per sample, it would be recommended to use

10,000 as the rarefaction level. Although many studies show marked varia-

tion in sequence depth with only a few “bad” samples, it is not always easy to

choose the rarefaction level. We strongly recommend rarefying over 1000

sequences per sample for Illumina MiSeq, because samples below this level

often suffer from other quality issues as well.

The information needed to choose the rarefaction level can be obtained

from the script print_biom_table_summary.py, which shows summary infor-

mation on the OTU table such as the number of sequences, the number of

391Understanding the Human Microbiome Using QIIME



OTUs, the number of samples, and the number of counts per sample,

among others:

print_biom_table_summary.py -i $PWD/open_ref_otus/otu_table_filtered.

biom

Num samples: 90

Num observations: 783

Total count: 10637688.0

Table density (fraction of non-zero values): 0.4289

Table md5 (unzipped): eb0f1d7fbb50bc31695dade31db1e198

Counts/sample summary:

Min: 1.0

Max: 493427.0

Median: 99111.0

Mean: 118196.533333

Std. dev.: 94277.5956531

Sample Metadata Categories: None provided

Observation Metadata Categories: taxonomy

Counts/sample detail:

BLANK4.732555: 1.0

BLANK5.732537: 1.0

Joshua.Jose.WTAbd.732533: 1.0

Nick.Krishna.TG.Fec.732513: 2.0

TH.CVA.WT.Oral.732491: 2.0

BLANK2.732552: 3.0

BLANK3.732479: 5.0

BLANK6.732470: 7.0

Elizabeth.Chris.WT.Abd.732490: 10.0

Uri.Jake.TGAbd.732468: 10.0

TH.CVA.WT.Abd.732477: 13.0

BLANK10.732524: 812.0

Elizabeth.Chris.WT.Oral.732520: 7410.0

Elizabeth.Chris.WT.Col.732481: 21746.0

Jordan.Lisette.TG.Ile.732463: 27149.0

. . .

TH.CVA.WT.Fec.732553: 372327.0

Wang.TG.Cec.732527: 396391.0

TH.CVA.WT.Ile.732517: 493427.0
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In the above output, we can see the information contained in the

OTU table resulting from applying the open-reference OTU picking.

Some of the relevant information contained in this output is the total

number of samples (90), the total number of OTUs (783), the number

of reads (10,637,688), and the number of OTUs per sample. Applying

the above heuristic, we could select a subsampling depth of 7410 sequences.

However, because we have run three different OTU picking approaches

and we want to compare them, we must search for the rarefaction level

that best fits the three OTU tables. Below are the summarized information

for the de novo OTU table and the closed-reference OTU table,

respectively:

print_biom_table_summary.py -i $PWD/denovo_otus/otu_table_filtered.

biom

Num samples: 93

Num observations: 600

Total count: 11122386.0

Table density (fraction of non-zero values): 0.4344

Table md5 (unzipped): b002dd85c93fd9d0571ff23b05d21dde

Counts/sample summary:

Min: 0.0

Max: 497234.0

Median: 108322.0

Mean: 119595.548387

Std. dev.: 93487.3335598

Sample Metadata Categories: None provided

Observation Metadata Categories: taxonomy

Counts/sample detail:

BLANK7.732497: 0.0

BLANK8.732522: 0.0

Jordan.Lisette.TG.Abd.732467: 0.0

BLANK4.732555: 1.0

BLANK5.732537: 1.0

Joshua.Jose.WTAbd.732533: 1.0

BLANK2.732552: 3.0

Nick.Krishna.TG.Fec.732513: 3.0

TH.CVA.WT.Oral.732491: 3.0

BLANK3.732479: 5.0
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BLANK6.732470: 9.0

Elizabeth.Chris.WT.Abd.732490: 10.0

Uri.Jake.TGAbd.732468: 10.0

TH.CVA.WT.Abd.732477: 13.0

BLANK10.732524: 825.0

Elizabeth.Chris.WT.Oral.732520: 7376.0

Joey.Aaron.Kyle.WT.Abd.732541: 35655.0

. . .

Wang.TG.Cec.732527: 394351.0

TH.CVA.WT.Ile.732517: 497234.0

print_biom_table_summary.py -i $PWD/closed_ref_otus/

otu_table_filtered.biom

Num samples: 90

Num observations: 673

Total count: 9434459.0

Table density (fraction of non-zero values): 0.4250

Table md5 (unzipped): 257b528478a2700c72f979ce8d9a9a1c

Counts/sample summary:

Min: 1.0

Max: 347785.0

Median: 90092.0

Mean: 104827.322222

Std. dev.: 78560.4683831

Sample Metadata Categories: None provided

Observation Metadata Categories: taxonomy

Counts/sample detail:

BLANK4.732555: 1.0

BLANK5.732537: 1.0

Joshua.Jose.WTAbd.732533: 1.0

BLANK3.732479: 2.0

Nick.Krishna.TG.Fec.732513: 2.0

TH.CVA.WT.Oral.732491: 2.0

BLANK2.732552: 3.0

Uri.Jake.TGAbd.732468: 5.0

BLANK6.732470: 7.0

Elizabeth.Chris.WT.Abd.732490: 10.0

TH.CVA.WT.Abd.732477: 12.0

BLANK10.732524: 710.0
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Elizabeth.Chris.WT.Oral.732520: 7205.0

Elizabeth.Chris.WT.Col.732481: 22652.0

. . .

TH.CVA.WT.Fec.732553: 329988.0

TH.CVA.WT.Ile.732517: 347785.0

From the above output, we see that a reasonable rarefaction level for the

three tables is 7205 counts per sample, derived from the closed-reference

OTU picking.

Once the subsampling depth is chosen, we can execute the

core_diversity_analyses.py command over the three OTU tables. We

provide the subsampling depth via the -e parameter, the OTU table via

the -i parameter, the mapping file through the -m parameter, and the meta-

data categories to use in categorical analyses through the -c parameter. The -o

parameter is used to provide the output directory and the -a -O 64 are used to

run the command in parallel using 64 processes.

mkdir $PWD/diversity_analysis

core_diversity_analyses.py -i $PWD/open_ref_otus/otu_table_filtered.

biom -m $PWD/IQ_Bio_16sV4_L001_map.txt -t $PWD/open_ref_otus/

rep_set.tre -e 7205 -c GENOTYPE,BODY_SITE -o $PWD/

diversity_analysis/open_ref -a -O 64

core_diversity_analyses.py -i $PWD/denovo_otus/otu_table_filtered.

biom -m $PWD/IQ_Bio_16sV4_L001_map.txt -t $PWD/denovo_otus/

rep_set.tre -e 7205 -c GENOTYPE,BODY_SITE -o $PWD/

diversity_analysis/denovo -a -O 64

core_diversity_analyses.py -i $PWD/closed_ref_otus/

otu_table_filtered.biom -m $PWD/IQ_Bio_16sV4_L001_map.txt -t $PWD/

gg_12_10_otus/trees/97_otus.tree -e 7205 -c GENOTYPE,BODY_SITE -o

$PWD/diversity_analysis/closed_ref -a -O 64

The core_diversity_analyses.py command filters the OTU table

before executing the diversity analyses. The filter removes samples

from the OTU table that do not have at least the user-defined subsampling

depth (7205 in our case). This filtering removes low-coverage samples

from the OTU table, because they are not informative enough to

be included in the study. After these samples have been filtered, the script

performs the rarefaction step at the given subsampling depth.
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The output of this script is an HTML file that can be opened in a Web

browser (Fig. 19.4). This HTML file gives access to the results of the differ-

ent diversity analysis performed (taxa summaries, a-diversity, b-diversity,
and category significance) which will be explained in further sections.

For the following downstream analysis, we have used the OTU table and

phylogenetic tree resulting from the open-reference OTU picking

approach. In cases where we are performing comparisons between OTU

picking approaches, we will specify which approaches we have used.

4.2.1 Taxa summaries
Oneway to visualize theOTUs in each sample is a taxa summary, which sum-

marizes the relative abundance of the taxa present in a set of samples on mul-

tiple taxonomic levels (e.g., phylum, order, etc.) (see Fig. 19.5). This provides

a quick way to identify samples that may be drastically different from others

(i.e., outliers) and visually identify expected patterns and differences between

and among samples. For example, this tool can be used to identify patterns

such as differences in the relative abundance of Firmicutes and Bacteroidetes

in the gut microbiomes of lean versus obese mice, e.g., Ley, Backhed,

Turnbaugh, Lozupone, Knight, and Gordon (2005). In our example, the taxa

summary shows that the fecal, colon, and cecum samples appear to be similar

in composition in that their dominant phyla are present in similar relative

abundances. These patterns can then be statistically tested using other

methods, either within QIIME or elsewhere. QIIME contains a workflow

called summarize_taxa_through_plots.py that generates user-specified plot

types, including bar, pie, and area graphs. These graphs provide a way to visu-

ally compare the composition of each sample or of groups of samples. An

OTU table with assigned taxonomies is the only required input file, and

options allow the user to summarize across categories (using themetadata file),

at different taxonomic levels, or only using OTUs that are present at abun-

dances higher or lower than user-defined thresholds. The Web interface

allows a scroll-over feature that identifies the taxonomy of the separate taxa.

Additional output files include image files of the charts and legends, and tab-

delimited files of the calculated abundances, which can then be further filtered

and manipulated for downstream statistical analyses.

4.2.2 Diversity analysis
Microbial ecology studies the diversity of microorganisms by characterizing

bacterial communities in different environments and determining the factors

that drive diversity in these communities (Atlas & Bartha, 1998). Whittaker

(1960) and Whittaker (1972) define different types of measurements of
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Figure 19.4 HTML result from core_diversity_analyses.py. This HTML file sum-
marizes and gives access to the results of the diversity analyses conducted on the given
OTU table.



Figure 19.5 A snapshot of the taxa summary of the example dataset using the web interface. Samples have been grouped and averaged by
body site, and taxonomic composition is shown on the phylum level. Each column in the plot represents a body site, and each color in the
column represents the percentage of the total sample contributed by each taxon group at phylum level. The taxa summaries plot help us to
see which taxon groups are more prevalent in a sample. For example, the fecal samples are dominated by Bacteroidetes, while mouth and
skin samples are dominated by Proteobacteria. We can also see that Fusobacteria is only present at appreciable levels in the skin samples.



diversity as alpha-, beta-, and gamma-diversities. Alpha-diversity is defined

as the diversity of organisms in one sample or environment. Beta-diversity is

the difference in diversities across samples or environments. Finally, gamma-

diversity (g-diversity) measures the diversity at a broader scale, such as a

province or region. Several different metrics of alpha- and beta-diversity

are implemented in QIIME pipeline. Diversity measurements and their

applications in microbial have been discussed in detail elsewhere (Jost,

2007; Kuczynski, Liu, et al., 2010; Lozupone & Knight, 2008), and here,

we focus on examples of their application.

4.2.3 Alpha-diversity analysis
QIIME can generate plots showing the results of alpha-diversity, allowing

the user to choose the diversity metric and different rarefaction levels

(Fig. 19.6). These images are often used to estimate the true species richness

of a community.

QIIME implements dozens of the most widely used alpha-diversity indi-

ces, including both phylogenetic indices (which require a phylogenetic tree)

and nonphylogenetic indices. Users can obtain a list of the alpha-diversity

indices implemented in QIIME by passing the parameter -s to the

alpha_diversity.py script. Phylogenetic metrics have been especially useful

in our experience because they provide additional power by accounting for

the degrees of phylogenetic divergence between sequences within each sam-

ple. Thus, for alpha-diversity, we recommend phylogenetic distance (PD)

(Faith, 1992) over OTU counts; however, the choice of metric will depend

on the question. In particular, one might be interested in pure estimates of

community richness (such as the observed number of OTUs or the Chao1

estimator of the total number that would be observed with infinite sam-

pling), in pure estimates of evenness, or of measures that combine richness

and evenness such as the Shannon entropy (if there is no hypothesis in

advance about which richness measure is appropriate, remember to correct

for multiple comparisons if many are applied to the same dataset). Here is an

example of how to compute rarefaction curves for three different alpha-

diversity metrics using a QIIME parameters file:

echo “alpha_diversity:metrics shannon,PD_whole_tree,observed_species”

> alpha_params.txt

alpha_rarefaction.py -i $PWD/open_ref_otus/otu_table_filtered.biom -m

$PWD/IQ_Bio_16sV4_L001_map.txt -o $PWD/diversity_analysis/

alpha_rare_open_ref_uneven -a -O 64 -n 20 --min_rare_depth 1000 -e

340000 -p $PWD/alpha_params.txt -t $PWD/open_ref_otus/rep_set.tre
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Figure 19.6 Alpha-diversity curves at different rarefaction depths using different OTU
picking methods. Each line represents the results of the alpha-diversity phylogenetic
diversity whole tree metric (PD whole tree in QIIME). (A), (C), and (E) represent alpha-
diversity of each sample at a different sequence depth in each of the OTU picking pro-
tocols (closed-, open-reference, and de novo). In closed-reference, the diversity plateaus
(reaches an asymptote) because only OTUs in the reference database already can be
considered, greatly reducing the OTU number over what is possible if the sequences
are clustered de novo. Comparing these curves is difficult because the sequencing depth
differs among samples. (B), (D), and (F) show differences in alpha-diversity between the
two mouse genotypes, wild type (WT: orange) and transgenic (TG: blue), using the
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This step generates an interactive HTML document with figures

showing the results for each alpha-diversity metric and for each group

of samples. Curves reach asymptotes when the sequencing effort (sequenc-

ing depth) does not contribute additional OTUs. In this sense, curves

would differ in their shape as a function of the selected OTU picking

method.

Comparisons should be adjusted to the same depth of sequencing. Rar-

efaction curves can be useful for assessing the sequencing effort sufficient for

representing and comparing the microbial communities (Fig. 19.6). How-

ever, although rarefaction curves were widely used during the era of Sanger

sequencing, when most communities were undersampled, it is often more

useful today to report the coverage and the estimated and observed numbers

of OTUs at one rarefaction depth rather than to use a figure for rarefaction

curves.

4.2.4 Beta-diversity analysis
Beta-diversity can also be calculated from the rarefied OTU tables, compar-

ing the microbial communities based on their compositional structures.

As with alpha-diversity, QIIME can compute many phylogenetic and

nonphylogenetic beta-diversity metrics (shown by the command

beta_diversity.py -s). Of these, we have found UniFrac to be most gen-

erally useful in revealing biologically meaningful patterns. Unifrac measures

the amount of unique evolution within each community with respect to

another by calculating the fraction of branch length of the phylogenetic tree

that is unique to either one of a pair of communities (Lozupone et al., 2005).

QIIME implements several variants of Unifrac, including weighted and

unweighted Unifrac. The weighted Unifrac metric is weighted by the dif-

ference in probability mass of OTUs from each community for each branch,

whereas unweighted Unifrac only considers the absence/presence of the

OTUs (Lozupone, Hamady, Kelley, & Knight, 2007). Weighted Unifrac

different OTU picking approaches. Both curves show the same rarefaction levels, all-
owing easier comparisons between categories. The curves again level off, showing that
the sequencing effort is sufficient to detect most of the OTUs (this saturation can be
confirmed using Good’s coverage, or conditional uncovered probability, or other formal
coverage statistics). The error bars show the standard error of themean diversity at each
rarefaction level across the multiple iterations.
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is thus recommended for detecting community differences that arise from

differences in relative abundance of taxa, rather than in which taxa are pre-

sent. Like other metrics considering taxon abundance, weighted Unifrac is

sensitive to the bias from DNA extraction efficiency, PCR amplification,

etc.; this may explain why, in our hands at least, unweighted UniFrac has

often provided results that correlate better with clinical or environmental

variables than does weighted UniFrac. The choice of metrics is critical in

beta-diversity analysis as metrics differ substantially in their ability to detect

clustering or gradient patterns among microbial communities on the same

dataset (Arumugam et al., 2011; Ravel et al., 2012; Schloss &

Handelsman, 2006). See Kuczynski, Liu, et al. (2010) for a detailed discus-

sion of the performance of different nonphylogenetic metrics.

QIIME calculates the beta-diversities between each pairs of input sam-

ples, forming a distance matrix. The distance matrix then can be visualized

with methods such as PCoA (Mardia, Kent, & Bibby, 1979) and hierarchical

clustering (Tryon, 1939), both of which have beenwidely used for data visu-

alization for decades. PCoA transforms the original multidimensional matrix

to a new set of orthogonal axes that explain the maximum amount of inertia

in the dataset (Gower, 1966; Mardia et al., 1979) and the current implemen-

tation in QIIME scales to thousands of samples. We are currently evaluating

approximate methods that will allow scaling to millions of samples

(Gonzalez, Stombaugh, Lauber, Fierer, & Knight, 2012). QIIME allows

the PCoA plots to be visualized interactively in three-dimensions, currently

using the KiNG viewer (Chen, Davis, & Richardson, 2009). To assess the

stability of the PCoA plot, jackknife resampling can be performed on the

OTU table, repeating the PCoA procedure for each resampled table and

plotting the aggregate results as confidence ellipsoids around the sample

points (Fig. 19.7). Jackknifing is recommended because many diversity met-

rics, including UniFrac, are sensitive to the number of sequences per sample

(Lozupone, Lladser, Knights, Stombaugh, & Knight, 2011).

Taxonomic information can be displayed on top of the PCoA using

biplots (Fig. 19.8) (this analysis requires the output file from previous taxon

summary step). The coordinates of a given taxon are computed as the

weighted average of the coordinates of all samples, where the weights are

the relative abundances of the given taxon in the set of samples. This plot

is particularly suited for identifying taxa that drive the differentiation

between groups of microbial communities.

Another popular method for finding relationships among samples is hier-

archical clustering, which groups samples together into a tree. Although
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Figure 19.7 PCoA plots of unweighted Unifrac beta-diversity. Panels A–C show
jackknifed replicate results for the example data set using de novo OTU picking,
closed-reference OTU picking, and open-reference OTU picking, illustrating different
results from the three OTU picking approaches (Table 19.3). Each dot represents a sam-
ple, either from aWTmouse (orange) or TGmouse (blue). The two groups are not clearly
separated, probably because the data set is contaminated (recall that this is a class pro-
ject and different participants varied in their dissection skills). The size of the ellipsoids
shows the variation for each sample calculated from jackknife analysis. These plots are
generated by the command jackknifed_beta_diversity.py -i $PWD/den-

ovo_otus/otu_table_filtered.biom -t $PWD/denovo_otus/rep_set.tre -m

$PWD/IQ_Bio_16sV4_L001_map.txt -o $PWD/diversity_analysis/jk_denovo

-e 7205 -a -O 64 (the input parameters should be adapted for using the OTU tables
from different OTU picking approaches). Panel D shows the beta-diversity PCoA plot
of a data set from the “keyboard” data set (Fierer et al., 2010) which links individuals
to their computer keyboard through microbial community similarity. Each dot repre-
sents a microbial community sampled from either fingertips or keyboard keys from
three individuals, annotated by the three colors shown in the plot. In contrast to panels
A–C, panel D shows themicrobial communities well separated by individual in the PCoA
plot.
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hierarchical clustering can be effective in some cases, it should be used with

caution because the eye can easily be drawn to incorrect relationships (such

as samples that are adjacent in terms of the order of their labels but are topo-

logically far apart in the tree). In general, we recommend using PCoA as a

method of detecting grouping in the data but demonstrate hierarchical clus-

tering here as an example. Here, we analyze the beta-diversity distance

matrix using UPGMA, which forces the samples into an ultrametric tree

(i.e., a tree in which the distance from the roots to the tips is the same

for every tip) (Fig. 19.9). The resulting tree file is in Newick format and

can be visualized by programs including TopiaryExplorer (Pirrung et al.,

2011), the R package ape (Paradis, Claude, & Strimmer, 2004), and the

package distory (Chakerian & Holmes, 2012). UPGMA can also be applied

to the jackknifed subsamples to provide an estimate of the statistical confi-

dence in the clustering, by showing the frequency of each nodes in the orig-

inal full data set cluster that are supported by the jackknife replicates. We

generally recommend against the use of hierarchical clustering as a method

Figure 19.8 Biplot of the example data set. This is the unweighted Unifrac beta-
diversity plot, similar to Fig. 19.7, with labels for the most five abundant phylum-level
taxa added. The size of the sphere for each taxon is proportional to the mean relative
abundance of that taxon across all samples. This plot is created by the command
make_3d_plots.py -i $PWD/diversity_analysis/open_ref/bdiv_even7205/

unweighted_unifrac_pc.txt -m $PWD/IQ_Bio_16sV4_L001_map.txt -t $PWD/

diversity_analysis/open_ref/taxa_plots/table_mc7205_sorted_L3.txt

–n_taxa_keep 5 -o $PWD/diversity_analysis/3d_biplot.
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for identifying and visualizing sample groupings, so have not invested as

much effort in enabling this technique in QIIME as has been invested in

other visualizations. However, if you do plan to use hierarchical clustering,

it is important to be aware that substantial work has been done on more

effective visualization methods, for example, in distory (Chakerian &

Holmes, 2012), and performing additional analyses outside QIIME may

allow improvements over the default visualizations.

Figure 19.9 Bootstrapped UPGMA clustering on the example data set. The tree is
shown with the internal nodes colored by bootstrap support (red: 75–100%, yellow:
50–75%, green: 25–50%, and blue: <25%). Although this visualization is popular in
the literature, we generally recommend alternatives such as PCoA.
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4.2.5 Statistical significance of differences in alpha- and beta-diversity
Which statistical tests should be applied depends on the particular hypotheses

and predictions defined a priori in a given research study. QIIME implements

several scripts that perform a broad range of statistical tests between samples

and groups of samples using both alpha- and beta-diversity measurements.

For alpha-diversity, the compare_alpha_diversity.py script performs com-

parisons between groups of samples. The script uses the alpha-diversity mea-

surements of samples standardized to a given number of sequences per

sample and performs nonparametric two-sample t-tests (i.e., using Monte

Carlo permutations to calculate the p-value), comparing each pair of groups

of samples. Rarefaction is a critical step in these analyses, as noted earlier,

because typically diversity estimates depend on the number of sequences

per sample. At the maximum rarefaction depth, WT and TG mice did

not show differences in alpha-diversity as measured by PD metric (WT:

(mean� s.d.)¼45.19�10.6; TG: 40.01�9.5; t¼�2.17, p¼0.102). We

also tested for differences in alpha-diversity between body sites. We found

differences between cecum and ileum (cecum (mean� s.d.)¼51.1�3.6;

ileum: 36.72�8.2; t¼5.35, p¼0.028), cecum and mouth (mouth:

29.54�10.1; t¼6.62, p¼0.028), and feces and mouth (feces: 48.4�4.0;

t¼5.47, p¼0.028). None of the other pairs of comparisons between body

sites showed significant differences in alpha-diversity (colon: 46.0�9.2;

multitissue: 46.26�9.1; skin: 42.13�7.4; all p-values >0.056).

The appropriate statistical tests of beta-diversity also depend on the

research question being asked. These tests compare sets of distances

between samples in the distance matrix. Careful attention must be paid

to both Type I error (rejecting the null hypothesis when it is actually true)

and Type II error (accepting the null hypothesis when it is actually false,

i.e., lack of statistical power). Type I error is more likely when variance

is unequal between groups and when many comparisons are performed

on the same data (although multiple comparison corrections correct for

the increased Type I error, they often raise the Type II error rate instead).

As always, results should be interpreted with caution and common sense.

A highly statistically significant result stemming from data with a low-

correlation coefficient may indicate that a relationship has little biological

meaning, and examining the scatterplot to see if the result is driven by a

few outliers would be prudent. Further theoretical validation (especially

of the multivariate statistical tests) is also needed, especially because the dis-

tributions underlying microbial community data have in general not yet

been well characterized.
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Comparisons between distance matrices are performed in QIIME using

the compare_distance_matrices.py script. This script can perform analyses

including the Mantel test, the partial Mantel test, and the Mantel Cor-

relogram. TheMantel test is a nonparametric test that compares two distance

matrices and calculates a correlation coefficient and a significant p-value

using permutations that preserve the rows and columns. For the purpose of

showing some examples (because the mouse data do not include a time series

component), we will use the sequence dataset published by Caporaso,

Kuczynski, et al. (2010), where the authors studied variation in the bacterial

community in the human gut over time series. We will compare the Unifrac

distance matrix and a distance matrix as differences in days since the treat-

ment started. Both distance matrices showed a significant correlation

(Mantel test: p¼0.035), showing that bacterial communities were more

similar as they were close in sampling. The Mantel test measures the overall

correlation between distance matrices, but Mantel Correlograms measure

this effect when taking into account the distances between samples marked

by specific metadata variables. Essentially, the second distance matrix (in our

case, days since the treatment started) is divided into classes. The classes into

which the second distance matrix (days after experiment started) is deter-

mined by Sturge’s rule, a method for determining the width of bars in a his-

togram based on the binomial formula. Then Mantel tests are run between

these distance classes and the beta-diversity distance matrix. We found that

none of the distance classes were significantly related to the bacterial com-

munity (Fig. 19.10: all comparisons p>0.120, after Bonferroni correction

for multiple comparisons). TheMantel test showed us that there is an overall

correlation between bacterial community and “days after the experiment

started” (samples collected closer in time had more similar bacterial commu-

nities), and Mantel Correlogram showed that there is no significant corre-

lation between the bacterial community and any of the classes into which the

“days after the experiment started” matrix was divided. In other words, in

this case, discretization of the data into a few timepoint classes led to an

undetectable pattern; in contrast, use of the whole time series yielded an

interpretable result. However, in other datasets, the reverse is often true,

especially if the variation is not monotonic (e.g., in the case of seasonal

variation).

The partial Mantel test is similar to the Mantel test, except that the anal-

ysis is controlled by a third variable. When we compare the beta-diversity

distance matrix with days after the experiment started by controlling by sam-

pling date, we find the same trend noted before (partial Mantel test:
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p¼0.010). Samples collected close in time have similar bacterial communi-

ties and this effect is independent of the date of collection.

Several visual and statistical tests have been implemented in QIIME in

order to compare between and within beta-diversity distances. Distance his-

tograms are an easy way to compare both types of distances graphically

(make_distance_histograms.py). The output is an html file that shows as

many histograms as categories. It is very useful to compare all-within “cat-

egory” against all-between “category” or the distribution of distances within

each group (Fig. 19.11). Probably a more useful tool to compare these beta-

diversity distances is by means of box-plots (make_distance_boxplots.py,

Fig. 19.12). The box-plot script generates a box-plot graph and performs

a t-test. Box-plots showed that there were no differences between the dis-

tances within mouse type and between types. However, the statistical test

shows highly significant differences (p<0.001) when comparing within

and between distances. Once again, we recommend caution and common

sense when the p-values are interpreted. It is likely to get a significant
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p-value, although a close inspection of the box-plot reveals that standard

error bars overlap. Basically, this result is due to the large number of com-

parisons: a small Student t-statistic (obtained when differences between two

data sets are small) and these large degrees of freedom may be highly signif-

icant (i.e., the two data sets are very different) even with conservative mul-

tiple test corrections (as Bonferroni).

Other multivariate analyses provide additional powerful tools for explor-

ing significant relationships between the beta-diversity distance matrix and

factors or covariates. compare_categories.py offer different statistical tests,

where ANOSIM and adonis are usually employed. ANOSIM is a nonpara-

metric statistical test that compares ranked beta-diversity distances between

different groups and calculates a p-value and a correlation coefficient by
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Figure 19.12 Box-plots of the unweighted UniFrac distances for bacterial gut micro-
biota in both mouse type (WT: wild type; TG: transgenic). “Within” distances represent
distances within any of the two groups since “between” distances show distances
between both groups. “TG versus TG” and “WT versus WT” represent within distances
in transgenic and wild-type groups, respectively. Although averages are different, stan-
dard error overlaps in all cases.
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permutation. Adonis partitions the variance in a similar way to the analysis of

variance (ANOVA) family of tests, specifically testing variation within a cat-

egory is smaller or greater than variation between categories. It calculates a

pseudo F-value, a p-value, and a correlation coefficient (R2). Significant

p-values must be interpreted together with theirR2 values to infer biological

meanings from the results. It is worth mentioning here that PERMANOVA

and adonis are similar statistical methods and usually provide equivalent

results. However, PERMANOVA only allows categorical factors, whereas

both categorical and continuous variables may be used in adonis. Both

ANOSIM and adonis analyses indicate that bacterial communities in WT

and TG mice significantly differ from one another (ANOSIM:

R2¼0.134, p<0.001; adonis, R2¼0.046, p<0.001). However, the corre-

lation coefficients are low, so the significant p-values need to be interpreted

cautiously because this result may not be biologically relevant.

4.2.6 OTU networks
Network-based analysis can sometimes be very useful for displaying how

OTUs are partitioned between samples, and how samples are related each

other, although we have found that this analysis only works well for datasets

in which the samples are not all equally connected. Networks are therefore a

powerful way for visually displaying certain large and complex datasets to

emphasize similarities and differences among samples. Network analyses

are implemented in QIIME through the script make_otu_network.py. This

script generates the OTU-network files to be passed into Cytoscape

(Shannon et al., 2003) and statistics for those networks (specifically, a bipar-

tite graph in which nodes represent either OTUs or samples, and edges rep-

resent a connection between an OTU and a sample; Ley et al., 2008).

Cytoscape is not wrapped in the QIIME pipeline, and it is run as a separate

program. The files used by Cytoscape 2.8.2 are the real edge table (rea-

l_edge_table.txt) which contains the columns “from,” “to,” “eweight,”

and “consensus_lin,” among others dictated by the headers in the mapping

file; and the real node file (real_node_table.txt) which contains a node for

each OTU and each sample in the study. It uses the OTU file and the user

metadata mapping file.

The visual output of this analysis is a clustering of samples according to

their shared OTUs (i.e., samples that share more OTUs cluster closer

together, as do OTUs shared by more samples): samples and OTUs are rep-

resented as dots in the space (nodes) and connected by lines (edges). The

degree to which samples cluster is based on the number of OTUs shared
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between samples, and this is weighted according to the number of sequences

within an OTU.

In the network diagram, both types of nodes, OTU nodes and sample

nodes, can be easily modified using Cytoscape’s graphical user interface,

with symbols such as filled circles for OTUs and filled squares for samples.

If an OTU is found within a sample, both nodes are connected with a line

(an edge). The nodes and edges can then be colored to emphasize certain

aspects of the data.

This method is not simply used for descriptive visualizations: the connec-

tions within the network can also be analyzed statistically to provide support

for the clustering patterns displayed in the network. A G-test for indepen-

dence is used to test whether sample nodes within categories (such as within

a genotype, in our example mouse study) are more connected within than a

group than expected by chance. Each pair of samples is classified according

to whether its members shared at least one OTU, and whether they share a

category. Pairs are then tested for independence in these categories (this asks

whether pairs that share a category are also equally likely to share an OTU).

This statistical test can also provide support for an apparent lack of clustering

when it appears that a parameter is not contributing to the clustering.

In our example dataset, mouse samples show some degree of clustering in

the space depending on whether the genotype is WT or TG (Fig. 19.13).

These clusters in the network were significantly different (G-test:

p<0.001). Surprisingly, bacterial communities of mice did not visually clus-

ter by body site, although the statistical test shows highly significant differ-

ences in samples from different body sites. These results must be interpreted

cautiously. The degrees of freedom in the statistical test depend on the num-

ber of comparisons, so highly significant results might be obtained even

when differences between clusters are slight. In other cases, these differences

are obvious and easy to interpret. In the first application of this analysis in

microbial ecology, the gut bacteria of a variety of mammals was surveyed

and the network diagrams were colored according to the diets of the animals,

which highlighted the clustering of hosts by diet category (herbivores, car-

nivores, omnivores). In a later meta-analysis of bacterial surveys across hab-

itat types, the networks were colored in such a way that the phylogenetic

classification of the OTUs was highlighted: this analysis revealed the dom-

inance of shared Firmicutes in vertebrate gut samples versus a much higher

diversity of phyla represented among OTUs shared among environmental

samples (Ley et al., 2008).
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There is no clear sample clustering by body site, suggesting that there is

not a core set of OTUs that differentiates one site from another.

This OTU-based approach to comparisons between samples provides a

counterpoint to the tree-based PCoA graphs derived from the UniFrac ana-

lyses. In most studies, the two approaches reveal the same patterns. They can,

however, reveal different aspects of the data. The network analysis can pro-

vide taxonomic connections among samples in a visual manner, whereas

PCoA–UniFrac clustering can reveal subclusters that may be obscured in

the network. The principal coordinates can be pulled out individually

and regressed against other metadata; the network analysis can provide a

visual display of shared versus unique OTUs. Thus, together these tools

can be used to draw attention to different aspects of a dataset.

4.2.7 OTU heatmaps
Another method to visualize the relationships between OTUs and samples is

the heatmap, which is widely used for other applications in molecular biol-

ogy (Wilkinson & Friendly, 2009). This method was initially developed by

Loua (1873) to visualize population characteristics of 20 districts of Paris.

Figure 19.13 OTU-network bacterial community analysis applied in wild-type and
transgenic mice. (A) Network colored by genotype (wild type: blue; transgenic: red).
Control sample (yellow dot) is external in the network and several OTUs are not shared
withmice. Although we can see some degree of clustering, discrimination by genotypes
is difficult to assess. (B) Network colored by body site (mouth: yellow; skin: red; ileum:
blue; colon: pink; cecum: orange; feces: brown; and multitissue samples: green).
A control sample is colored in gray.
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In our case, heatmaps can be used for exploratory analysis of

microbiomes by mapping abundance values to a color scale in a condensed,

pattern-rich format, in which each row corresponds to an OTU and each

column corresponds to a sample. A good heatmap graphic can generate

hypotheses about sample and/orOTU clustering in the data, which can then

be followed up with additional more formal analyses. Two key structural

aspects of a heatmap graphic greatly affect whether it will reveal interpretable

patterns: (1) the ordering of the axes and (2) the color scaling.

QIIME can create OTU heatmaps using two different scripts:

make_otu_heatmap.py and make_otu_heatmap_html.py. The first script gener-

ates a heatmap in which OTUs are represented in rows and samples in col-

umns. OTUs and samples can be sorted and clustered by the phylogenetic

tree and by the UPGMA hierarchical clustering, respectively. However,

the visualizations of both trees (phylogenetic and hierarchical) in the final

heatmap are not currently implemented directly in QIIME, and these hier-

archical displays must be prepared using external software such as R. QIIME

also supports sample clustering by a metadata category if the user provides a

mapping file. The samples will be clustered within each category level using

Euclidean UPGMA. The script sort_otu_table.py allows sorting the OTU

table by a category in the mapping file, allowing defining the order of the

samples in the heatmap. Figure 19.14 shows the output of

make_otu_heatmap.py. There we can see a drawback to heatmaps: when

the number of samples or OTUs included in the graphic is too high, the den-

sity of the graphic can be overwhelming. Thus, we recommend that the

OTU table be filtered to a smaller number of samples (or categories) and taxa

to identify the most important patterns, as we will show later in this section.

The second script (make_otu_heatmap_html.py) creates an interactive

OTU heatmap from an OTU table (Fig. 19.15). This script parses the

OTU count table and filters the table by counts per OTU (user specified).

It then converts the table into a javascript array, which can be loaded into a

Web browser. The OTU heatmap displays raw OTU counts per sample,

where the counts are colored based on the contribution of each OTU to

the total OTU count present in the sample (blue: contributes low percentage

of OTUs to sample; red: contributes high percentage of OTUs). This Web

application allows the user to filter the OTU table by number of counts per

OTU. The user also has the ability to view the table based on taxonomy

assignment. Additional features include the ability to drag rows up and down

by clicking and dragging on the row headers and the ability to zoom-in on

parts of the heatmap by clicking on the counts within the heatmap.
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Improved OTU heatmap visualizations can be generated using the

plot_heatmap() command in the phyloseq package for R (McMurdie &

Holmes, 2013). This package takes a similar approach to NeatMap

(Rajaram & Oono, 2010), in that it uses ordination results rather than hier-

archical clustering to determine the index order of each axis. For

plot_heatmap, the default color scaling maps a particular shade of blue to

a log transformation of abundance that generally works well for microbiome

data, although the user can select alternative transformations.

Figure 19.14 Heatmap of OTUs presents in the different samples from transgenic and
wild-type mice. The intensity of black shows the abundance of certain OTU in each sam-
ple. Both samples and OTUs are sorted by UPGMA tree and the OTU phylogenetic tree,
respectively.
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Figure 19.15 Interactive heatmap of OTUs presents in the different samples from transgenic and wild-type mice. This visualization is a result
of an HTML file that can be opened in anyWeb browser. The advantage of this heatmap is that it is easy tomanipulate the abundance level for
coloring, or transpose samples and OTUs between columns and rows.



In this example, a key step was proper filtering of the data. We removed

OTUs that appear in only a few samples. The possible contribution to the

graphic of these infrequent OTUs is limited, more often contributing to

“noise” that causes the heatmap to look dark, empty, and uninterpretable

(see Supplemental File 1, http://dx.doi.org/10.1016/B978-0-12-407863-

5.00019-8 and Fig. 19.14). We used a nonmetric multidimensional scaling

(NMDS) of the Bray–Curtis distance to determine the order of the OTUs

and samples. From this representation, it is possible to distinguish high-level

patterns and simultaneously note the samples and OTUs involved. For

instance, all but a fewof themouth samples are in a cluster towards themiddle

of the heatmap. One of the key features of this group is an obvious relative

overabundance of three Firmicutes OTUs, which are among themost abun-

dant in this subset of the data. Similarly, another clear pattern is a distinction

between a group of WT samples from various body sites on the left of the

heatmap that appear to have higher proportions of a number of different Fir-

micutes OTUs, as well as a few specific Bacteroidetes OTUs. This is distinct

from the largest cluster of samples on the right-hand side of the heatmap, in

which many of the most-abundant OTUs are a different subset of Bacteroi-

detes and Firmicutes OTUs.We also found it helpful to further pursue these

high-level patterns by splitting the data into Firmicutes-only and

Bacteroidetes-only subsets, and then plotting new heatmaps with finer-scale

taxonomic labels. This required essentially the same commands and limited

additional effort, well tailored for exploratory interactive analysis, much of

which we have documented in Supplemental File 1 (http://dx.doi.org/

10.1016/B978-0-12-407863-5.00019-8) (Fig. 19.16).

Although heatmaps have been deployed widely in molecular biology,

especially in protein expression studies, some of the other displays we have

discussed such as principal coordinates plots and taxonomy plots often pro-

vide more easily interpretable results. However, summarizing relations

between taxa through ordination plots or network analyses have been shown

to be powerful tools for highlighting similarities and differences among sam-

ples and taxa in ourOTU table, and a carefully constructed heatmap (though

not, in most cases, the default output) can be a useful guide to understanding

and hypothesis generation.

4.2.8 OTU category significance
The experimental design of a microbial study will often involve comparing

two or more groups for differences in the abundance of OTUs, for example,

are there taxa that significantly differ between the control group and the
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Figure 19.16 Example heatmap of the high-level patterns in the open-reference
dataset. The graphic was produced by the plot_heatmap() function in phyloseq
implemented in R after subsetting the data to the most-prevalent 100 OTUs (see Sup-
plemental File 1, http://dx.doi.org/10.1016/B978-0-12-407863-5.00019-8). The order of
sample and OTU elements was determined by the radial position of samples/OTUs in
the first two aces of a nonmetric multidimensional scaling (NMDS) of the Bray–Curtis
distance. Other choices for distance and ordination method can also be useful.
The horizontal axis represents samples, with the genotype and body site labeled, while
the vertical axis represents OTUs, labeled by phyla. Both axes are further color coded to
emphasize the different categories of labels. The blue-shade color scale indicates the
abundance of each OTU in each sample, from black (zero, not observed) to very light
blue (highly abundant, >1000 reads). The call used to create this figure was the
following, omitting some details to improve the axis labels for publication:
“plot heatmap(openfpp, “NMDS”, “bray”, taxa.label¼“Phylum”, sample.

label¼“bsgt”, title¼”plot heatmap using NMDS/Bray-Curtis for both axes

ordering”).
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experimental group? One way to assess this question is to compare the rel-

ative abundances of each microbial member between the two groups. This

functionality is built into a script called otu_category_significance.py. We

can test if there are significant differences in OTU abundance between

mouse genotypes eitherWT or TG.We can assess differences between these

groups using the following command:

otu_category_significance.py -i $PWD/diversity_analysis/open_ref/

table_mc7205.biom -m $PWD/IQ_Bio_16sV4_L001_map.txt -o $PWD/

open_ref_otu_categ_sig_output -c GENOTYPE -s ANOVA

Here, we run an ANOVA to assess the relative abundance of each taxon

in the OTU table between our two genotype groups. The output will be

written to a user-specified file called otu_cat_sig.txt. This document will list

the OTU ID, the raw p-value, the Bonferroni-corrected p-value, the false

discovery rate (FDR) p-value, as well as the relative average abundance for

each of the groups in the selected category (genotype in our case), and the

OTU-taxonomy string (if provided in the initial OTU table). While many

of these taxa may be significantly different between groups according to the

raw p-value, it is extremely important that only p-values that have been

corrected for against multiple comparisons, using either Bonferroni or

FDR, be considered as significant. Many times a user’s OTU table will con-

tain hundreds or thousands of OTUs, and thus a p-value is likely to reach

significance based solely on the large number of statistical comparisons being

computed (for a probability threshold of 0.05, 1 of 20 comparisons results

significant just by chance). It is often very helpful to open the .txt files pro-

duced by otu_category_significance.py in a spreadsheet so that columns

can be sorted according to p-values.

The otu_category_significance.py script also contains several other sta-

tistics for comparing groups. TheG-test can be used to determine if the pres-

ence or absence of a given taxa is significantly different between groups and

can be specified by passing the option -s g_test in the command. The user

can also run a paired t-test to determine whether there are taxa that signif-

icantly differ between two paired points. For example, imagine the exper-

imental design sampled a group of mice before and after a dietary

intervention. Using the paired t-statistic in otu_category_significance.

py would then compare each mouse’s after timepoint to the before time-

point, and test for differences that were consistent across mice, rather than

grouping all the before and after timepoints together. For continuous
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variables, QIIME can calculate the Pearson correlations of OTU abundance

with those variables. QIIME is also capable of longitudinal data analysis,

which is suitable for the samples tracking the same subjects at multiple points

in time, for example, the oral microbiota of six persons after meals in a day.

Specifically, longitudinal Pearson correlation can be calculated, accounting

for intra-subject correlation of measurements.

4.2.9 Machine learning
QIIME can also take advantage of several machine-learning algorithms to

solve two important issues in high-throughput metagenomic studies: cor-

rection of mislabeling and quantifying sample contamination.

This mislabeling problem is an increasing issue as the number of

processed and pooled sequences increases (Knights, Kuczynski, Koren,

et al., 2011). This mislabeling can be addressed using supervised classifiers,

a machine-learning technique that is able to fix incorrect metadata. QIIME

uses the random forest (Breiman, 2001) supervised classifier implemented in

R (Liaw and Wiener, 2002) to recover the mislabeled samples by training

the classifier with the relative abundance taxa (Knights, Costello, &

Knight, 2011). Knights, Kuczynski, Koren, et al. (2011) show that this

approach can even recover up to 30–40% mislabeled samples when the bio-

logical patterns are especially clear.

This same technique can also be applied to find taxa that play a key role in

differentiating groups of samples, as is done in OTU category significance.

However, the difference between OTU category significance and the

machine-learning technique is the type of model the construct. While

the OTU category significance creates an explanatory model (i.e., it gives

a model that best fits the current dataset), the machine-learning technique

creates a predictive model (Knights, Costello, et al., 2011). That is, it creates

a model that is able to generalize future data, minimizing the expected

prediction error.

Since the supervised learning trains a classifier, it is important to provide

useful predictors (OTUs in our case). Thus, it is highly recommended to

filter the input OTU table to remove those OTUs that are present in few

samples (e.g., <10 samples). As in previous analyses, a rarified OTU table

should be used so that artificial diversity induced due to different sampling

effort is removed. In our example dataset, we can use the subsampled OTU

table generated for previous analyses and remove the low-abundance

OTUs:
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filter_otus_from_otu_table.py -i $PWD/diversity_analysis/open_ref/

table_mc7205.biom -o $PWD/diversity_analysis/open_ref/

otu_table_filtered10.biom -s 10

Running the following command, will run the supervised learning algo-

rithm using theGENOTYPE category and 10-fold cross-validation, provid-

ing mean and standard deviation of errors:

supervised_learning.py -i $PWD/diversity_analysis/open_ref/

otu_table_filtered10.biom -m $PWD/IQ_Bio_16sV4_L001_map.txt -c

GENOTYPE -o $PWD/open_ref_supervised_learning_output -e cv10

This script will store several files on the output folder. The most impor-

tant file is summary.txt:

cat $PWD/open_ref_supervised_learning_output/summary.txt

Model Random Forest

Error type 10-fold cross validation

Estimated error (mean þ/- s.d.) 0.23373 þ/- 0.15058

Baseline error (for random guessing) 0.42308

Ratio baseline error to observed error 1.81011

Number of trees 500

The important information in this file is the Ratio baseline error to observed

error, which shows the ratio between the expected error of the random forest

classifier and the expected error of a classifier that always guesses the most-

abundant class (Baseline error). Our recommendation is that a ratio of at least 2

shows a good classification. In our example data set, this value is 1.81011,

which is close to 2 but not enough to be considered a good classification.

The contamination quantification problem is addressed in QIIME using

SourceTracker (Knights, Kuczynski, Charlson, et al., 2011). Given a list of

known source environments and a sink (or set of sinks) environment(s),

SourceTracker uses a Bayesian approach jointly with Gibbs sampling to pre-

dict the quantity of taxa that each source, or an unknown source, contributes

to the taxa that makes up the sink environment. For a more detailed descrip-

tion of the algorithm, see Knights, Kuczynski, Charlson, et al. (2011).

The first step to use SourceTracker in QIIME is to modify the mapping

file of our example dataset and add two columns: SourceSink and Env. The

SourceSink column tells SourceTracker which sample is a source and which

sample is a sink, while the Env column provides the environment. In our

example, we have defined samples from mouth, ileum, cecum, colon, fecal

421Understanding the Human Microbiome Using QIIME



pellet, and skin as sources and the whole mouse homogenization as a sink. In

the Env column, we have defined the environments as the body site (mouth,

ileum, cecum, colon, feces, skin, and homogenization).

As a machine-learning algorithm, SourceTracker needs useful OTUs

(predictors) as inputs for training the algorithm. Here, we will use the same

OTU table as used for the supervised_learning.py script. However,

SourceTracker does not yet accept BIOM tables, so we have to transform

them into to a tab-delimited OTU table (note that this table can also be

opened in Excel or other popular tools):

convert_biom.py -i $PWD/diversity_analysis/open_ref/

otu_table_filtered10.biom -o $PWD/diversity_analysis/open_ref/

otu_table_filtered10.txt -b

Then, we can call SourceTracker using the following command (the

$SOURCETRACKER_PATH variable should be defined if you have suc-

cessfully install SourceTracker):

R --slave --vanilla --args -i $PWD/diversity_analysis/open_ref/

otu_table_filtered10.txt -m $PWD/IQ_Bio_16sV4_L001_map_ST.txt -o

$PWD/open_ref_sourcetracker_output < $SOURCETRACKER_PATH/

sourcetracker_for_qiime.r

The output from the SourceTracker algorithm is a set of pdf files that

shows the mixture of the sources that makes up the sink (see Fig. 19.17).

4.2.10 Procrustes analysis
When we want to compare samples in PCoA space that were processed in

different ways, such as different ribosomal RNA subunits, primer sets, or

algorithmic choices for processing, we can use procrustes analysis

(Gower, 1966; Muegge et al., 2011; Vinten et al., 2011). Procrustes analysis

is a statistical shape algorithm that allows us to compare different distribu-

tions by rescaling and applying a rotation matrix, that is, if the group of sam-

ples have the same shape but are in different sizes or orientation, the

algorithm will resize and rotate them to make the shapes fit. As an example,

we present the results of comparing the different OTU picking algorithms,

see Section 4.2.2, where we can see that even as the number of OTU clusters

change the distribution described is similar with a confidence of

MC p-value: 0.00 and M2: 0.097 for closed-reference versus de novo

and MC p-value: 0.00 and M2: 0.035 for closed-reference versus open-

reference. Both cases used the first three axes (i.e., the axes displayed in
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Figure 19.17 SourceTracker output showing a bar plot for each sink (mouse) present in the dataset. Each bar is a potential source (body site)
and the height of each bar represents the percentage of taxa the source contributes to the taxa in the sink. The advantage of this visualization
over the other two (area and pie chart) is that it shows error bars that allow to see the variance of the prediction.



the plot) and 100 repetitions, Fig. 19.18. To generate these plots, we ran

these commands:

transform_coordinate_matrices.py -i $PWD/diversity_analysis/

closed_ref/bdiv_even7205/unweighted_unifrac_pc.txt,$PWD/

diversity_analysis/denovo/bdiv_even7205/unweighted_unifrac_pc.

txt -r 100 -o $PWD/procrustes/closed_ref-denovo

compare_3d_plots.py -i $PWD/procrustes/closed_ref-denovo/

pc1_transformed.txt,$PWD/procrustes/closed_ref-denovo/

pc2_transformed.txt -o $PWD/procrustes/closed_ref-denovo/plot -m

$PWD/IQ_Bio_16sV4_L001_map.txt

transform_coordinate_matrices.py -i $PWD/diversity_analysis/

closed_ref/bdiv_even7205/unweighted_unifrac_pc.txt,$PWD/

diversity_analysis/open_ref/bdiv_even7205/unweighted_unifrac_pc.

txt -r 100 -o $PWD/procrustes/closed_ref-open_ref

compare_3d_plots.py -i $PWD/procrustes/closed_ref-open_ref/

pc1_transformed.txt,$PWD/procrustes/closed_ref-open_ref/

pc2_transformed.txt -o $PWD/procrustes/closed_ref-open_ref/plot -m

$PWD/IQ_Bio_16sV4_L001_map.txt

Figure 19.18 Procrustes analysis of different picking algorithms, where we can see that
different OTU-clustering methods yield similar PCoA distributions. PCoA plots are col-
ored by BODY_HABITAT. (A) Comparing samples with clusters picked using the de novo
picking protocol against the closed-reference. (B) Comparing samples with clusters
picked using the open-reference picking protocol against the closed-reference.
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4.2.11 SitePainter
Spatial data poses unique challenges, and the types of statistical analyses

described earlier often obscure spatial patterns (Gevers et al., 2012;

Hewitt et al., 2013). SitePainter (Gonzalez et al., 2012) is a Web-based tool

that creates images representing the geographical (spatial) distribution of our

samples, and then color them based on taxonomy summaries (defining

which taxa occur where) and PCoA axes (defining how similar the patches

are along the principal axes).

To create a new image, we suggest using Adobe Illustrator, Inkscape, or

SitePainter. This list is in descending order of usability. In any of these tools,

we need to create a SVG (scalable vector graphics) image that has closed

paths, ellipsoids, and rectangles for any path that we want to color; and open

paths, lines, or text for those that we want SitePainter to ignore. The latter

are useful for static images and give a nice background for the image. Note

that SVG images are text files, so they can be opened in any graphics pro-

gram in the list above or in any text editor. The difference between an open

and a closed path is that the element in has a letter z at the end of the def-

inition of the lines of the path, so, for example, <path d¼"M 10 10 L 30 10

L 20 30 z"> is a closed path but<path d¼"M 10 10 L 30 10 L 20 30"> is an

open one.

There are two main QIIME-generated inputs that should be loaded into

SitePainter: taxa summaries and multidimensional scaling (MDS) technique

results, including NMDS and PCoA. To exemplify the creation and usage of

images in SitePainter, we will filter the OTU table and the beta-diversity file

to only have one mouse. Filtering and summarizing the OTU table:

filter_samples_from_otu_table.py -i $PWD/diversity_analysis/

open_ref/bdiv_even7205/table_mc7205_even7205.biom -m $PWD/

IQ_Bio_16sV4_L001_map.txt -o $PWD/forSitePainter/otu_table_Gail.

biom -s ‘GROUP:Gail’

summarize_taxa.py -i $PWD/forSitePainter/otu_table_Gail.biom -o $PWD/

forSitePainter/taxa_sum -t

Filtering the beta-diversity file and then recalculating PCoA is necessary

every time we add or remove samples of our analyses, because PCoA results

depend on the samples included in the analysis. Thus it is not sufficient to

simply remove samples from PCoA results calculated on a larger set of

samples:
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filter_distance_matrix.py -i $PWD/diversity_analysis/open_ref/

bdiv_even7205/unweighted_unifrac_dm.txt -m IQ_Bio_16sV4_L001_map.

txt -o $PWD/forSitePainter/unweighted_unifrac_dm.txt -s ‘GROUP:

Gail’

principal_coordinates.py -i $PWD/forSitePainter/

unweighted_unifrac_dm.txt -o $PWD/forSitePainter/

unweighted_unifrac_pc.txt

Then we create an image in Adobe Illustrator that represents the mice

and its gastrointestinal tract, Fig. 19.19A. Once this figure is created and

saved in SVG format (this example uses version 1.1 of SVG), we open

the image in any text editor and replace any letter “z” with nothing; this will

destroy all the closed paths and will facilitate manipulation in SitePainter.

Figure 19.19 Image representing themouse and its gastrointestinal tract. (A) Raw image
without samples. (B) Image in SitePainter with samples. (C) and (D) PCoA axis 1 and 2, in
red high values, in blue low values, similar colors represent similar communities. (E) and
(F) Taxonomic distributions of (E) Betaproteobacteria and (F) Gammaproteobacteria, in
red high abundance, in blue low abundance.
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Now, we can open this image in SitePainter by clicking on the pencil/

flower image on the right corner, choosing “Open Image,” and select our

file. Then we add the places that we want to color using the rectangle or

ellipsoid tool, Fig. 19.19B. Now we need to make our samples in the image

match the names of the sample names from our files; for this, we need to

click on “Elem. -> Click to update” on the right menu, and this will show

us the current sample names in the image; then, we double-click on each

one and change the name to make it match the sample name in the mapping

file. Note that SitePainter does not accept sample names with dots (.), so if

the sample name has this character, we need to replace it with an underscore

(_). We do not need to change the QIIME files, as this will happen auto-

matically in SitePainter. When we hover over each name, the sample will

change color, facilitating the identification of the image we are selecting.

If different sites have the same name, they will be colored with the same

value from the QIIME output files.

The final step is to load the resulting QIIME files. To do this, we use the

Metadata loader on the top left of the menu. This opens the file. We then

move the right menu to the “Meta.” tab. Here, we can select which column

we want to use for coloring and then click “Color elements,” to select more,

Fig. 19.19C–F. For detailed instructions about changing colors and other

details, visit http://sitepainter.sourceforge.net/tutorials/index.html.

5. OTHER FEATURES

5.1. Testing linear gradients, including time series
analysis

Recent microbiome surveys have started integrating gradients (commonly

over time) in their study design. We will discuss a first and general approach

for those cases, using the Moving Pictures of the Human Microbiome

Dataset (Caporaso et al., 2011), where two subjects were sampled daily

for up to 396 days in three different body sites (sebum, saliva, and feces).

Note that the mouse dataset that we use as a primary example lacks a natural

temporal ordering in the study design, so we cannot use it as an example for

this analysis.

PCoA plots provide a snapshot about the relative communities of many

samples condensed in a single figure. However, coloring the points in PCoA

space according to a color gradient can be very difficult to understand. A first

approach in this case is to connect the samples belonging to the same sub-

ject/treatment subsequently sorted using the values in the gradient, that is,
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one timepoint after the other (see Fig. 19.20B). An interactive plot like this

can be generated using the following command:

make_3d_plots.py -i $PWD/moving_pictures/unweighted_unifrac_pc.txt -m

$PWD/moving_pictures/merged_columns_mapping_file.txt -o $PWD/

moving_pictures/vectors --

add_vectors¼BODY_SITEHOST_SUBJECT_ID,DAYS_SINCE_EPOCH

An important thing to note here is that because we want to track each of

the three body sites (SampleTypes) for the two subjects (Subject), we need a

column in our mapping file that allows us to make that distinction. Hence

we need to concatenate those two columns in our metadata mapping file

using an external spreadsheet editor or another tool. Also note that the gra-

dient used is a category named DAYS_SINCE_EPOCH (i.e., the number

of days since January 1, 1970). The idea here is to have a common reference

for the collection date of each of the samples.

Although a visualization like the one created in the previous example is

often sufficient, replacing one of the axes in the PCoA plot with the data

explaining the gradient provides a different insight into the analyzed data

(see Fig. 19.21).

Figure 19.20 Beta-diversity plots for the moving pictures dataset using unweighted
UniFrac as the dissimilarity metric (Caporaso et al., 2011). (A) PCoA plot colored by
the body site and subject. (B) PCoA plot colored by the body site and subject with con-
necting lines between samples. Note in (B) that these lines allow us to track the individ-
ual body sites with a different approach.
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make_3d_plots.py -i $PWD/moving_pictures/unweighted_unifrac_pc.txt -m

$PWD/moving_pictures/merged_columns_mapping_file.txt -o $PWD/

moving_pictures/vectors --add_vectors¼BODY_SITEHOST_SUBJECT_ID,

DAYS_SINCE_EPOCH -a DAYS_SINCE_EPOCH

These visual representations can often identify meaningful patterns. To

statistically support these assertions, ANOVA can be used over the values

grouped by a category of interest. In a case where user wants to test for inde-

pendence between the variation of one group of trajectories and another,

this command could be used:

make_3d_plots.py –i unweighted_unifrac_pc.txt –m mapping_file.txt –o

vectors –add_vectors¼SampleTypeAndSubject,days_since_epoch –a

days_since_epoch

--vectors_algorithm avg --vectors_path anova_stats.txt

5.2. Processing 454 data
We have described the recommended workflow for conducting microbial

community analysis on an Illumina MiSeq dataset. However, QIIME can

also perform microbial community analysis on the 454 platform. The main

advantage of 454 over Illumina is that 454 generates longer sequences, which

Figure 19.21 Three-dimensional plots in which two of the axes are PC1 and PC2 and the
other is the day when that sample was collected in reference to the epoch time.
Although this is not explicitly a beta-diversity plot, this representation allows differen-
tiation of the individual trajectories over time.
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can allow a better taxonomy assignment. However, the 454 technology pro-

duces fewer reads per dollar or per sequencing run (Kuczynski et al., 2012).

The 454 processing workflow differs from the Illumina workflow in the

sequence preprocessing. In this case, the output file from the sequencing

facility is a fasta file containing the reads and a quality score filewhich contains

the score for each base in each sequence included in the fasta file. In this case,

the command used for the 454 preprocessing is split_libraries.py:

split_libraries.py -m Fasting_map.txt -f Fasting_Example.fna -q

Fasting_Example.qual -o slout

Similar to the Illumina processing, this script also performs a quality-

filtering. In this case, the quality-filtering is based on cutoffs for sequence

length, end-trimming, or minimum quality score. However, to successfully

remove the read artifacts, a denoising process has to be performed (Reeder &

Knight, 2010) to reduce the impact of homopolymer runs (runs of the same

base). The 454 denoising process is a slow, computationally intensive prob-

lem that does not scale to large datasets, as it is based on flowgram clustering

(Quince et al., 2011).

5.2.1 Variable-length barcodes
Variable-length barcodes are used for two reasons: to make the number of

flows (rather than the number of bases) constant (Frank, 2009) or to stagger

the reads to reduce bad signal from low complexity at a given position in the

set of amplicons being sequenced. This approach is not recommended today

because such samples are not easily demultiplexed, and there is checksum,

like Hamming or Golay, that allows error correction and improved

sample assignment (Hamady et al., 2008). However, the HMP used

variable-length barcodes to identify their samples within sequencing runs.

Thus, QIIME allows demultiplexing such files by using the parameter -b

in split_libraries.py, as follows:

split_libraries.py -m map_file_with_variable_length_barcodes.txt -f

your_fna.fna -q your_qual.qual -o. split_library_output_ vari-

able_length/ -b variable_length,

5.3. 18S rRNA gene sequencing
QIIME can also be used to perform analysis on 18S rRNA gene sequence

data (in eukaryotes), as well as other markers such as ITS. The main differ-

ence between performing analyses with 18S rRNA gene data instead of 16S
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rRNA gene data (or ITS data) is the reference database used for OTU pick-

ing, the taxonomic assignments, and the template-based alignment building,

since it must contain eukaryotic sequences.

The recommended database to use as a reference for 18S rRNA

sequences is the Silva database (Quast et al., 2013). At the time of writing,

the most recent QIIME-compatible Silva database is the 108 release. Since

this database contains the three domains of life, it can be used as a reference

for 18S rRNA data sets.

When conducting studies mixing 18S rRNA data and 16S rRNA data,

you should take into account that picking OTUs against the Silva database

will assign taxa to all three domains of life. In this case, it is recommended to

split the OTU table by domain, generating an OTU for each domain

(Archaea, Bacteria, and Eukarya). At this point, each of these tables can

be used in downstream analysis in the same way as performed for 16S

rRNA data.

5.4. Shotgun metagenomics
Shotgunmetagenomics is also supported inQIIME, although it is still exper-

imental and it should be used at the user’s own risk. Currently, the QIIME

team recommends the blat method (Kent, 2002) for searching nucleic acid

sequence reads in a reference database, although usearch (Edgar, 2010) is also

supported. The main reason for preferring blat against usearch is that protein

reference database often requires 64-bit applications, and blat is free of

charge, while the 64 bit version of usearch is not.

There are many reference databases (IMG, KEGG, M5nr, among

others), and they all supported by QIIME, since the user only needs to sup-

ply a single fasta file containing the sequence records. The command that

QIIME provides for mapping reads against the reference database is

map_reads_to_reference.py, and it can be performed in parallel using the

parallel_map_reads_to_reference.py script.

5.5. Support for QIIME in R
First published in 1996, “R” is an integrated software application and pro-

gramming language designed for interactive data analysis (R Core Team). It

is available for Linux, Mac OS, andWindows free of charge under an open-

source license (GPL2). Since its inception, R has found a niche as a tool for

interactive statistical analysis through functional programming. Primary

investigation and inference are performed by writing a series of repeatable
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commands as “scripts” that can be recorded and published. This paradigm

lends itself well to reproducible research and is enhanced substantially by

R’s integration with tools for literate programming such as Sweave

(Leisch, 2002), knitr (Xie, 2013), and R markdown (Allaire, Horner,

Marti, & Porte, 2013), as well as data graphics. There are thousands of free

and open-source extensions to R (packages) available from the main

R repository, CRAN, further organized by volunteer experts into

31 task “views” (which are in fact workflow inventories). Among these

are dedicated package lists relevant to microbiome data, including phyloge-

netics, clustering, environmetrics, machine learning, multivariate, and spa-

tial statistics, as well as a separate reviewed and curated repository dedicated

to biological statistics called Bioconductor (over 600 packages).

At present, support for QIIME in R is predominantly achieved

through a package called “phyloseq” (McMurdie & Holmes, 2013) dedi-

cated to the reproducible analysis of microbiome census data in R. phyl-

oseq defines an object-oriented data class for the consistent representation

of related (heterogenous) microbiome census data that is independent of

the sequencing- or OTU-clustering method (storing OTU abundance,

taxonomy classification, phylogenetic relationships, representative biolog-

ical sequences, and sample covariates). The package supports QIIME by

including functions for importing data from biom-format files derived from

more recent versions of QIIME (import_biom) as well as legacy OTU-

taxonomy delimited files (import_qiime and related user accessible

subfunctions). Later editions of phyloseq (>1.5.15) also include an API

for importing data directly from the microbio.me/qiime data repository.

In all cases, these API functions return an instance of the “phyloseq” class

that contains the available heterogenous components in “native” R classes.

phyloseq includes a number of tools for connecting with other microbiome

analysis functions available in other R packages, as well as its own functions

for flexible graphics production built using ggplot2 (Wickham, 2009),

demonstrated in supplemental files (Supplemental File 1, http://dx.doi.

org/10.1016/B978-0-12-407863-5.00019-8) and online tutorials. For

researchers interested in developing or using methods not directly sup-

ported by phyloseq, nor its data infrastructure, the biom-format-specific

core functions in phyloseq have been migrated to an official API in the

biom-format project as an installable R package called “biom,” now

released on CRAN. This also includes some biom-format-specific func-

tionality that is beyond the scope of phyloseq, though support for QIIME

is still likely best achieved using phyloseq.
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As with some of the earlier examples of QIIME commands with

corresponding output and figures, in this section, we have included some

key R commands potentially useful during interactive analysis in the

R environment. For simplicity, show only results related to the open-

reference OTU data, stored in an object in our examples named open,

and imported into R using the phyloseq command import_biom.

open ¼ import_biom(“path-to-file.biom”, . . .)

Additional input data files can also be provided to import_biom or mer-

ged with open after its instantiation. For clarity, subsets and transformations

of the data in open are stored in objects having names that begin with “open.”

As with the remainder of the examples highlighted in this section, the com-

plete code sufficient for reproducing all results and figures is included in the

R Markdown originated document, Supplemental File 1 (http://dx.doi.

org/10.1016/B978-0-12-407863-5.00019-8), which includes several addi-

tional examples not shown here and is available with supporting files on

GitHub (https://github.com/joey711/navasetal).

Although not always very illuminating, a comparison of OTU richness

between samples and groups of samples can easily be achieved with the

plot_richness command. For the most precise estimates of richness for most

samples, this should be performed before random subsampling or other trans-

formations of the abundance data. Here, open contains data that has already

been randomly subsampled. In Fig. 19.22, we can see that the WT samples

are generally more diverse (higher richness) and somewhat more variable

than the TG samples for essentially all body sites, though the differences

between the two mice genotypes are small.

plot_richness(open, x¼ “BODY_SITE”, color ¼ “GENOTYPE”) þ
geom_boxplot()

This plot command also illustrates the use of a function in ggplot2,

geom_boxplot, that instructs the ggplot2 graphics engine to add an additional

graphical element—in this case, a box-plot for each of the natural groups in

the graphic. These available additional graphical instructions (called “layers”

in the grammar of graphics nomenclature) are embedded with the returned

plot object for subsequent rendering, inspection, or furthermodification, all-

owing for powerfully customized representations of the data.

Here is an example leveraging the abundance bar plot function from

phyloseq, plot_bar, in order to compare the relative abundances of key

phyla between the WT and TG mice across body sites. The first step was
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actually some additional data transformations (not shown, see Supplemental

File 1, http://dx.doi.org/10.1016/B978-0-12-407863-5.00019-8) in order

to subset the data to only major expected phyla (subset_taxa), merge OTUs

from the same phyla as one entry (merge_taxa), and merge samples from the

same body site and mouse genotype (merge_samples) (Fig. 19.23).

p2 ¼ plot_bar(openphyab, “bodysite”, fill ¼ “phyla”, title ¼ title)

p2 þ facet_gird(�GENOTYPE)

From this first bar plot, it is clear that all body sites from the average WT

mouse have Firmicutes as their phylum of largest cumulative proportion,

except for the “feces,” where it is anyway a close call between Firmicutes

and Bacteroidetes. By contrast, some of the average TG mice samples have

a much higher proportion of Proteobacteria or Bacteroidetes than the

corresponding WT samples. One drawback to this type of stacked bar

Figure 19.22 Categorically summarized OTU richness estimates using the
plot_richness function. Samples are grouped on the horizontal axis according to
body site and color shading indicates the mouse genotype. The vertical axis indicates
the richness estimates in number of distinct OTUs, and a separate box-plot is overlaid on
the points for each combination of genotype and body site. The “S.obs,” “S.chao1,” and
“S.ACE” panels show the “rarefied” observed richness, Chao-1 richness, and ACE richness
estimates, respectively.
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representation is that it is difficult to compare any of the subbars except for

those at the bottom. If needed, this can be alleviated by changing the

facet_grid call such that a separate panel is made for each phyla in the

dataset, as follows (Fig. 19.24):

p2 þ facet_grid(phyla � GENOTYPE) þ ylim(0, 100)

With essentially the same effort to produce, the 14 panels of this second

bar plot graphic allow an easy and quantitative comparison of the relative

abundances of each phylum across body sites and genotype.

Microbiome datasets can be highly multivariate in nature, and dimen-

sional reduction (ordination) methods can be a useful form of exploratory

analysis to better understand some of the largest patterns in the data. Many

ordination methods are wrapped in phyloseq by the ordinate function, and

many more are offered in available R packages. Here, we show an example

Figure 19.23 Stacked bar plot of the abundance values in the open-reference dataset.
The bars are shaded according to phyla with each rectangle representing the relative
abundance of a phylum in a particular sample group. The OTU rectangle in each stack is
ordered according to abundance. The horizontal and vertical axes indicate the body site
of the samples and the average fractional abundance of the OTU within the sample
group, respectively. The separate panels “TG” and “WT” indicate the mouse genotype,
achieved automatically by the facet_grid(�GENOTYPE) layer in the command.

435Understanding the Human Microbiome Using QIIME



performing MDS on the precomputed unweighted UniFrac distance matrix

for the open-reference dataset. The ordination result (openUUFMDS) is first

passed to plot_scree in order to explore the “scree plot” representing the

relative proportions of variability represented by each successive axis. Both

the ordination result and the original data are then passed to

plot_ordination with sufficient parameters to shade the sample points by

genotype and create separate panels for each body site (Fig. 19.25).

Figure 19.24 Alteration of the stacked bar plot shown in Fig. 19.23 with an additional
facet dimension. In this case, an additional argument has been added to the faceting
formula so that the data are separated by a row of panels for each phyla, as well as
a column of panels for each mouse genotype. The color shading and other attributes
generally remain the same with the average cross-category changes for each phylum
more discernible.
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openUUFMDS ¼ ordinate(open, “MDS, distance ¼ UniFrac[[“unweighted”]]

[[“open””]])

plot_scree(openUUFMDS, “Unweighted Unifrac MDS”)

plot_ordination(open, openUUFMDS, color ¼ “GENOTYPE”) þ geom_point(-

size ¼ 5) þ facet_wrap(�BODY_SITE)

It appears that a subset of the WT samples from all but the mouth and

abdomen-skin body sites cluster towards the left of the plot. This appears

to be the major pattern along the axis that also comprises the greatest pro-

portion of variability in the dataset. At this stage of analysis, it seems

Figure 19.25 MDS ordination results on the unweighted UniFrac distances of the open-
reference dataset. The samples are separated into different panels according to body
site and shaded red or blue if they were from transgenic or wild-type mice, respectively.
The horizontal and vertical axis of each panel represents the first and second axis of the
ordination, respectively, with the relative fraction of variability indicated in brackets.
(Inset) A scree plot showing the distribution of eigenvalues associated with each ordi-
nation axis.
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worthwhile to try to identify which OTU abundances are most different

between these groups, and then perform some formal validation/testing

of these differences.

6. RECOMMENDATIONS

Here, we highlight some of the main aspects to take into account

when performing microbial community analysis:

• Use the open-reference OTU picking approach if your data allow it. It

will reduce the running time and will recover all the diversity in your

samples.

• Perform an OTU quality-filtering based on abundance, by removing

singletons, for instance. See Bokulich et al. (2013) for further discussion

on how to tune this quality-filtering and its effects on downstream anal-

ysis. Quality-filtering is critical for obtaining reasonable numbers of

OTUs from a sample.

• Consider whether you need to remove specific taxa from your study,

such chloroplast or host DNA sequences when analyzing microbial

datasets.

• Remove samples from your study that have low coverage (i.e., low

OTU counts). They are likely uninformative and usually indicate

low-quality reads.

• Rarefy your OTU table in order to mitigate the differences on the

sequencing effort, so the downstream diversity analyses would not be

biased by the artificial diversity generated due to the difference in

sequencing depth.

7. CONCLUSIONS

QIIME is a powerful tool for the analysis of bacterial community all-

owing researchers to recapitulate the necessary steps in the processing of

sequences from the raw data to the visualizations and interpretation of the

results. Two advantages make QIIME very useful: fidelity to the algorithms

used and consistency in the analysis. Fidelity is obtained because QIIME

wraps existing software, preserving the integrity of the original programs

and algorithms designed, created, and tested by the original authors. Con-

sistency is obtained because QIIME can be applied to sequences from dif-

ferent platforms, and once the upstream process is done; the analysis

(downstream) process is the same independent of the sequencing platform
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used. These characteristics, together with the fact that QIIME is open-

source software with continuous support to users via QIIME forum, have

promoted the rapid increase in the QIIME user community since its pub-

lication (Caporaso, Kuczynski, et al., 2010).

Downstream and upstream processes are implemented in QIIME in a

way that offers several options to perform the analyses. In this review, we

discuss and demonstrate the principles for each step, what the scripts do

and how to choose between options. Independent of the use of QIIME, this

review also provides an overview of many of the typical steps in a microbial

community analysis based on analysis of 16S rRNA sequences produced by

high-throughput sequencing. Some of these tools are well developed with a

long history in general ecology, whereas others are still in rapid develop-

ment; we encourage microbial ecologists and bioinformaticians to work

together to create, develop, and implement new strategies and tools that

allow further exploration of this fascinating field.
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Abstract

The recovery and assembly of genome sequences from samples containing communi-
ties of organisms pose several challenges. Because it is rarely possible to disassociate the
resident organisms prior to sequencing, a major obstacle is the assignment of
sequences to a single genome that can be fully assembled. This chapter delineates
many of the decisions, methodologies, and approaches that can lead to the generation
of complete or nearly complete microbial genome sequences from heterogeneous
samples—that is, the procedures that allow us to turn metagenomes into genomes.
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1. INTRODUCTION

New sequencing technologies have made it possible, at least in theory,

to characterize the genomic contents of microbial communities to near com-

pletion at a fairly reasonable cost. To researchers in many areas of biology, this

is a highly attractive prospect; it will finally become possible to understand the

roles, functions, and interactions of all members of a community.Whereas the

generation of the vast amounts of sequence necessary to investigate such mat-

ters is now within reach, methodological questions of more immediate con-

cern have surfaced: how is it possible to determine which sequences originate

from the same genome? And, how is it possible to assemble complete genomes

for each of the constituent organisms or species?

Natural microbial communities span a wide range in organismal com-

plexity and in experimental tractability. For the last decade, research in

our laboratory examined the genomic characteristics of perhaps the simplest

communities, the endosymbionts of insects, which often consist of a single

(but sometimes multiple) bacterial species residing within an insect host.

These symbionts cannot be cultivated, so they must be extracted and ana-

lyzed directly from natural sources, which complicates determination of

their genome sequences. By studying progressively more diverse and com-

plex communities, we have learned, mostly through the rote application and

adjustment of available technologies and software, what assists and what

hinders the genomic analysis of these communities.

In this chapter, we introduce and discuss the issues that must be considered

when attempting to resolve full-genome sequences from heterogeneous sam-

ples of co-occurring organisms (Fig. 20.1). Although the goal of most projects

is to recover complete genomic information for all members of the commu-

nity, this is rarely achieved; moreover, there is no single protocol that guar-

antees the best results. Our objectives are to describe the methodological

options and alternatives for the genomic characterization of microbial com-

munities of varying degrees of complexity, and to show how experiments

and analyses might be tailored to a particular system—in short, we present

the information that we wish we had prior to undertaking such studies.

2. SEQUENCING

Many of the key decisions in genome analysis are made before the

sequence data are even obtained. In this section, we discuss some of the most

relevant considerations for generating raw sequence data.
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2.1. Obtaining genomic DNA
Obtaining sufficient quantities of DNA for genome sequencing is sometimes

difficult. Ideally, DNA is available in large quantities from a single clonal

population that is free of contamination from other organisms, but this is

rarely the case when DNA is being prepared from environmental samples

or noncultivable organisms. In the case of insect-associated endosymbionts,

there are a number of techniques to increase DNA yield of symbiotic organ-

isms by pooling multiple hosts and enriching symbiont communities

through dissection, centrifugation, filtration, and/or selective amplification

steps (e.g., Burke & Moran, 2011). These approaches can potentially yield

microgram quantities of highly enriched microbial DNA; however, the dis-

advantage of pooled material is that it introduces polymorphism into the

sample, complicating subsequent assembly efforts.

Attempts to minimize the extent of polymorphism within samples focus

on the recovery and sequencing of DNA isolated from the bacteria of a

Figure 20.1 Flow diagram of experimental procedures and informatic steps used to
obtain complete endosymbiont genomes from total insect DNA. Boxes are color-
coordinated according to text sections: Red, Section 2; Blue, Section 3; and Green,
Section 4.
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single host or even a single bacterium (Woyke et al., 2010). But because con-

temporary sequencing technologies require substantially higher amounts of

source DNA than can be isolated from individual cells, they often necessitate

a whole genome amplification (WGA) step using f29 polymerase to

increase the starting material. Amplification of low-concentration DNA

samples may result in the biased enrichment and low sequencing coverage

of AT- and GC-rich regions. Although WGA methods are effective in

increasing DNA concentration, they often result in uneven sequencing cov-

erage due to the preferential amplification of some regions of the genome

(Lasken & Egholm, 2003).

An alternative approach toWGA and sample pooling is to sequence total

(i.e., host and symbiont) DNA without any enrichment or amplification

step. This strategy comes with drawbacks because often the vast majority

of the sequencing represents DNA from the host or other co-occurring

microbial species and assembly efforts must contend with high levels of con-

tamination from nontarget genomes. Nevertheless, the rapid decrease in

sequencing costs makes this an attractive alternative in some systems, and

recent efforts have been successful in assembling complete endosymbiont

genomes from total insect DNA (Sloan & Moran, 2012a,b). In these cases,

we have found that the assembly challenges associated with polymorphism

are far more vexing than the problem of distinguishing between target and

nontarget sequences. For that reason, when targeting highly reduced endo-

symbiont genomes, we suggest using total DNA from a single host individ-

ual rather than purified or enriched endosymbiont DNA derived from

multiple unrelated individuals.

Having obtained a suitable sample of DNA, several procedures are used

to enumerate its component organisms. The most common approach is to

use genome/species/taxon-specific qPCR to quantitate sample constitu-

ents, which helps determine how much sequencing is required to obtain

each desired genome. A small-scale test sequencing run can also be helpful

in estimating the repetitiveness, nucleotide composition, size, and relative

abundance of target genomes.

2.2. Choosing among sequencing technologies
Selecting the appropriate sequencing method(s) requires balancing trade-offs

between cost, accuracy, and read length and understanding the biological

characteristics of the target genome(s). The array of current sequencing tech-

nologies has been reviewed extensively (e.g., Niedringhaus,Milanova, Kerby,
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Snyder, & Barron, 2011), so we will highlight only a few considerations that

are useful when working with heterogeneous DNA samples.

Current sequencing technologiesoffer a rangeof read lengths.Methods that

produce short reads (<250 base pairs (bp)) can generate large volumes of data

with minimal costs. Illumina is currently the dominant platform and has been

subject to constant development that has improved accuracy, read lengths,

and total read number (Bentley et al., 2008; Minoche, Dohm, &

Himmelbauer, 2011; Pandey, Nutter, & Prediger, 2008). The drawback of

short-read technologies is that they arenotwell suited to de novogenomeassem-

bly of heterogeneous DNA samples, especially when target genomes contain

large repeats or associated organisms share large stretches of sequence identity.

Several technologies exist that can produce longer reads. For example,

Ion Torrent and Roche 454 offer read lengths of up to 400 and 1000 bp,

respectively, but they are more costly per bp and are vulnerable to generating

sequencing errors in single-nucleotide repeats, that is, homopolymers

(Margulies et al., 2005; Merrimen, Ion Torrent R&D Team, &

Rothberg, 2012; Metzker, 2005). In addition, providers such as Pacific Bio-

sciences (PacBio) andOxford Nanopore Technologies (ONT) have developed the

so-called third-generation sequencing methods that offer substantially lon-

ger reads. To date, only PacBio is commercially available, boasting an average

read length of�5 kb with many reads exceeding 10 kb (English et al., 2012).

The long PacBio reads can overcome many of the assembly problems asso-

ciated with shorter read data, but they come at the cost of an error rate as

high as 15% in individual reads (English et al., 2012; Koren et al., 2012).

However, these errors can be corrected by either mapping short-read

Illumina data onto long PacBio reads (Koren et al., 2012) or by applying a

self-correction pipeline (HGAP1.4) in which PacBio reads are aligned to

each other to reach a consensus (Chin et al., 2013).

Technological modifications for short-read methods are available to pro-

vide additional structural information for genome assembly. For example,

paired-end sequencing produces short-reads at both ends of longer size-

selected DNA fragments. The resulting read-pairs can be used to link contigs

into scaffolds and to estimate the size of assembly gaps. With the Illumina

platform, it is straightforward to generate paired-end libraries from linear

DNA fragments of up to 500 bp or even 1 kb in length, which is preferable

to single-read sequencing for de novo assembly. It is also possible to generate

larger-insert paired-end libraries (known as mate-pair libraries) that require

the circularization of fragments that are many kilobases in length. These are

particularly valuable for assembling genomes with large repeats, but they are
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more costly and require increased quality and quantity of DNA.Methods are

also in development by Illumina (Moleculo Technology) to perform highly mul-

tiplexed sequencing of separate libraries generated from individual DNA

molecules. Assembly of each individual library has the potential to generate

the equivalent of long single-molecule reads (10 kb or more) with very high

accuracy, but this technology is not yet widely available.

2.3. Minimizing nucleotide composition bias
in library preparation

Avoiding nucleotide composition bias during library construction is partic-

ularly important when working with heterogeneous DNA samples. The

depth of sequencing coverage offers one way of identifying the particular

genome from which each contig originates. This can only be effective,

however, if sequence coverage is a reliable indication of the relative abun-

dance of each sequence in the original DNA sample. With the exception of

single-molecule sequencing technologies (e.g., PacBio and ONT), high-

throughput sequencing platforms generally involve one or more PCR

amplification steps. As a result, sequence coverage across a genome can vary

due to local differences in nucleotide composition because regions that are

exceptionally GC- or AT-rich do not amplify efficiently (Aird et al., 2011).

Modified protocols for Illumina library construction have been devel-

oped to ameliorate the effects of nucleotide composition bias. Elimination

of the PCR amplification step used in library construction is the best way to

circumvent such biases, but producing amplification-free libraries requires

substantial modification of standard Illumina protocols and increases in the

amount of input DNA (Kozarewa & Turner, 2011). It is also possible to sig-

nificantly reduce nucleotide composition bias with only minor adjustments

to library-construction protocols. For example, replacing the DNA poly-

merase provided with standard Illumina library-construction kits with one

that is less sensitive to nucleotide composition (e.g., Accuprime Taq HiFi

or KAPA Bio HiFi) can yield dramatic improvements (Aird et al., 2011;

Sloan &Moran, 2012b). In addition, it is preferable to use the smallest num-

ber of PCR cycles necessary to generate sufficient library concentration. In

our experience, most sequencing facilities use no more than 10 cycles, and it

is possible to use as few as four with good starting material.

2.4. Multiplexed sequencing and the problem
of library cross-contamination

As of this writing, a single lane on an IlluminaHiSeq2000 produces 400 mil-

lion 100-bp read-lengths, yielding a total of 40 Gb of sequence, or roughly
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10,000� coverage of a typical bacterial genome. Given this enormous

throughput, it is now commonplace for researchers to multiplex sequencing

runs by barcoding and pooling individual samples. Barcoded libraries

include a unique identifier for each sample (i.e., an index-sequence) that

is incorporated into one of the adapters used in library construction. Mul-

tiplexing can greatly reduce costs, but it comes with the risk of cross-

contamination between samples. Even with no physical contamination

between DNA samples or barcoded adapters, Illumina sequencing of multi-

plexed libraries still results in a cross-contamination rate of�0.3% due to the

misassignment of barcodes to samples (Kircher, Sawyer, & Meyer, 2012).

This occurs because the sequencing clusters, which correspond to individual

library fragments, are so densely distributed within an Illumina lane that

index-sequences can be mistakenly mapped onto sequencing reads from

overlapping or mixed clusters. Note that for many applications, this rate

of cross-contamination is negligible, since low-frequency contaminating

sequences are easily recognized and excluded as assembly “debris.” How-

ever, low rates of cross-contamination can be problematic when analyzing

heterogeneous DNA samples, in which the relative abundance of different

genomes can vary by orders of magnitude. In such cases, cross-

contamination from a genome present at high abundance can be difficult

to distinguish from legitimate sequences that are present at low abundance

in the sample.

The problem of cross-contamination can be partially mitigated by clus-

tering Illumina library fragments at lower densities, but this reduces the total

number of sequence-reads from a run. An alternative strategy is to use a

modified library-construction protocol, in which index-sequences are

incorporated into both library adapters, allowing for the exclusion of any

read for which either of the barcodes fails to match. This dual indexing

approach has been shown to reduce multiplex cross-contamination rates

by more than 100-fold (Kircher et al., 2012).

3. DATA ANALYSIS AND GENOME ASSEMBLY

The in silico reconstruction of complete genomes from short, over-

lapping sequence-reads is a complex task, made more challenging when

the sample contains DNA from more than one organism. This section

describes a number of important considerations for sorting sequence-reads

according to their origins, assembling them into contigs, and refining the

resulting assemblies and provides examples of some commonly used compu-

tational tools for these steps (Table 20.1).

451Disentangling Associated Genomes



3.1. Quality assessment of read data
On all sequencing platforms, the frequency of sequencing errors and system-

atic artifacts can vary within reads, among reads from the same run, and

between sequencing runs using the same protocol. Data quality affects the

performance of all downstream procedures for assigning sequences to

Table 20.1 Examples of software for disentangling, assembling, and refining complete
genomes
Task Program References

Quality

Filtering Data

Trimmomatic Lohse et al. (2012)

FASTX-Toolkit http://hannonlab.cshl.edu

SolexaQA Cox, Peterson, and Biggs (2010)

Genome

Assembly

Velvet Zerbino and Birney (2008)

MIRA Chevreux, Wetter, and Suhai (1999)

SOAPdenovo Luo et al. (2012)

ALLPATHS-LG Gnerre et al. (2011)

Ray Meta Boisvert, Raymond, Godzaridis,

Laviolette, and Corbeil (2012)

SPAdes Bankevich et al. (2012)

Assembly

Improvement

SEQuel Ronen, Boucher, Chitsaz, and

Pevzner (2012)

IMAGE Tsai, Otto, and Berriman (2010)

PAGIT Swain et al. (2012)

Metagenomic

Binning

MEGAN Huson, Mitra, Weber, Ruscheweyh,

and Schuster (2011)

iClaMS Pati, Heath, Kyrpides, and Ivanova (2011)

Phylothia McHardy, Martin, Tsirigos,

Hugenholtz, and Rigoutsos (2007)

SPHINX Mohammed, Ghosh, Singh, and

Mande (2011)

PhymmBL Brady and Salzberg (2009)

TETRA Teeling, Waldmann, Lombardot,

Bauer, and Glöckner (2004)

S-GSOM Chan, Hsu, Halgamuge, and Tang (2008)
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genomes and assembling contigs. Thus, it is wise to assess the quality of

sequencing reads with respect to their error rates and systematic artifacts

to determine which data should be retained.

All commonly used sequencing platforms assign probabilities that each

position along a read has been called correctly. These quality-scores usually

decrease as a sequencing run progresses, reflecting the deterioration in

sequencing accuracy toward the ends of reads. It is important to note that

quality-scores do not reveal systematic artifacts and, therefore, do not

describe all aspects of read quality. Whereas many assembly programs, such

as MIRA (Chevreux et al., 1999), incorporate quality-scores to improve

accuracy, programs that ignore quality-scores, such as Velvet (Zerbino &

Birney, 2008), produce more complete assemblies if the terminal regions

of reads with low-quality-scores are trimmed. Software packages for

trimming sequences prior to assembly include Trimmomatic (Lohse et al.,

2012), the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit), and

SolexaQA (Cox et al., 2010). Algorithms for inferring and correcting errors

in reads have been developed but are not recommended when analyzing

heterogeneous mixtures of genomes as no error correction algorithms have

been designed to accommodate high levels of sequence polymorphism that

often occur in such samples.

3.2. Presorting reads by genome
Whenworking with heterogeneous DNA samples, it is common to produce

a single metagenome assembly and sort the resulting contigs into bins

according to their inferred genome of origin. An alternative first step, how-

ever, is to sort individual reads into bins before assembly. Presorting allows

for the separate treatment of reads that are derived from a single genome,

thereby improving assembly accuracy. Assemblers typically assume even

coverage across the target genome, and base-calling error rates falling within

a specific range. Uneven coverage is often interpreted as repeated sequences

rather than a true deviation from even coverage due to the presence of

genomes from different organisms, resulting in assembly fragmentation.

Therefore, it can be helpful to use sequence features to sort reads into bins

that can then be assembled independently (Brady & Salzberg, 2009; Segata

et al., 2012). In Section 4.2, we discuss the sorting of contigs assembled from

mixed genome samples, and several of these approaches can also be applied

to sequence-reads. Presorting of reads can avoid the construction of chime-

ric contigs composed of sequences from different genomes, but it is more

error-prone because reads are shorter than contigs and contain less
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information for binning. For this reason, we typically prefer to perform phy-

logenetic binning at the postassembly stage rather than with individual reads.

3.3. Less is more: The pitfalls of too much data
in a high-throughput world

The rapid proliferation of DNA-sequencing capacity poses an paradoxical

challenge for genome assembly—too much coverage. Although obtaining

more sequence data should, in principle, aid the assembly process, genome

assemblers actually perform optimally at intermediate levels of coverage.

At very high depths of sequencing, rare errors and polymorphisms occur

frequently enough to be interpreted as alternative genome sequences,

structures, or repeats that result in assembly ambiguity and fragmentation.

One of the most common mistakes made with deep sequencing

datasets is the failure to recognize that poor assembly quality may be caused

by too much coverage rather than too little. In our experience with short-

read sequencing technologies, an average read-depth in the range of

30–100� is suitable for high-quality, gap-free coverage, while

avoiding the assembly artifacts that accompany more extreme sequencing

depths (Fig. 20.2).

The issue of optimal read depth is particularly relevant for heterogeneous

DNA samples that contain genomes at very different relative abundances.

For example, in insects, obligate and facultative bacterial endosymbionts

can co-occur, with the latter often orders of magnitude less abundant than

the former. As a result, assembling facultative endosymbiont genomes from

total DNA requires an amount of sequence data that would produce

excessive coverage for the obligate endosymbionts. In such cases, an effec-

tive strategy is to perform separate assemblies with small subsets of the

sequence data to target the more abundant genomes. It is also possible to take

advantage of recently developed assembly algorithms that improve handling

of datasets generated from heterogeneous samples with skewed abundances

(Ray Meta: Boisvert et al., 2012) or from single-cell amplification, which

suffers from amplification biases (SPAdes: Bankevich et al., 2012).

3.4. Assemblies as graphs: Embracing sequence diversity
One of the main challenges associated with genome assembly from hetero-

geneous DNA is dealing with the sequence and structural polymorphism

that exists within a sample. Closely related genomes often share enough sim-

ilarity to be indistinguishable in some regions but clearly distinct in others.
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This results in assemblies that may be best thought of as networks or graphs,

in which identical regions are collapsed into single sequences that branch out

into alternative sequences and structural connections that differ between

genomes.

Because most tools used for analysis of genome assemblies only work

with linear DNA sequences (i.e., contigs), the nature of metagenomes often

requires that information is essentially thrown away by breaking assembly

graphs into linear fragments or only reporting the most abundant sequence

variant. However, a growing number of assembly tools are more actively

reporting the diversity of genome sequence and structure found within sam-

ples. For example, as its name indicates, the programALLPATHS-LG seeks

to retain information about all the alternative sequence paths through an

assembly graph (Gnerre et al., 2011). The developers of ALLPATHS-LG

utilize modified versions of the familiar FASTA format (eFASTA and

FASTG) for reporting sequence data (The FASTG Format Specification

Working Group, 2012). These data formats have the advantage of providing

a standardized syntax for retaining information about sequence and struc-

tural diversity within assemblies while being easily convertible to FASTA
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Figure 20.2 Intermediate levels of sequencing coverage are optimal for genome
assembly. Plot shows statistics for assemblies at different levels of average sequencing
coverage for the whitefly endosymbiont Candidatus Portiera aleyrodidarum TV. Assem-
blies of Illumina paired-end sequence were performed in Velvet v1.1.06 (Zerbino &
Birney, 2008) using a k-mer of 39. N90 is a measure of assembly connectivity, defined
as the maximum threshold length for which contigs of that length or longer constitute
90% of the total assembly length. Data from Sloan and Moran (2013).
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format for use with conventional analysis tools. At this point, there are few

tools for downstream analysis that are designed to take advantage of the extra

information, but the development of such tools will be particularly valuable

for metagenomics and for working with heterogeneous samples.

3.5. Methods for improving assemblies
Seldom does a de novo assembly program produce a complete genome with a

single click, although this could happen given the small size and high coding

content of a bacterial genome. Assemblies are typically broken or mis-

assembled as a result of large repetitive sequences and underrepresentation

of AT- or GC-rich regions (Durham, 2003)—problems that are only com-

pounded when working with heterogeneous DNA samples. After first-pass

assembly of sequence data, it is important to evaluate the quality of the

assembly for possible errors, including miscalling of single-nucleotide poly-

morphisms and insertions and deletions (indels), collapsing of repeated

sequences, creation of structural chimeras, and even the exclusion of entire

genomic regions that are underrepresented in the data. The simplest way to

determine which if any of these errors exist in a genome assembly is to visu-

alize read-coverage across the genome to identify areas of unexpectedly high

or low coverage that need to be reevaluated.

Several methods are available to recognize and correct problematic

regions, and to fill gaps within and between scaffolds. The most efficient

are in silicomethods that harness information from initial assemblies and read

data to refine, correct, and close assemblies. Several options exist that work

to identify misassemblies (e.g., Phillippy, Schatz, & Pop, 2008), correct indel

and substitution errors (e.g., Ronen et al., 2012), or fill and improve gaps

(e.g., Tsai et al., 2010). Some more recent methods refine whole assemblies

to correct erroneous substitutions and indels, using initial assembly results to

simplify the de Bruijn graph approach employed by many assemblers (Luo

et al., 2012; Pevzner, Tang, & Waterman, 2001; Zerbino & Birney,

2008). For example, SEQuel uses information from already assembled con-

tigs and the reads that map to them to locally refine assemblies by correcting

indels and base pair substitutions (Ronen et al., 2012).

The SEQuelmethod, however, does not attempt to bridge broken con-

tigs. One tool for connecting fragmented assemblies is the Iterative Mapping

and Assembly for Gap Elimination (IMAGE) algorithm that is incorporated

in the PAGIT assembly improvement suite (Swain et al., 2012; Tsai et al.,

2010). IMAGE employs an iterative approach of local assemblies, taking
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paired-end information to build outward into the gapped regions from the

flanking ends.

After these in silico procedures are implemented, some assembly ambigu-

ities and contig breaks might still need to be addressed by PCR and direct

sequencing to obtain a completely closed genome. In some regions,

sequencing of a single PCR product will be sufficient to close a gap, but

given the<1-kb read lengths of Sanger sequencing, large gaps and repetitive

regions will remain. One proposed approach for resolving such regions

combines long PCRswith a high-fidelity polymerase (up to 15 kb in length)

with PacBio’s long-read sequencing approach (Zhang et al., 2012).

4. POSTASSEMBLY ANALYSIS

Although the goal is to obtain complete genomes, this is often not pos-

sible from metagenomic or heterogeneous datasets. Once an optimal assem-

bly has been obtained, sequences can be classified according to their

taxonomic identity, a process referred to as metagenomic binning

(Kunin, Copeland, Lapidus, Mavromatis, & Hugenholtz, 2008). In this sec-

tion, we describe some of the available methods for performing meta-

genomic binning and discuss the circumstances in which it is possible to

move from metagenomes to genomes.

4.1. Methods to group assembled fragments
into phylogenetic bins

The existing methods for placing contigs into phylogenetic bins rely on

information that can be classified into three categories: homology-,

composition-, and assembly-based binning (Dröge & McHardy, 2012).

The principle of homology-based binning is to assign sequences based on

local sequence similarity to known taxa. In contrast, composition-based

approaches utilize the taxonomic signal contained in sequence features such

as codon usage, GC content, or frequency patterns of short oligonucleotides

(4–6-bp long). Finally, assembly-based binning classifies contigs according

to similarity in read-coverage and information from read-pairs spanning dif-

ferent contigs. Several extensive reviews on metagenomic binning are avail-

able (Dröge & McHardy, 2012; Mande, Mohammed, & Ghosh, 2012).

Below, we provide recommendations on how to apply binning strategies

to metagenomic data, as selection of the proper strategy depends on the

complexity of the DNA sample and the availability of reference data.
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4.2. Binning metagenomes—simple communities
Metagenomic data originating from insects containing only a few bacterial

endosymbionts should be relatively easy to analyze, and binning has often

resulted in completely assembled bacterial genomes. The assignment of con-

tigs to different taxonomic bins with composition-based information is

straightforward because coexisting endosymbionts often have different pop-

ulation sizes within an insect, and their genomic base compositions generally

differ from other symbionts and the host insect.

When the coexisting endosymbionts belong to different phylogenetic

groups, homology-based methods can also prove successful for binning.

As symbiont genomes are typically tiny (<1 Mb), they lack large repeat

regions and assemble into a small number of large contigs; binning them

is relatively easy and may not require any specific binning software.

A simple BLAST analysis against the NCBI nonredundant database is often

sufficient for unambiguous assignment of assembled sequences to different

taxa or phylotypes. There are, however, potential pitfalls that may influence

simple homology or composition-basedmethods: (1) the extreme base com-

position of certain regions may result in different oligonucleotide patterns or

dips in read-coverage (Section 2.3); (2) reads originating from repeat copies

tend to collapse into one contig, increasing local read-coverage; and (3) base

composition and read-coverage of contigs representing extrachromosomal

sequences, such as plasmids, can differ from the rest of the genome.

4.3. Binning metagenomes—complex communities
When analyzing complex microbial communities, such as those occurring

within the gut of animals, taxonomic assignment of sequences will be more

difficult since tens or hundreds of distinct species often coexist. This makes

sequence binning solely based on read-coverage difficult because many spe-

cies will likely be sequenced at similar depth. Similarly, homology- and

composition-based methods also have several limitations. Sequences from

closely related species may not be distinguishable, and horizontally trans-

ferred genes can have a different phylogenetic signal or base composition

than the rest of the genome.

The binning method most suitable for a given metagenome depends

largely on the specific characteristics of the sampled community, the type

of sequencing data, and the availability of reference genomes for binning.

For example, if the community consists of a limited number of species of

known identity (e.g., a dozen species identified with 16S rRNA), a
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supervised binning approach may be the best strategy. The premise of this

approach is to first assign the metagenomic sequences to predefined taxo-

nomic bins that represent each species present in the community, and then

use homology-based assignment to recruit related sequences to their respec-

tive bins. This strategy has been applied to a metagenome of the honey bee

gut microbiota, which consists of eight bacterial taxa, all belonging to bra-

nches of the bacterial phylogeny for which sufficient reference data are avail-

able (Engel, Martinson, & Moran, 2012). The program,MEGAN4, offers a

popular homology-based binning tool for this purpose (Huson et al., 2011).

When analyzing microbial communities in the absence of suitable refer-

ence genomes, supervised composition-based methods, such as ClaMS or

Phylopythia (McHardy et al., 2007; Pati et al., 2011), offer more accurate

results than homology-based approaches. These methods require a training

dataset for each species to be binned—typically 100 kb of representative

sequence for each taxon extracted from the metagenome itself. Supervised

composition-based binning was used to taxonomically classify the foregut

microbiota of the Tammar wallaby, which provided a draft genome of a

novel bacterial species that was subsequently cultivated in the lab based

onmetabolic information gleaned from its genome (Pope et al., 2010, 2011).

The accuracy of binning increases with fragment length, particularly for

composition-based approaches, in which fragments smaller than 1–2 kb do

not provide enough information to distinguish sequences from different

genomes (McHardy et al., 2007; Pati et al., 2011). Therefore, the lengths

of assembled sequences will be an important criterion when deciding which

binning method to use, and often the application of multiple approaches and

criteria will prove best. Some software options include SPHINX and

PhymmBL (Brady & Salzberg, 2009; Mohammed et al., 2011) that implement

combinatorial approaches by employing homology and composition-based

binning criteria. In cases where there is virtually no information a priori about

the taxonomic composition of a metagenomic sample, unsupervised binning

algorithms, such as TETRA (Teeling et al., 2004), S-GSOM (Chan et al.,

2008), or iClaMS (Pati et al., 2011), can categorize sequences based on

compositional features.

4.4. From bins to genomes
It is possible to use complex metagenomic data to assemble relatively com-

plete or draft genomes. Several different approaches have been

implemented, and the most effective uses existing databases to recruit or
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assign metagenomic sequences to reference genomes (Rusch, Martiny,

Dupont, Halpern, & Venter, 2010; Walsh et al., 2009). For example, mul-

tiple genomes were partially assembled from a cow rumen metagenome

(Hess et al., 2011), which used binning approaches (e.g., tetra-nucleotide

frequency and read-coverage) and gene-linkage information to generate

scaffolds. In another example, Iverson and colleagues (2012) used mate-

paired short-read sequencing information to reconstruct genomes from

complex metagenomic assembly graphs, which were split into linear scaf-

folds and grouped on the basis of tetra-nucleotide frequency and 16S rRNA

sequence information. This resulted in the assembly of one complete and

13 draft genomes (Iverson et al., 2012). These examples demonstrate that

the extraction of nearly complete genomes from complex metagenomes

is possible; however, several important prerequisites must be met for the

assembly of a given genome from a complex mixture: (1) selection of a

sequencing technology that includes good linkage information for scaffold-

ing contigs into genome map, (2) sequencing depth must be enough so that

individual genotypes are sufficiently covered, (3) there should not be exten-

sive heterogeneity in the genome population to be assembled, and (4) the

binning method(s) used should provide high-resolution signatures that spe-

cifically identify the genome in question. Whether all these criteria can be

met for any given target will depend on the specific environmental context

and microorganisms in question.

4.5. Analyzing taxonomic bins or draft
genomes for completeness

After taxonomic bins have been generated, it is necessary to analyze the

extent to which they represent the complete genomic content of a given

species or species group. To this end, sequences can be mapped against

closely related reference genomes. A more general approach is to measure

completeness based on the presence of a minimal set of core genes (Gil,

Silva, Peretó, & Moya, 2004; Lerat, Daubin, & Moran, 2003). These genes

(�200) are conserved in almost all bacteria, and the proportion of this gene

set that is present allows for estimates of genome completeness, even if no

other information is available.

5. SUMMARY

The rapid rate of technological advance in DNA sequencing has made

it feasible to perform genomic analysis on complex and heterogeneous DNA
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samples. Successful genome sequencing projects of heterogeneous microbial

communities rely on understanding the biological and genomic character-

istics of the target organisms, such as their anticipated genome sizes, relative

numbers, degree of polymorphism, GC contents, and sequence repeat con-

tents. Therefore, some careful planning and prior understanding of the con-

stituents and characteristics of a sample provides realistic perceptions about

the sequencing strategy and about the amount and type of information that

can be extracted from a particular sample. In our experience, the strategies

and potential pitfalls that we have described here represent some of the

important considerations when undertaking a project.
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Abstract

Metagenomics, the study of microbes in the environment using DNA sequencing,
depends upon dedicated software tools for processing and analyzing very large
sequencing datasets. One such tool is MEGAN (MEtaGenome ANalyzer), which can
be used to interactively analyze and compare metagenomic and metatranscriptomic
data, both taxonomically and functionally.

To perform a taxonomic analysis, the program places the reads onto the NCBI taxon-
omy, while functional analysis is performedbymapping reads to the SEED, COG, and KEGG
classifications. Samples can be compared taxonomically and functionally, using a wide
range of different charting and visualization techniques. PCoA analysis and clustering
methods allow high-level comparison of large numbers of samples. Different attributes
of the samples can be captured and used within analysis. The program supports various
input formats for loading data and can export analysis results in different text-based and
graphical formats. The program is designed to work with very large samples containing
many millions of reads. It is written in Java and installers for the three major computer
operating systems are available from http://www-ab.informatik.uni-tuebingen.de.

1. INTRODUCTION

Environmental metagenomics involves the study of microbial organ-

isms in their native environment using DNA sequencing (Handelsman,

Rondon, Brady, Clardy, &Goodman, 1998).Metagenomic samples contain
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large number of organisms, for example, 4�107 prokaryotic cells can be

found in 1 g of forest soil (Richter & Markewitz, 1995). Research in this

area has benefited from the rise of second-generation sequencing technol-

ogies and hopes to benefit further from the third generation of sequencing

techniques. Sampling and sequencing different environmental niches can

now be done very cheaply and efficiently.

Given a dataset of DNA sequencing reads obtained from an environ-

mental sample, there are three initial computational challenges to address.

The first task is to estimate the taxonomic content, that is the qualitative

and, if possible, quantitative distribution of organisms in the sample. The

second problem is to determine the functional content of the sample.

The third challenge is to compare different samples of interest. In many

cases, the aim is to detect changes in taxonomic and/or function composi-

tion that correlate to external parameters or properties of the samples.

To address these challenges, the first step is often to align the set of

sequencing reads against a database of known reference protein sequences

such as NCBI-NR or RefSeq (Wheeler et al., 2008) using a pairwise

alignment tool such as BLASTX (Altschul, Gish, Miller, Myers, &

Lipman, 1990), RAPSearch2 (Zhao, Tang, & Ye, 2012), or PAUDA

(Huson & Xie, 2013). A read is said to hit a given reference sequence, if

a significant alignment is found during this process. The comparison of

the sequencing reads against a reference database is usually considered the

computationally most expensive step of the analysis and subsequent steps

are based on the obtained alignments, however, new tools such as PAUDA

may change this.

As an alternative to reference-basedmethods, one can use alignment-free

taxonomic predictors to estimate the taxonomic content or profile of a sam-

ple. Such tools often employ machine-learning techniques such as naı̈ve

Bayesian classifiers or support vector machines, based on k-mer counts

(McHardy, Martin, Tsirigos, Hugenholtz, & Rigoutsos, 2007). The advan-

tages of machine-learning techniques are their speed and their (limited) abil-

ity to classify reads even when alignments to sequences in the reference

database do not exist. However, such methods are usually not able to assess

functional content and they do not produce pairwise alignments, which

have many uses beyond general profiling.

Unfortunately, current databases only represent a small percentage of the

microbial diversity encountered on earth and are strongly biased toward

model organisms. It will be some time before projects such as GEBA

(Wu et al., 2009) will have a significant impact on this problem.
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Given the result of the alignment step or similarity search of a set of meta-

genomic reads against a reference database, an analysis program such as

MEGAN is then required to explore and analyze the data. MEGAN is a tool

for analyzing metagenomic sequence data, allowing the user to interactively

explore the taxonomic and functional content of a sample. It also supports the

comparison of multiple samples on taxonomic and functional levels. The pro-

gram was originally published in Huson, Auch, Qi, and Schuster (2007) and

the version 4 is presented in Huson, Mitra, Weber, Ruscheweyh, and

Schuster (2011). Here, we describe version 5 of the software. Written in Java,

the program runs on all major operating systems. The program can be down-

loaded from http://www-ab.informatik.uni-tuebingen.de/software/megan.

We would like to emphasize that those technical issues such as sample-

preparation protocol, DNA extraction method, and sequencing technology

all have a marked effect on the resulting metagenome data. It is current prac-

tice to keep all these variables constant within a given project, especially

when sample comparison is of interest.

The basic input toMEGAN is a set of sequencing reads and the result of a

pairwise alignment of the reads to a database of appropriate reference

sequences. MEGAN supports a number of different input formats, such

as BLAST (text, tabular, and XML) (Altschul et al., 1990), SAM

(Li et al., 2009), RapSearch2 (Zhao et al., 2012), RDP (Wang, Garrity,

Tiedje, & Cole, 2007), NBC (Rosen, Reichenberger, & Rosenfeld,

2011), QIIME (Caporaso et al., 2010) as well as a number of different

CSV (comma-separated value) formats. Processed data is stored in a

so-called RMA (read-match archive) file that contains all reads and matches

in a compressed and indexed format. The results of analyses produced by

MEGAN can be exported in a number of CSV formats and all visualizations

provided by the program can be exported in a wide range of graphics

formats. The program provides search tools for locating taxa and genes

of interest.

In this chapter, we discuss how to analyze and compare metagenomic

samples and address some of the typical questions encountered along the

way. Sampling, library preparation, sequencing, and quality control are

beyond the scope of this work and are not discussed here. As sequence com-

parison software, we recommend use of RAPSearch2 or PAUDA.

We use a permafrost soil metagenome dataset that was published in

Mackelprang et al. (2011) as a running example. This dataset was sequenced

from multiple permafrost cores originating from Hess Creek, Alaska. The

samples were acquired in two cores, each containing soil from two different
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layers representing the active and the permafrost layer. Samples were

sequenced immediately after collection as well as 2 and 7 days after thawing

of the cores at 5 �C. Hence, there are 12 sequenced samples in total, each

associated with one of two cores, core 1 or core 2, one of two layers, active

layer or permafrost, and one of three time points, frozen (time point 0), 2 days,

or 7 days. MEGAN files for all 12 samples can be downloaded from http://

ab.inf.uni-tuebingen.de/software/megan/.

The first step in a MEGAN analysis is to parse the reads and sequence

alignment (BLAST or similar) files, using the Import from Blast menu item.

MEGAN stores the result of this step in an RMA file. The initial parsing

of a dataset may take a number of hours and is often performed on a server

using MEGAN in command-line mode. However, it takes MEGAN only

seconds to open or reopen an RMA file.

2. TAXONOMIC ANALYSIS

One popular approach to assess the taxonomic content of a sample is to

focus on specific phylogenetic markers such as 16S rRNA. This type of anal-

ysis is supported byMEGAN and one can easily import the result of an analysis

of such data obtained, for example, using the RDP classifier (Wang et al.,

2007) or by performing a BLASTN comparison of the reads against the Silva

database (Pruesse et al., 2007). The taxonomy used byMEGAN can be mod-

ified to suit the purposes of 16S rRNA, see Lanzén et al. (2012) for details.

Metagenome sequencing proper employs environmental shotgun

sequencing of reads from genomic DNA or cDNA from RNA. To perform

a taxonomic analysis of a metagenomic shotgun dataset, MEGAN aims at

placing each read onto a node in the NCBI taxonomy, based on an analysis

of its hits against a reference database. A key idea is to use all ranks of the tax-

onomy so as to assign reads specific to a particular species near the leaves of the

taxonomy and to map sequences that are conserved across a wider range of

organisms to higher-level nodes. For example, a read that comes from a gene

than is only present inEscherichia coliwill be placed on theE. coli node, whereas

a read that comes from a gene that is shared widely across different Prote-

obacteria will be assigned to the node labeled Proteobacteria.

The input to MEGAN usually consists of a file of DNA reads and a file

containing all their hits to a reference database, usually in BLAST or SAM

format, but other formats are also supported. In addition, at startup,

MEGAN reads in the whole NCBI taxonomy, which is a rooted tree with

over one million nodes. To perform a taxonomic analysis of a metagenome
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sample, MEGAN processes each DNA read in turn, assigning each read to

the node in theNCBI taxonomy that is the lowest common ancestor of the set of

species associated with all reference sequences that were hit by the read. This

approach is known as the LCA algorithm. In essence, the LCA algorithm

places reads by gene content and is thus quite conservative and unlikely

to be overly effected by horizontal gene transfer.

The LCA algorithm has a number of parameters. TheminScore parameter

sets a minimum threshold for the bit score that an alignment must achieve to

be considered. For reads of length 100, a value of 35 is appropriate, while for

longer reads this threshold should be increased accordingly. In addition, the

maxExpected parameter can be used to filter matches by their expected value,

which is especially useful when reads have varying read lengths. The

topPercent parameter (by default 10%) provides additional filtering of

matches. Only those matches are kept whose score lies within the given per-

centage of the best score for the given read. The minSupport parameter spec-

ifies the minimum number of reads that a node in the NCBI taxonomymust

attract before it is shown in the final output. The reads assigned to a node for

which this requirement is not met are pushed up the taxonomy until a node

with a sufficient number of assigned reads is reached.

Most sequencing protocols support sequencing of paired reads, that is,

pairs of reads that are guaranteed to come from the same DNA insert of a

specified length. MEGAN can make use of read pairing information during

the LCA assignment. For a given pair of reads, the program determines the

set of taxa for which both reads have significant matches and the scores of

these matches are boosted by a factor of 20%.

In consequence, the LCA algorithm will base the placement of reads

mainly on those taxa, for which both reads of a pair have a goodmatch, often

leading to a more specific placement.

In the analysis of 16S rRNA sequences, it is often required that a

specific level of DNA identity between two 16S rRNA sequences is

achieved, before they can be assigned to the same taxon at a specific

taxonomic rank, for example, more than 99% of identity is required to be

counted as the same species. To address this, MEGAN provides a Percent

Identity Filter that can be used to enforce the following levels of percentage

sequence identities for an assignment at a given taxonomic level,

namely, Species 99%, Genus 97%, Family 95%, Order 90%, Class 85%,

and Phylum 80%.

Reads that have no hits are assigned to a special node labeled No Hits,

whereas reads that have hits, but cannot be assigned to a taxon are mapped
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to a special Unassigned node. In addition, reads consisting of repetitive

sequence are assigned to a Low Complexity node.

The part of the NCBI taxonomy to which reads are assigned is displayed

in the Taxonomy Viewer ofMEGAN, and by default, each node is scaled by

the square root of the number of reads associated with it (see Fig. 21.1).

Nodes can also be scaled linearly, by square root, or logarithmically; the lat-

ter two options are useful when many nodes have very low counts.

The number of reads assigned to a node, as well as the sum of reads up to

this node, are displayed when the node is selected or when to user places the

mouse over the node. Nodes can be interactively collapsed or expanded to

show more or fewer details of the classification. The user can select nodes of

interest, and then can either inspect the associated reads and alignments, or

export the associated reads to a file. The user can also summarize data in a

number of ways using different types of charts. Additionally, the user can

chart the number of reads assigned to different microbial attributes to get

additional information about the selected species. Nodes can be selected

in a number of different ways and many of the menu items provided by

the program apply to all selected nodes. This includes various charting

options such as bar, bubble, radial space-filling and word-cloud charts

(see Fig. 21.2).

MEGAN allows one to compute a rarefaction curve for a given sample

(see Fig. 21.3). The underlying algorithm repeatedly samples replicates of

size 10%, 20%, . . . 100% from the original sample and then plots the number

of leaves produced for each replicate. The steepness of the curve will give an

indication how close to saturation the sequencing is. (However, because

organisms can be arbitrarily rare in a sample, the rarefaction curve cannot

help decide whether all organisms present have been seen.)

Depending on the sampling location, the sequencing technique used and

other considerations, the researcher will have to interactively explore the

data and adapt the parameters of the LCA algorithm and other options to

suit their needs. Typically, after initial parsing of an input file, one will first

look at a taxonomic analysis of the data. In a second step, one might then

explore in the functional content of the sample.

3. FUNCTIONAL ANALYSIS

MEGAN currently supports functional analysis using three different

functional classification schemes, namely, SEED, KEGG, and COG

(eggNOG).
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Figure 21.1 Taxonomy analysis of �990,000 reads originating from a permafrost sam-
ple published by Mackelprang et al. (2011). Each circle represents a taxon in the NCBI
taxonomy and is scaled logarithmically to indicate howmany reads have been assigned
to it. In addition to the taxon name, each node is also labeled by the cumulative number
of reads assigned to, or below, that node.
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The SEED Viewer in MEGAN is based on the SEED classification

(Overbeek et al., 2005) and the concept of a subsystem, which consists of

a set of functional roles that implement a specific biological process or struc-

tural complex. To perform a SEED-based analysis, for each read in the input,

MEGAN identifies the highest scoring hit to a reference sequence for which

the corresponding functional role is known and then maps the read to that

functional role.

The KEGGViewer inMEGAN is based on the concepts of enzymes and

pathways (Kanehisa & Goto, 2000). To perform a KEGG analysis, MEGAN

maps reads to genes, which are thenmapped to KEGG orthology groups and

these appear in one or more pathways.

The COG Viewer in MEGAN is based on the Clusters of Orthologous

Groups (COGs) (Tatusov, Galperin, Natale, & Koonin, 2000) and the

extension of this system, called eggNOG (Powell et al., 2012). Reads are

Figure 21.2 Word cloud of genus rank analysis. This type of representation makes it
easy for the human eye to identify whether specific taxa have a significant presence
in a sample. Fonts are scaled by number of reads assigned.

472 Daniel H. Huson and Nico Weber



mapped to so-called COGs and NOGs, in a manner similar to the other two

functional classification schemes.

MEGAN uses built-in RefSeq mappings for all three classifications. In

addition, users can supply their own mapping files in a number of different

formats, which is necessary when comparing reads against a reference data-

base that does not contain RefSeq ids or using a comparison method that

does not pass through all information from the reference database to its out-

put (such as RAPSearch2). Updated SEED and COG mappings will be

included on a regular basis in new releases of MEGAN. As of July 2011,

the KEGG classification system is no longer freely available for academic

usage. MEGAN is shipped with the last free version of KEGG.

The SEED, KEGG, and COG classifications are displayed as trees in

MEGAN and the three corresponding viewers each provide the same inter-

active features as the Taxonomy Viewer. In addition to the tree view, a sep-

arate navigation pane allows the user to browse the structure by subsystem or

groups for easy access. Moreover, the number of reads assigned to classes can

be displayed as a heat map. The KEGG Viewer allows one to see how reads

map to different enzymes in a given pathway, see Figs. 21.4–21.6. If only

interested in specific functions, then one can select and extract all assigned

reads into a new document for further analysis.

Figure 21.3 Rarefaction curve for taxonomic assignment of all 12 samples at the
taxonomic rank of genus. MEGAN generates this plot by randomly and repeatedly
subsampling 10%, 20%, . . . 100% of the reads and counting the number of leaves in
the resulting graph. Such curves are used to estimate how many additional taxa
may be discovered if one increases the amount of sequencing by a certain amount.
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4. SEQUENCE ALIGNMENT

As mentioned above, the main computational step is to determine all

pairwise alignments between the set of DNA reads and all sequences in an

appropriate reference database. Based on the result of this computation, it is

possible to construct a reference-guided multiple sequence alignment

between all reads that hit the same reference sequence. MEGAN provides

access to such multiple sequence alignments in its Alignment Viewer. Once

the user has selected a node in the Taxonomy, SEED, KEGG, or COG

Figure 21.4 High-level SEED analysis of a single sample. The SEED classification tree has
been partially selected and is displayed as radial space-filling chart. The angle covered
by the region associated with a term is proportional to the number of reads assigned.
The chart displays the selected nodes carbohydrates, nitrogen and sulfur metabolism.
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Figure 21.5 KEGG-based functional analysis of all of 12 permafrost samples (Mackelprang et al., 2011). The example shows the number of
assigned reads as bar charts for each enzyme involved in the nitrogen-metabolism pathway.



Figure 21.6 Visual output of the COG analyzer. The information is charted here as a bubble chart. Samples are displayed along the X-axis. The
Y-axis represents different COG categories. Nodes represent the number of assigned reads and can be scaled linearly by square root or
logarithmically.



Viewer for which the Alignment Viewer is to be launched, the program col-

lects all reference sequences that correspond to the given node and then, for

each such reference sequence, the program determines all reads that align to

it. The user can then select a reference sequence and the corresponding

sequence alignment is subsequently displayed. The resulting alignment

and/or consensus sequence can be exported to a text file.

This feature allows the user to create gene-specific multiple alignments

without having to first extract reads and then align them using an external

multiple alignment program. Average coverage of different genes as well as

the layout of reads that match a given reference sequence may help to deter-

mine the reliability of the assignment of reads to a specific node. Functional

analysis may also benefit from inspecting the alignment. The Alignment

Viewer provides a function for performing a “diversity analysis” for

protein-guided assemblies, which aims at estimating how many distinct

genomes contribute to a specific alignment.

5. COMPARISON OF SAMPLES

Metagenome projects usually comprise multiple samples taken from

different environments, experimental settings, time points, or locations.

The comparison of tens or hundreds of large samples is a challenging task.

Depending on the project, the goal of a comparison can vary between

the detection of simple changes in taxonomic composition to complex

functional shifts. To facilitate the comparison of samples, MEGAN allows

the user to open multiple samples simultaneously, showing each sample

in a different window. The user can then select a number of open samples

to be combined into a single new comparison document.

To take different sample sizes into account, one can select absolute,

relative, or subsampled reads for comparison. When comparing samples

of very different sizes, the subsample mode is recommended, in which all

samples are randomly and repeatedly subsampled down to the size of the

smallest sample.

The resulting comparison document offers the same Taxonomy, SEED,

KEGG, and COG viewers as in the above described single-sample view. In

all of the viewers, the tree indicates how many reads were assigned to each

node for each original input sample by drawing the node as a pie chart or bar

chart (see Fig. 21.7).

All the features available for the analysis of a single sample can also be

applied to the comparison of multiple samples, except for the possibility
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to save, inspect, or align reads assigned to a given node. The number of reads

assigned to given nodes can be exported as a CSV file for additional analysis

with external tools. Attribute charts can also be generated within the com-

parison view. A general shift or difference in the microbial community can

Figure 21.7 High-level (phylum) comparison of all samples from the original publica-
tion (Mackelprang et al. (2011)). Here, we have colored samples by layer (permafrost
or active) that they originated from. The number of reads is represented by a bar chart
next to the nodes label.
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be seen easily without inspecting each node. Examples range from aerobic to

anaerobic oxygen requirements or critical changes in distribution of non-

pathogenic to pathogenic microorganisms.

When comparing multiple samples, one often observes that the abun-

dances for a fixed taxonomic rank vary quite strongly even between closely

related samples, whereas the functional content appears to be much more

conserved. Figure 21.8 illustrated this by using all 12 permafrost samples.

MEGAN’s new Sample Viewer window allows one to place multiple

samples into a single document and also provides methods for combining

multiple samples in different ways (Fig. 21.9). In more detail, for a selected

set of samples, one can compute a core biome containing all taxa and functions

present in more than P percent of all selected samples, with P¼50, say. The

total biome is simply the union of taxa and functions of the selected samples.

The shared biome is the intersection of taxa and functions present in the

selected samples. The rare biome is the set of taxa and functions that are pre-

sent in less than P percent of all selected samples.

The Sample Viewer also provides a table of attributes or metadata asso-

ciated with the different samples. The attributes can be used to select samples

by value or to color samples and also to control other features of their rep-

resentation in PCoA plots and other similar comparisons.

MEGAN also supports the calculation of standard ecological indices for a

comparison document (Mitra, Gilbert, Field, & Huson, 2010), such as Goo-

dall, Chi-Square, Hellinger, Bray–Curtis, Kulczynski as well as normalized

functions. Distances between samples can be calculated from taxonomic or

functional data. The calculation only operates on selected nodes, so the user

can easily control which parts of the sample to take into account. Resulting

distances can be represented as a tree, network, or PCoA plot. Additionally,

the distance matrix can be exported to a text file and then analyzed using

other software packages.

To illustrate MEGAN’s support of sample comparison, we imported all

12 permaforst samples into MEGAN. We used the Sample Viewer to color

the samples based on their core (e.g., core 1 or core 2). We performed a

PCoA analysis of the KEGG profiles of the 12 samples using MEGAN’s

Cluster Viewer. As shown in Fig. 21.10, samples form two major clusters

that separate into four smaller ones. The two major clusters separate both

layers (permafrost and active) from each other. Within those clusters, the

cores are also separated. While the samples from the active layer start out

quite similar and stay similar during thawing, the two permafrost samples
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Figure 21.8 Relative abundance of the taxonomic content (A) and the KEGG functional content (B) of multiple samples. The taxonomic con-
tent is much more unstable and therefore more difficult to interpret. Function on the other hand is more conserved over multiple samples.
Significant changes may therefore be easier to detect, because overall noise is less present.



Figure 21.9 The Sample Viewer shows all samples contained in a given comparison file. It can be used to select, color, or assign shapes to
samples based on the values of different attributes (or metadata) associated with samples.



initially have very different functional profiles, which become much more

similar during thawing.

6. CONCLUSION

MEGAN is an interactive program for analyzing the taxonomic and

functional content of metagenomic (and metatranscriptomic) samples. With

MEGAN, we hope to provide a versatile tool for analyzing single or groups

of metagenomes on a desktop computer, aimed at the biologist in the field

(or lab) rather than the trained bioinformatician, and thus we try to keep

usability as simple as possible. Input is a set of DNA reads and the result

of comparing the reads against a reference database.

MEGAN supports various standard file formats to make it easier to

import data from different types of alignment or mapping tools. After

sequence comparison, the taxonomic analysis is performed by placing

Figure 21.10 PCoA analysis of the KEGG functional content of 12 permafrost samples
(Mackelprang et al., 2011). Samples from core 1 and 2 are shown in orange and blue,
respectively. Samples from the active layer are shown as triangles, whereas samples
from the permafrost layer are shown as circles.
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DNA reads onto nodes of the NCBI taxonomy based on the LCA approach.

Offering various options, the user can tune the result to match specific needs

of the analysis. Functional analysis is based on mapping reads to SEED and

KEGG categories using the NCBI RefSeq identifiers.

The program also supports comparative analysis of multiple samples. An

Alignment Viewer allows one to obtain multiple alignments of reads against

reference sequences. Information generated byMEGAN can be exported in

standard text and graphical files.

MEGAN is written in Java and runs on all major operating systems.

When run in command-line mode, the program can also be integrated into

larger bioinformatics analysis pipelines. As sequencing technologies con-

tinue to improve, the size of analyzed samples continues to increase.

MEGAN was reportedly used to perform the taxonomic analysis of 124

human gut samples involving around 600 GB of sequence (Qin et al.,

2010). This work only shows parts of MEGAN capabilities to analyze meta-

genomic data. The program is under active development and new features

are added on a regular basis. We routinely use MEGAN to analyze large

samples consisting of many million reads.

As samples continue to increase in both size and number, increasingly

efficient methods for analyzing and comparing data will be needed.We have

developed a new sequence alignment method called PAUDA that is a com-

panion program toMEGAN and performs read alignment at a speed of more

than 10,000 times that of BLASTX. Another advantage of PAUDA is that it

can produce RMA files as output, thus eliminating the time-consuming step

of initial parsing.
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Abstract

The democratized world of sequencing is leading to numerous data analysis challenges;
MG-RAST addresses many of these challenges for diverse datasets, including amplicon
datasets, shotgun metagenomes, and metatranscriptomes. The changes from version 2
to version 3 include the addition of a dedicated gene calling stage using FragGenescan,
clustering of predicted proteins at 90% identity, and the use of BLAT for the
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computation of similarities. Together with changes in the underlying software infra-
structure, this has enabled the dramatic scaling up of pipeline throughput while
remaining on a limited hardware budget. The Web-based service allows upload, fully
automated analysis, and visualization of results. As a result of the plummeting cost
of sequencing and the readily available analytical power of MG-RAST, over 78,000 meta-
genomic datasets have been analyzed, with over 12,000 of them publicly available in
MG-RAST.

1. INTRODUCTION

The growth in data enabled by next-generation sequencing platforms

provides an exciting opportunity for studying microbial communities, of

which �99% of the microbes have not yet been cultured (Riesenfeld,

Schloss, & Handelsman, 2004). To support user-driven analysis of meta-

genomic data, we have provided MG-RAST (Meyer et al., 2008). The

MG-RAST portal offers automated quality control, annotation and com-

parative analysis services, and archives over 78,000 datasets contributed by

over 10,000 researchers.

While the previous version of MG-RAST (v2) was widely used, it was

limited to datasets smaller than a few 100 Mbases, and comparison of samples

was limited to pairwise comparisons. In the new version, datasets of tens of

gigabases can be annotated and comparison of taxa or functions that differed

between samples is now limited by the available screen real estate. Figure 22.1

shows a comparison of the analytical and computational approaches used in

MG-RAST v2 and v3. The major changes are the inclusion of a dedicated

gene calling stage using FragGenescan (Rho, Tang, & Ye, 2010), clustering

of predicted proteins at 90% identity using UCLUST (Edgar, 2010), and

the use of BLAT (Kent, 2002) for the computation of similarities. Together

with changes in the underlying infrastructure, this has allowed dramatic scaling

of the analysis with the limited hardware available.

The new version of MG-RAST represents a rethinking of core processes

and data products, as well as new user-interface metaphors and a redesigned

computational infrastructure. MG-RAST supports a variety of user-driven

analyses, including comparisons of many samples, previously too computa-

tionally intensive to support for an open user community.

Scaling to the new workload required changes in two areas: the under-

lying infrastructure needed to be rethought and the analysis pipeline needed

to be adapted to address the properties of the newest sequencing

technologies.
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2. PIPELINE AND TECHNOLOGY PLATFORM

One key aspect of scaling MG-RAST to large numbers of modern

NGS datasets is the use of cloud computing which decouples MG-RAST

from its previous dedicated hardware resources. Using our task server

AWE (Wilke, Wilkening, Glass, Desai, & Meyer, 2011) and the SHOCK

data management tool developed alongside it, we have updated our under-

lying computational platform using purpose-built software platform opti-

mized for large-scale sequence analysis.

The new analytical pipeline for MG-RAST version 3 (Fig. 22.2)

is encapsulated and separated from the data store, enabling far greater

scalability.

Figure 22.1 Overview of processing pipeline in (A) MG-RAST 2 and (B) MG-RAST 3. In the
old pipeline, metadata was rudimentary, compute steps were performed on individual
reads on a 40-node cluster that was tightly coupled to the system, and similarities were
computed by BLAST to yield abundance profiles that could then be compared on a per-
sample or per-pair basis. In the new pipeline, rich metadata can be uploaded, normal-
ization and feature prediction are performed, faster methods such as BLAT are used to
compute similarities, and the resulting abundance profiles are fed into downstream
pipelines on the cloud to perform community and metabolic reconstruction and to
allow queries according to rich sample and functional metadata.
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2.1. Details on the new MG-RAST pipeline
Several key algorithmic improvements were needed to support the flood of

user-generated data.

Preprocessing: First, we replaced the read-centric approach, no longer per-

forming a search for each independent read. The new pipeline actually con-

sists of two independent flows. After upload, data are preprocessed using

SolexaQA (Cox, Peterson, Biggs, & Solexa, 2010) to trim low-quality

regions from FASTQ data. Platform-specific approaches are used for 454

data submitted in FASTA format: reads more than two standard deviations

away from the mean read length are discarded as described previously (Huse,

Huber, Morrison, Sogin, & Welch, 2007).

RNA detection, clustering, and identification: rRNA reads are identified

using a simple rRNA detection pipeline and are searched in a separate flow

in the pipeline. An initial BLAT (Kent, 2002) search against a reduced RNA

database efficiently identifies RNA. The RNA-similar reads are then clus-

tered at 97% identity, and a BLAT similarity search is performed for the

longest cluster representative.

Dereplication: For the remaining data after quality filtering (which we

assume to be protein coding), the processing starts with a dereplication step

used to remove artificial duplicate reads (ADRs) (Gomez-Alvarez, Teal, &

Schmidt, 2009). Instead of discarding the ADRs, we use these technical

duplicates to estimate an error score for the entire dataset based on the

Figure 22.2 Details of the analysis pipeline for MG-RAST version 3. After initial quality
control, the pipeline diverges into steps for Amplicon and shotgun reads (WGS). The
duplicate read inferred sequencing error estimation (DRISEE) is based on read clusters
created by dereplication step and only applicable for metagenomic shotgun sequences.
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variations in the sets of nearly identical reads stemming from artificial dupli-

cation (Keegan et al., 2012).

Quality assessment: TheMG-RAST pipeline offers a variety of summaries

of technical aspects of the sequence quality to enable sequence data triage.

These tools include duplicate read inferred sequencing error estimation

(DRISEE) for estimating sequence error, summaries of the spectra of long

k-mers, and visualizations of the base caller output.

2.1.1 Duplicate read inferred sequencing error estimation
DRISEE (Keegan et al., 2012) is a method to provide ameasure for sequenc-

ing error for whole genome shotgun metagenomic sequence data that are

independent of sequencing technology, and accounts for many of the short-

comings of Phred. It utilizes ADRs (artifactual/artificial duplicate reads) to

generate internal sequence standards from which an overall assessment of

sequencing error in a sample is derived. DRISEE values are normally

reported as percent error.

DRISEE values can be used to assess the overall quality of sequence sam-

ples. DRISEE data are presented on the overview page for eachMG-RAST

sample for which a DRISEE profile can be determined. Total DRISEE error

presents the overall DRISEE-based assessment of the sample as a percent

error:

Total DRISEE Error¼ base errors=total bases∗100

where “base_errors” refers to the sum of DRISEE detected errors and

total_bases refers to the sum of all bases considered by DRISEE.

The current implementation of DRISEE is not suitable for amplicon

sequencing data or other samples that may contain natural duplicated

sequences (e.g., eukaryotic DNA where gene duplication and other forms

of highly repetitive sequences are common) in high abundance.

2.1.2 k-mer profiles
k-mer digests are an annotation-independent method to describe sequence

datasets that can support inferences about genome size and coverage. Here,

the overview page presents several visualizations of the k-mer spectrum of

each dataset, evaluated at k¼15.

Three visualizations provided of the k-mer spectrum are the k-mer spec-

trum, k-mer rank abundance, and ranked k-mer consumed. All three graphs

represent the same spectrum, but in different ways. The k-mer spectrum

plots the number of distinct k-mers against k-mer coverage. The k-mer
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coverage is equivalent to number of observations of each k-mer. The k-mer

rank abundance plots the relationship between k-mer coverage and the

k-mer rank—answering the question “what is the coverage of the nth most

abundant k-mer.” Ranked k-mer consumed plots the largest fraction of the

data explained by the nth most abundant k-mers only.

2.1.3 Nucleotide histograms
These graphs show the fraction of base pairs of each type (A, C, G, T, or

ambiguous base “N”) at each position starting from the beginning of each

read. Amplicon datasets (see Fig. 22.3) should show biased distributions of

bases at each position, reflecting both conservation and variability in the

recovered sequences.

Shotgun datasets should have roughly equal proportions of A, T, G, and

C base calls, independent of position in the read as shown in Fig. 22.4.

Vertical bars at the beginning of the read indicate untrimmed (see

Fig. 22.5), contiguous barcodes. Gene calling via FragGeneScan (Rho

et al., 2010) and RNA similarity searches is not impacted by the presence

of barcodes. However, if a significant fraction of the reads is consumed

by barcodes, it reduces the biological information contained in the reads.

If a shotgun dataset has clear patterns in the data (see Fig. 22.6), this indi-

cates likely contamination with artificial sequences. This dataset had a large

fraction of adapter dimers.

Screening: The pipeline provides the option to remove reads that are near-

exact matches to the genomes of a handful of model organisms, including fly,

mouse, cow, and human. The screening stage uses bowtie (Langmead,

Trapnell, Pop, & Salzberg, 2009) and only reads that do not match themodel

organisms pass into the next stage of the annotation pipeline.

Figure 22.3 Nucleotide histogram with biased distributions.
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Gene prediction and AA clustering: While the previous version of

MG-RAST used similarity-based gene predictions, this approach is signif-

icantly more expensive computationally than de novo gene prediction. After

an in-depth investigation of tool performance (Trimble et al., 2012), we

Figure 22.4 Nucleotide histogram showing ideal distributions.

Figure 22.5 Nucleotide histogram with untrimmed barcodes.

Figure 22.6 Nucleotide histogram with contamination.
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have moved to a machine learning approach: FragGeneScan (Rho et al.,

2010). Using this approach, we can now predict coding regions in DNA

sequences of 75 bp and longer. Our novel approach also enables the analysis

of user-provided assemblies. MG-RAST builds clusters of proteins at the

90% identity level using the UCLUST (Edgar, 2010) implementation in

QIIME (Caporaso et al., 2010) preserving the relative abundances. These

clusters greatly reduce the computational burden of comparing all pairs of

short reads, while clustering at 90% identity preserves sufficient biological

signal. Once created, a representative (the longest sequence) for each cluster

is subjected to similarity analysis; instead of BLAST, we use sBLAT, an

implementation of the BLAT algorithm (Kent, 2002), which we parallelized

using OpenMPI (Gabriel et al., 2004) for this work.

Once the similarities are computed, we present reconstructions of the

species content of the sample based on the similarity results. We reconstruct

the putative species composition of the sample by looking at the phyloge-

netic origin of the database sequences hit by the similarity searches.

Protein identification and annotation mapping: Sequence similarity searches

are computed against a protein database derived from the M5NR (Wilke

et al., 2011), which provides a nonredundant integration of many databases

(GenBank (Benson et al., 2012), SEED (Overbeek et al., 2005), IMG

(Markowitz et al., 2012), KEGG (Kanehisa, Goto, Sato, Furumichi, &

Tanabe, 2012), and eggNOGs). Unlike MG-RAST 2, which relied solely

on SEED, MG-RAST now supports many complementary views into the

data with one similarity search, including different functional hierarchies:

SEED subsystems, IMG terms, COG (Tatusov et al., 2003)/eggNOGs

( Jensen et al., 2008), and ontologies such as GO (Gene Ontology

Consortium, 2013). Users can easily change views without recomputation.

For example, COG and KEGG views can be displayed, which both show

the relative abundances of histidine biosynthesis in a dataset of four cow

rumen metagenomes.

After similarity computation, a number of additional pipeline stages are

executed, transforming the data into several representations that enable rapid

query and or comparison.

2.2. Additional improvements
Adding the ability for users to encode rich information about each sample is

another key improvement in MG-RAST 3. By using the standards devel-

oped by the Genomics Standards Consortium, we have enabled users to
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contribute GSC (Field et al., 2011) standard formatted metadata. Specifi-

cally, we use MIxS (minimum information about any (x) sequence) and

MIMARKS (minimum information about a MARKer gene survey) speci-

fications (Yilmaz et al., 2011) to store metadata and to search for related

datasets in terms of geographic location, biochemical environment, or other

contextual data.

This enables data discovery by end users using contextual metadata using

searches like “retrieve soil samples from the continental United States.” If

the users have added additional metadata (domain-specific extension), addi-

tional queries are enabled, for example, “restrict the results to soils with a

specific pH.”

We have also enabled users to extract abundance profile data via the use

of the BIOM format (McDonald et al., 2012). This enables downstream

processing with BIOM compliant tools, for example, QIIME (Caporaso

et al., 2010).

3. WEB INTERFACE

TheMG-RAST system provides a richWeb user interface that covers

all aspects of the metagenome analysis from data upload to ordination anal-

ysis. The Web interface can also be used for data discovery. Metagenomic

datasets can be easily selected individually or on the basis of filters such as

technology (including read length), quality, sample type, and keyword, with

dynamic filtering of results based on similarity to known reference proteins

or taxonomy. For example, a user might want to perform a search so as (phy-

lum eq “actinobacteria” and function in “KEGG pathway Lysine Biosyn-

thesis” and sample in “Ocean”) to extract sets of reads matching the

appropriate functions and taxa across metagenomes. The results can be dis-

played in familiar formats, including bar charts, trees that incorporate abun-

dance information, heatmaps, or principal components analyses, or exported

in tabular form. The raw or processed data can be recovered via download

pages. Metabolic reconstructions based on mapping to KEGG pathways are

also provided.

Sample selection is crucial for understanding large-scale patterns when

multiple metagenomes are compared. Accordingly, MG-RAST supports

MIxS and MIMARKS (Yilmaz et al., 2011) (as well as domain-specific

plug-ins for specialized environments not extending the minimal GSC stan-

dards); several projects, including TerraGenome, HMP, TARA, and EMP,

use these GSC standards, enabling standardized queries that integrate new
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samples into these massive datasets. An example query, using the metadata

browser, shows how users can interrogate the existing pool of public datasets

for a Biome of interest (e.g., Hot springs), and performing comparisons and a

search for organisms encoding a specific gene function (e.g., Beta-lactamase

or Aldo/keto reductase; see Fig. 22.7).

3.1. The upload and metadata pages
Data and metadata can be uploaded in the form of spreadsheets along with

the sequence data using both the ftp and the http protocols. The Web

uploader will automatically split larger files and allow parallel uploads.

MG-RAST supports datasets that are augmented with rich metadata

using the standards and technology developed by the GSC.

Each user has a temporary storage location inside theMG-RAST system.

This “inbox” provides temporary storage for data and metadata to be sub-

mitted to the system. Using the inbox, users can extract compressed files,

convert a number of vendor-specific formats to MG-RAST submission

compliant formats, and obtain an MD5 checksum for verifying that trans-

mission to MG-RAST has not altered the data.

The Web uploader has been optimized for large datasets of over

100 GBp (gigabasepairs) often resulting in file sizes in excess of 150 GB.

3.2. Metadata-enabled data discovery
The metagenome browse page lists all datasets visible to the user. Datasets in

MG-RAST are private by default, but the submitting user has the option

to share datasets with specific users or to make datasets public. This page also

provides an overview of the nonpublic datasets submitted by the user or

shared with them. Figure 22.8 shows the metagenome browse table, which

provides an interactive graphical means to discover data based on technical

data (e.g., sequence type or dataset size) or metadata (e.g., location or biome).

3.3. The overview page
MG-RAST automatically creates an individual summary page for each

dataset. This “metagenome overview page” provides a summary of the

annotations for a single dataset. The page is made available by the automated

pipeline once the computation is finished.

The page is intended as a single point of reference for metadata, quality,

and data. It also provides an initial overview of the analysis results for indi-

vidual datasets with default parameters. Further analysis is available on the

analysis page.
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Figure 22.7 (A) Using the Web interface for a search of metagenomes for microbial mats in hotsprings (GSC-MIMS-Keywords
Biome¼“hotspring; microbial mat”), we find six metagenomes (refs: 4443745.3, 4443746.3, 4443747.3, 4443749.3, 4443750.3, 4443762.3).
(B) Initial comparison reveals some differences in protein functional class abundance (using SEED subsystems level 1). (C) From the PCoA
plot using normalized counts of functional SEED subsystem-based functional annotations (level 2) and Bray-Curtis as metric, we attempt
to find differences between two similar datasets (MG-RAST-IDs: 444749.3, 4443762.3). (D) Using exported tables with functional annotations
and taxonomic mapping, we analyze the distribution of organisms observed to contain Beta-lactamase and plot the abundance per species
for two distinct samples.



3.3.1 Technical detail on the overview page
The overview page provides theMG-RAST ID for a dataset, a unique iden-

tifier that is usable as accession number for publications. Additional informa-

tion like the name of the submitting PI and organization and a user-provided

metagenome name are displayed at the top of the page as well. A static URL

for linking to the system that will be stable across changes to the MG-RAST

Web interface is provided as additional information (Fig. 22.9).

Figure 22.8 Themetagenome browser page enables sorting and data search. Users can
select the metadata they wish to view and search. Some of the metadata are hidden by
default and can be viewed by clicking on the “. . .” header on the right side of the table
and selecting the desired columns; this can also be used to hide unwanted columns.
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We provide an automatically generated paragraph of text describing the

submitted data and the results computed by the pipeline. Via the project

information, we display additional information provided by the data sub-

mitters at the time of submission or later.

One of the key diagrams in MG-RAST is the sequence breakdown pie

chart (Fig. 22.10) classifying the submitted sequences submitted into several

categories according to their annotation status. As detailed in the description

of the MG-RAST v3 pipeline above, the features annotated in MG-RAST

are protein-coding genes and ribosomal proteins.

Figure 22.9 Top of the metagenome overview page.

Figure 22.10 Sequences to the pipeline are classified into one of the five categories:
gray¼ failed the QC, red¼unknown sequences, yellow¼unknown function but protein
coding, green¼protein codingwith known function, and blue¼ ribosomal RNA. For this
example, over 50% of sequences were either filtered by QC or failed to be recognized as
either protein coding or ribosomal.
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It should be noted that for performance reasons no other sequence fea-

tures are annotated by the default pipeline. Other feature types, for example,

small RNAs or regulatory motifs (e.g., CRISPRS (Bolotin, Quinquis,

Sorokin, & Ehrlich, 2005)) will not only require significantly higher com-

putational resources but also are frequently not supported by the

unassembled short reads that comprise the vast majority of today’s meta-

genomic data in MG-RAST.

The overview page also provides metadata (data describing data) for

each dataset to the extent that data have been made available. Metadata

enables other researchers to discover datasets and compare annotations.

MG-RAST requires standard metadata for data sharing and data publication.

This is implemented using the standards developed by the Genomics

Standards Consortium. Figure 22.11 shows the metadata summary for a

dataset.

All metadata stored for a specific dataset are available in MG-RAST; we

merely display a standardized subset in this table. A link at the bottom of the

table (more metadata) provides access to a table with the complete metadata.

This enables users to provide extended metadata going beyond the GSC

minimal standards. A mechanism to provide community consensus exten-

sions to the minimal checklists in the environmental packages are

explicitly encouraged, but not required when using MG-RAST.

3.3.2 Metagenome QC
The analysis flowchart and analysis statistics provide an overview of the

number of sequences at each stage in the pipeline. (Fig. 22.12). The text

block next to the analysis flowchart presents the numbers next to their

definitions.

3.3.3 Technical data
This component provides quick links to a general statistical overview of the

different analysis steps performed (see analysis flowchart), a comprehensive

list of all metadata for the dataset, sequence length, GC distributions, and a

breakdown of blat hits per data source (e.g., hits to RefSeq (Pruitt,

Tatusova, & Maglott, 2007), UniProt (Tatusov et al., 2013), or SEED

(Overbeek et al., 2005)).

The analysis statistics and analysis flowchart provide sequence statistics

for the main steps in the pipeline from raw data to annotation, describing

the transformation of the data between steps.
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Sequence length and GC histograms display the distribution before and

after quality control steps.

Metadata is presented in a searchable table which contains contextual

metadata describing sample location, acquisition, library construction, and

sequencing using GSC compliant metadata. All metadata can be down-

loaded from the table.

3.3.4 Taxonomic and functional information on the overview page
3.3.4.1 Organism breakdown
The taxonomic hit distribution display breaks down taxonomic units into a

series of pie charts of all the annotations grouped at various taxonomic ranks

(Domain, Phylum, Class, Order, Family, Genus). The subsets are selectable

for downstream analysis; this also enables downloads of subsets of reads, for

example, those hitting a specific taxonomic unit.

Figure 22.11 The information from the GSCMIxS checklist providingminimal metadata
on the sample.
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The rank abundance plot (Fig. 22.13) provides a rank-ordered list of tax-

onomic units at a user-defined taxonomic level, ordered by their abundance

in the annotations.

The rarefaction curve of annotated species richness is a plot of the total

number of distinct species annotations as a function of the number of

sequences sampled. The slope of the right-hand part of the curve is related

to the fraction of sampled species that are rare. When the rarefaction curve is

flat, more intensive sampling is likely to yield only few additional species.

The rarefaction curve is derived from the protein taxonomic annotations

and is subject to problems stemming from technical artifacts. These artifacts

can be similar to the ones affecting amplicon sequencing (Reeder & Knight,

2009), but the process of inferring species from protein similarities may

introduce additional uncertainty.

Finally, in this section, we display an estimate of the alpha diversity based

on the taxonomic annotations for the predicted proteins. The alpha diversity

is presented in context of other metagenomes in the same project.

Figure 22.12 The analysis flowchart provides an overview of the fractions of sequences
“surviving” the various steps of the automated analysis. In this case, about 20% of
sequences were filtered during quality control. From the remaining 37,122,128
sequences, 53.5% were predicted to be protein coding, 5.5% hit ribosomal RNA. From
the predicted proteins, 76.8% could be annotated with a putative protein function. Out
of 32 million annotated proteins, 24 million have been assigned to a functional classi-
fication (SEED, COG, EggNOG, KEGG), representing 84% of the reads.
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3.3.4.2 Functional breakdown
This section contains four pie charts providing a breakdown of the func-

tional categories for KEGG (Kanehisa et al., 2012), COG (Vasudevan,

Wolf, Yin, & Natale, 2003), SEED subsystems (Overbeek et al., 2005),

and EggNOGs ( Jensen et al., 2008). Clicking on the individual pie chart

slices will save the respective sequences to the workbench.

The relative abundance of sequences per functional category can be

downloaded as a spreadsheet and users can browse the functional break-

downs via the Krona tool (Ondov, Bergman, & Phillippy, 2011) integrated

in the page.

A more detailed functional analysis, allowing the user to manipulate

parameters for sequence similarity matches, is available via the analysis page.

3.4. The analysis page
The MG-RAST annotation pipeline produces a set of annotations for each

sample; these annotations can be interpreted as functional or taxonomic

abundance profiles. The analysis page can be used to view these profiles

for a single metagenome, or compare profiles from multiple metagenomes

using various visualizations (e.g., heatmap) and statistics (e.g., PCoA,

normalization).

Figure 22.13 Organism breakdown: sample rank abundance plot by phylum.
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The page breaks down in three parts following a typical workflow

(Fig. 22.14):

1. Selection of an MG-RAST analysis scheme, that is, selection of a partic-

ular taxonomic or functional abundance profile mapping. For taxonomic

annotations, since there is not always a unique mapping from hit to

annotation, we provide three interpretations: best hit, representative

hit, and lowest common ancestor (LCA) as explained below. Functional

annotations can be either grouped into mappings to functional hierar-

chies or displayed without a hierarchy. In addition, the recruitment plot

displays the recruitment of protein sequences against a reference

genome.

2. Selection of sample and parameters. This dialog allows the selection of

multiple metagenomes which can be compared individually, or selected

and compared as groups. Comparison is always relative to the annotation

source, e-value, and percent identity cutoffs selectable in this section. In

addition to the metagenomes available in MG-RAST, sets of sequences

previously saved in the workbench can be selected for visualization.

3. Data visualization and comparison. Depending on the selected profile

type, the profiles for the metagenomes can be visualized and compared

using “bar charts,” “trees,” spreadsheet like “tables,” “heatmaps,”

“PCoA,” “rarefaction plots,” “Circular recruitment plot,” and

KEGG maps.

Figure 22.14 Using the analysis page is a three-step process. First, select a profile and
hit (see below) type. Second, select a list of metagenomes and set annotation source
and similarity parameters. Third, choose a comparison.
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3.4.1 Representative hit, best hit, and lowest common
ancestor interpretation

MG-RAST searches the nonredundant M5NR and M5RNA databases in

which each sequence is unique. These two databases are built from multiple

sequence database sources, and the individual sequences may occur multiple

times in different strains and species (and sometimes genera) with 100%

identity. In these circumstances, choosing the “right” taxonomic informa-

tion is not a straightforward process.

To optimally serve a number of different use cases, we have implemented

three different ways of finding the “right” function or taxon information.

This impacts the end-user experience as they have three different methods

to choose the number of hits reported for a given sequence in their dataset.

The details on the three different classification functions implemented are

given in the following sections.

3.4.1.1 Best hit
The best hit classification reports the functional and taxonomic annotation

of the best hit in the M5NR for each feature. In those cases where the sim-

ilarity search yields multiple same-scoring hits for a feature, we do not

choose any single “correct” label. For this reason, we have decided to “dou-

ble count” all annotations with identical match properties and leave deter-

mination of truth to our users. While this approach aims to inform about the

functional and taxonomic potential of a microbial community by preserving

all information, subsequent analysis can be biased because of a single feature

havingmultiple annotations, leading to inflated hit counts. If you are looking

for a specific species or function in your results, the “best hit” function is

likely what you are looking for.

3.4.1.2 Representative hit
The representative hit classification selects a single unambiguous annotation

for each feature. The annotation is based on the first hit in the homology

search and the first annotation for that hit in our database. This makes counts

additive across functional and taxonomic levels and thus allows, for example,

to compare functional and taxonomic profiles of different metagenomes.

3.4.1.3 Lowest common ancestor
To avoid the problem of multiple taxonomic annotations for a single feature,

we provide taxonomic annotations based on the widely used LCA method

introduced by MEGAN (Huson, Auch, Qi, & Schuster, 2007). In this
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method, all hits that have a bit score close to the bit score of the best hit are

collected. The taxonomic annotation of the feature is then determined by

computing the LCA of all species in this set. This replaces all taxonomic

annotations from ambiguous hits with a single higher-level annotation in

the NCBI taxonomy tree.

The number of hits (occurrences of the input sequence in the database)

may be inflated if the “best hit” filter is used, or your favorite species might

be missing despite a very similar sequence similarity result if using the “rep-

resentative hit” classifier function (in fact, 100% identical match to your

favorite species exists).

One way to consider both “representative” and “best” hit is that they

overinterpret the available evidence; with the LCA classifier function, any

input sequence is only classified down to a trustworthy taxonomic level.

While naively this seems to be the best function to choose in all cases as

it classifies sequences to varying depths, this causes problems for downstream

analysis tools that might rely on everything being classified to the same level.

3.4.2 Normalization
Normalization refers to a transformation that attempts to reshape an underly-

ing distribution. A large number of biological variables exhibit a log-normal

distribution, meaning that when you transform the data with a log transfor-

mation, the values exhibit a normal distribution. Log transformation of the

counts data makes a normalized data product that is more likely to satisfy

the assumptions of additional downstream tests like ANOVA or t-tests.

Standardization is a transformation applied to each distribution in a group

of distributions so that all distributions exhibit the same mean and the same

standard deviation. This removes some aspects of intersample variability and

can make data more comparable. This sort of procedure is analogous to

commonly practiced scaling procedures but is more robust in that it controls

for both scale and location.

The analysis page calculates the ordination visualizations with either raw

or normalized counts, at the user’s option. The normalization procedure is

to take

normalized value i¼ log2 raw counts iþ1ð Þ:
And then the standardized values are calculated from the normalized

values by subtracting the mean of each sample’s normalized values and divid-

ing by the standard deviation of each sample’s normalized values.

standardized i¼ normalized i�mean normalized if gð Þð Þ=stddev normalized if gð Þ
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You can read more about these procedures in a number of texts—we

recommend Terry Speed’s “Statistical Analysis of Gene Expression in

Microarray Data” (ISBN1584883278).

When data exhibit a nonnormal, normal, or unknown distribution, non-

parametric tests (e.g., Mann–Whitney or Kruskal–Wallis) should be used.

Boxplots are an easy way to check—and the MG-RAST analysis page pro-

vides boxplots of the standardized abundance values for checking the com-

parability of samples (Fig. 22.15).

3.4.3 Heatmap/dendrogram
The heatmap/dendrogram (Fig. 22.16) is a tool that allows an enormous

amount of information to be presented in a visual form that is amenable

to human interpretation. Dendrograms are trees that indicate similarities

between annotation vectors. The MG-RAST heatmap/dendrogram

has two dendrograms, one indicating the similarity/dissimilarity among

metagenomic samples (x-axis dendrogram) and another indicating the sim-

ilarity/dissimilarity among annotation categories (e.g., functional roles; the

y-axis dendrogram). A distance metric is evaluated between every possible

pair of sample abundance profiles. A clustering algorithm (e.g., ward-based

clustering) then produces the dendrogram trees. Each square in the heatmap

dendrogram represents the abundance level of a single category in a single

sample. The values used to generate the heatmap/dendrogram figure can

be downloaded as a table by clicking on the “download” button.

3.4.4 Bar chart and tree
The bar chart and tree tools map raw or normalized abundances onto func-

tional or taxonomic hierarchies. The bar chart tool presents mapping onto

the highest category of a hierarchy (e.g., Domain) and allows a drill down

into the hierarchy. In addition, reads from a specific level can be added into

the workbench.

3.4.5 Ordination
MG-RAST uses principle coordinate analysis (PCoA) to reduce the dimen-

sionality of comparisons of multiple samples that consider functional or

taxonomic annotations.

PCoA is a well-known method for dimensionality reduction of large

datasets. Dimensionality reduction is a process that allows the complex
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variation found in large datasets (e.g., the abundance values of thousands of

functional roles or annotated species across dozens of metagenomic samples)

to be reduced to a much smaller number of variables that can be visualized as

simple 2- or 3-dimensional scatter plots. The plots enable interpretation of

the multidimensional data in a human-friendly presentation. Samples that

exhibit similar abundance profiles (taxonomic or functional) group together,

whereas those that differ are found further apart. A key feature of PCoA-

based analyses is that users can compare components not just to each other,

but to metadata-recorded variables (e.g., sample pH, biome, DNA
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Figure 22.15 Boxplots of the abundance data for raw values (top) as well as values that
have undergone the normalization and standardization procedure described above
(bottom). It is clear that after normalization and standardization, samples exhibit value
distributions that are much more comparable, and that exhibit a normal distribution;
the normalized and standardized data are suitable for analysis with parametric tests,
the raw data are not.
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Fatty Acids, Lipids, and Isoprenoids

Cofactors, Vitamins, Prosthetic Groups, Pigments
Virulence, Disease and Defense
Clustering-based subsystems
Carbohydrates
Miscellaneous
Amino Acids and Derivatives
Membrane Transport
RNA Metabolism
DNA Metabolism
Cell Wall and Capsule
Protein Metabolism
Motility and Chemotaxis
Metabolism of  Aromatic Compounds
Nucleosides and Nucleotides
Respiration
Regulation and Cell signaling
Cell Division and Cell Cycle
Stress Response
Phosphorus Metabolism
Iron acquisition and metabolism
Sulfur Metabolism
Photosynthesis
Secondary Metabolism
Dormancy and Sporulation
Potassium metabolism
Nitrogen Metabolism
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Figure 22.16 Heatmap/dendrogram example in MG-RAST. The MG-RAST heatmap/dendrogram has two dendrograms, one indicating the
similarity/dissimilarity among metagenomic samples (x-axis dendrogram) and another to indicate the similarity/dissimilarity among anno-
tation categories (e.g., functional roles; the y-axis dendrogram).



extraction protocol, etc.) to reveal correlations between extracted variation

and metadata-defined characteristics of the samples. It is also possible to cou-

ple PCoA with higher-resolution statistical methods to identify individual

sample features (taxa or functions) that drive correlations observed in PCoA

visualizations. This can be accomplished with permutation-based statistics

applied directly to the data before calculation of distance measures used

to produce PCoAs, or by applying conventional statistical approaches

(e.g., ANOVA or Kruskal–Wallis test) to groups observed in PCoA-based

visualizations.

3.4.6 Table
The table tool creates a spreadsheet-based abundance table that can be

searched and restricted by the user. Tables can be generated at user-selected

levels of phylogenetic or functional resolution. Table data can be visualized

using Krona (Ondov et al., 2011) and can be exported in BIOM format to be

used in other tools, for example, QIIME (Caporaso et al., 2010), or the tables

can be exported as tab-separated text. Abundance tables serve as the basis for

all comparative analysis tools in MG-RAST, from PCoA to heatmap–

dendrograms.

3.4.7 KEGG maps
The KEGG map tool allows the visual comparison of predicted metabolic

pathways in metagenomic samples. It maps the abundance of identified

enzymes onto a KEGG (Kanehisa et al., 2012) map of functional pathways.

Metagenomes can be assigned into one of the two groups and those groups

can be visually compared.

4. HOW TO DRILL DOWN USING THE WORKBENCH

One of the new features of MG-RAST v3 is the workbench. It is the

main mechanism for exchanging subsets of data between analysis views. It

also allows you to download the FASTA files of a selection of proteins.

When you initially go to the analysis page, your workbench will be

empty. It is displayed as the leftmost tab in the data tabular view. So,

how do you get data into the workbench? There are two simple ways to

select data subsets—from any generated table or from the drill down of a

bar chart.

Try this example: Start by selecting the lean and the obese mouse cecum

samples (MG-RAST IDs 4440463.3 and 4440464.3) (Turnbaugh et al.,
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2006) in the data selection and creating a table. To do this, go to the analysis

page and select the analysis view “Organism Classification.” Expand the

metagenome selection by clicking the plus symbol next to metagenomes.

Select public from the drop-down box (to view only public datasets) and

type “mouse” into the filter box. Select the two samples, click the button

with the right arrow, and then click the ok button. The default data visu-

alization is table, so you can click the “generate” button (Fig. 22.17).

After a short wait, a new tab will appear in the tabview below (see

Fig. 22.18), showing the data table with organism classifications for the

two samples. The last column of this table will have a button labeled “to

workbench” as the column header. Each cell in that column will have a

checkbox. Checking a checkbox and clicking the “to workbench”-button

will send the proteins identified by that row to the workbench (Fig. 22.19).

Note that you only have one workbench and putting a new set of proteins

into it will replace the current content. So what if I want to select all

Figure 22.17 Screenshot of the analysis page and workbench tab. Note that users can
search and select metagenomes to analyze, the annotation courses and parameters to
set, along with the analysis and visualization they want to perform.
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Bacteria? Do I really need to click through all those checkboxes? No—you

can use the grouping feature of the table, so you only have to click one

checkbox per metagenome.

Above the table, you will find a drop-down box labeled “group table by”

(Fig. 22.20). Select “domain” and the table will be grouped, so there is only

one row per metagenome and domain.

Now check the two boxes in the “Bacteria” rows and click the “to

workbench” button.

A pop-up message will appear, telling you howmany proteins have been

sent to the workbench. If you take a look at the tabular view now, you will

notice that the workbench tab shows the number of proteins it currently

contains. If you click on that tab, you will get information about what

the workbench contains. On this tab, you will also find a “download as

FASTA” button.

Figure 22.18 View of the workbench with the summary of the proteins that have been
added.

Figure 22.19 Use the table to select results you want to add to your workbench for fur-
ther analyses.
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Aside from being able to download the sequences of your selected pro-

teins, you can also use them to generate other visualizations. This includes

switching from organism to functional classification. To do this, simply

check the “use proteins from workbench” checkbox in the data selection

when generating a new visualization, for example, a circular tree using

the proteins we just buffered.

The table is not the only visualization that allows one to put a sub-

selection into the workbench. You can also use the bar chart to do this

(Fig. 22.21). Simply click on the “to workbench” button next to the head-

line of a drilldown. Note that you cannot put the topmost bar chart into the

workbench, as it is not yet a subselection of proteins.

4.1. 2.6 Downloads
The workbench feature stores subselections of data and allows those to be

used as input for further selection or displays, for example, select all

Escherichia coli reads and then display the functional categories present just

in E. coli reads across multiple datasets. In addition, the workbench allows

downloading the annotated reads for the subselection stored in the work-

bench as fasta (Fig. 22.22).

Figure 22.20 Use the tables to group results.
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Once processing datasets in MG-RAST is finished, a download page is

created for the project. On this page, all data products created during the

computation are made available as files. In addition, datasets which have

been published in MG-RAST have links to an ftp site at the top of this page

where you can download additional information.

4.2. Viewing evidence
For individual proteins, the MG-RAST page allows users to retrieve the

sequence alignments underlying the annotation transfers (see Fig. 22.23).

Using the M5NR (Wilke et al., 2011) technology, users can retrieve align-

ments against the database of interest with no additional overhead.

Figure 22.21 In addition to the results table, users can download results or add to their
workbench from bar charts.

Figure 22.22 The workbench facilitates the download of selected reads using the name
space of the selection.
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5. MG-RAST DOWNLOADS

One of the critical insights when developing MG-RAST version 3

was the need to make a maximum number of data products available for

download for downstream analysis. For this purpose, we have created the

download page that contains all automatically created data products in a sin-

gle location for each metagenome. In addition, a global download page pro-

vides access to all public datasets grouped by projects.

Below, we list the data products available on the download page for each

metagenome using a specific example (MG-RAST ID: 4465825.3).

Uploaded File(s)

DNA (4465825.3.25422.fna)

Uploaded nucleotide sequence data in FASTA format.

Preprocessing

Depending on the options chosen, the preprocessing step filters sequences

based on length, number of ambiguous bases, and quality values if available.

Figure 22.23 BLAT hit details with alignment.
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passed, DNA (4465825.3.100.preprocess.passed.fna)

A FASTA formatted file containing the sequences which were accepted and

will be passed on to the next stage of the analysis pipeline.

removed, DNA (4465825.3.100.preprocess.removed.fna)

A FASTA formatted file containing the sequences which were rejected and

will not be passed on to the next stage of the analysis pipeline.

Dereplication

The optional dereplication step removes redundant “technical replicate”

sequences from the metagenomic sample. Technical replicates are identified

by binning reads with identical first 50 base pairs. One copy of each

50-base-pair identical bin is retained.

passed, DNA (4465825.3.150.dereplication.passed.fna)

A FASTA formatted file containing one sequence from each bin which will

be passed on to the next stage of the analysis pipeline.

removed, DNA (4465825.3.150.dereplication.removed.fna)

A FASTA formatted file containing the sequences which were identified as

technical replicates and will not be passed on to the next stage of the analysis

pipeline.

Screening

The optional screening step screens reads against model organisms using

bow tie to remove reads which are similar to the genome of the selected

species.

passed, DNA (4465825.3.299.screen.passed.fna)

A FASTA formatted file containing the reads which had no similarity to the

selected genome and will be passed on to the next stage of the analysis

pipeline.

Prediction of protein-coding sequences

Coding regions within the sequences are predicted using FragGeneScan, an

ab initio prokaryotic gene calling algorithm. Using a hidden Markov model

for coding regions and noncoding regions, this step identifies the most likely

reading frame and translates nucleotide sequences into amino acid

sequences. The predicted coding regions, possibly more than one per

fragment, are called features.

coding, Protein (4465825.3.350.genecalling.coding.faa)

A amino acid sequence FASTA formatted file containing the translations of

the predicted coding regions.

coding, DNA (4465825.3.350.genecalling.coding.fna)

A nucleotide sequence FASTA formatted file containing the predicted

coding regions.
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RNA Clustering

Sequences from step 2 (before dereplication) are prescreened for at least 60%

identity to ribosomal sequences and then clustered at 97% identity using

UCLUST. These clusters are checked for similarity against the ribosomal

RNA databases (Greengenes, LSU, SSU, and RDP).

rna97, DNA (4465825.3.440.cluster.rna97.fna)

A FASTA formatted file containing sequences that have at least 60% identity

to ribosomal sequences and are checked for RNA similarity.

rna97, Cluster (4465825.3.440.cluster.rna97.mapping)

A tab-delimited file that identifies the sequence clusters and the sequences

that comprise them.

The columns making up each line in this file are:

1. Cluster ID, for example, rna97_998

2. Representative read ID, for example, 11909294

3. List of IDs for other reads in the cluster, for example,

11898451,11944918

4. List of percentage identities to the representative read sequence, for

example, 97.5%, 100.0%

RNA similarities

The two files labeled “expand” are comma- and semicolon-delimited files

that provide the mappings from md5s to function and md5s to taxonomy:

annotated, Sims (4465825.3.450.rna.expand.lca)

annotated, Sims (4465825.3.450.rna.expand.rna)

Packaged results of the blat search against all the DNA databases with md5

value of the database sequence hit followed by sequence or cluster ID, sim-

ilarity information, annotation, organism, database name.

raw, Sims (4465825.3.450.rna.sims)

This is the similarity output from BLAT. This includes the identifier for the

query which is either the FASTA ID or the cluster ID, and the internal iden-

tifier for the sequence that it hits.

The fields are in BLAST m8 format:

1. Query ID (either fasta ID or cluster ID), for example, 11847922

2. Hit ID, for example, lcl|501336051b4d5d412fb84afe8b7fdd87

3. percentage identity, for example, 100.00

4. alignment length, for example, 107

5. number of mismatches, for example, 0

6. number of gap openings, for example, 0

7. q.start, for example, 1

8. q.end, for example, 107

9. s.start, for example, 1262

10. s.end, for example, 1156
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11. e-value, for example, 1.7e-54

12. score in bits, for example, 210.0

filtered, Sims (15:04 4465825.3.450.rna.sims.filter)

This is a filtered version of the raw Sims file above that removes all but the

best hit for each data source.

Gene Clustering

Protein-coding sequences are clustered at 80% identity with UCLUST.

This process does not remove any sequences but instead makes the similarity

search step easier. Following the search, the original reads are loaded into

MG-RAST for retrieval on-demand.

aa90, Protein (4465825.3.550.cluster.aa90.faa)

An amino acid sequence FASTA formatted file containing the translations

of one sequence from each cluster (by cluster IDs starting with aa90_) and all

the unclustered (singleton) sequences with the original sequence ID.

aa90, Cluster (4465825.3.550.cluster.aa90.mapping)

A tab-separated file in which each line describes a single cluster.

The fields are:

1. Cluster ID, for example, aa90_3270

2. protein-coding sequence ID including hit location and strand, for exam-

ple, 11954908_1_121_þ
3. additional sequenceIDs including hit location and strand, for example,

11898451_1_119_þ,11944918_19_121_þ
4. sequence % identities, for example, 94.9%,97.0%

Protein similarities

annotated, Sims (4465825.3.650.superblat.expand.lca)

The expand.lca file decodes the md5 to the taxonomic classification it is

annotated with.

The format is:

1. md5(s), for example, cf036dfa9cdde3a8a4c09d7fabfd9ba5;1e538305b

8319dab322b8f28da82e0a1

2. feature ID (for singletons) or cluster ID of hit including hit location and

strand, for example, 11857921_1_101_-

3. alignment %, for example, 70.97;70.97

4. alignment length, for example, 31;31

5. e-value, for example, 7.5e-05;7.5e-05

6. Taxonomic string, for example, Bacteria; Actinobacteria; Actinobacteria

(class); Coriobacteriales; Coriobacteriaceae; Slackia; Slackia exigua;-

annotated, Sims (4465825.3.650.superblat.expand.protein)

Packaged results of the blat search against all the protein databases with md5

value of the database sequence hit followed by sequence or cluster ID,

similarity information, functional annotation, organism, database name.
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Format is:

1. md5 (identifier for the database hit), for example,

88848aa7224ca2f3ac117e7953edd2d9

2. feature ID (for singletons) or cluster ID for the query, for example,

aa90_22837

3. alignment % identity, for example, 76.47

4. alignment length, for example, 34

5. e-value, for example, 1.3e-06

6. protein functional label, for example, SsrA-binding protein

7. Species name associated with best protein hit, for example, Prevotella

bergensis DSM 17361 RefSeq 585502

raw, Sims (4465825.3.650.superblat.sims)

Blat output with sequence or cluster ID, md5 value for the sequence in the

database and similarity information.

filtered, Sims (4465825.3.650.superblat.sims.filter)

Blat output filtered to take only the best hit from each data source.

6. DISCUSSION

Wehave describedMG-RAST, a community resource for the analysis

of metagenomic sequence data. We have developed a new pipeline and

environment for automated analysis of shotgun metagenomic data as well

as a series of interactive tools for comparative analysis. The pipeline is also

being used for the analysis of metatranscriptome data as well as amplicon data

of various kinds. This service is being used by thousands of users worldwide,

many contributing their data and analysis results to the community. We

believe that community resources, such as MG-RAST, will fill a vital role

in the bioinformatics ecosystem in the years to come.

MG-RAST has become a community clearinghouse for metagenomic

data and analysis, with over 12,000 public datasets that can be freely used.

Because analysis was performed in a uniform way, these datasets can be used

as building blocks for new comparative analysis; so long as new datasets are

analyzed similarly, results are robustly comparable between new and old

dataset analysis. These datasets (and the resulting analysis data products)

are made available for download and reuse as well.

Community resources like MG-RAST provide an interesting value

proposition to the metagenomics community. First, it enables low-cost

meta-analysis. Users utilize the data products in MG-RAST as a basis for
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comparison without the need to reanalyze every dataset used in their studies.

The high computational cost of analysis (Wilkening, Wilke, Desai, &

Meyer, 2009) makes precomputation a prerequisite for large-scale meta-

analyses. In 2001, Angiuoli et al. determined the real currency cost of

reanalysis for the over 12,000 datasets openly available on MG-RAST to

be in excess of 30 million U.S. dollars if Amazon’s EC2 platform is used

(Angiuoli et al., 2011). This figure does not consider the 66,000 private

datasets that have been analyzed with MG-RAST.

Second, it provides incentives to the community to adopt standards, in

terms of both metadata and analysis approaches. Without this standardiza-

tion, data products are not readily reusable, and computational costs quickly

become unsustainable. We are not arguing that a single analysis is necessarily

suitable for all users, rather we are pointing out that if one particular type of

analysis is run for all datasets, the results can be efficiently reused, amortizing

costs. Open access to data and analyses foster community interactions that

make it easier for researchers’ efforts to achieve consensus with respect to

establishing best practices as well as identifying methods and analyses that

could provide misleading results.

Third, community resources drive increased efficiency and computa-

tional performance. Community resources consolidate the demand for anal-

ysis resources sufficiently to drive innovation in algorithms and approaches.

Due to this demand, the MG-RAST team has needed to scale the efficiency

of their pipeline by a factor of nearly 1000 over the past 4 years. This drive

has caused improvements in gene calling, clustering, sequence quality anal-

ysis, as well as many other areas. In less specialized groups with less extreme

computational needs, this sort of efficiency gain would be difficult to

achieve. Moreover, the large quantities of datasets that flow through the sys-

tem have forced the hardening of the pipeline against a large variety of

sequence pathology types that would not be readily observed in smaller

systems.

We believe that our experiences in the design and operation of

MG-RAST are representative of bioinformatics as a whole. The community

resource model is critical if we are to benefit from the exponential growth in

sequence data. These data have the potential to enable new insights into the

world around us, but only if we can analyze them effectively. It is only due to

this approach that we have been able to scale to the demands of our users

effectively, analyzing over 200 billion sequences thus far.

We note that scaling to the required throughput by adding hardware to

the system or simply renting time using an unoptimized pipeline on, for
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example, Amazon’s EC2 machine would not be economically feasible. The

real currency cost on EC2 for the data currently analyzed in MG-RAST (26

Terabasepairs) would be in excess of 100 million U.S. dollars using an

unoptimized workflow like CLOVR (Angiuoli et al., 2011).

All of MG-RAST is open source and available on https://github.com/

MG-RAST.

7. FUTURE WORK

WhileMG-RAST v3 is a substantial improvement over prior systems,

much work remains to be done. Dataset sizes continue to increase at an

exponential pace. Keeping up with this change remains a top priority, as

metagenomics users continue to benefit from increased resolution of micro-

bial communities. Upcoming versions of MG-RASTwill include (1) mech-

anisms for speeding pipeline up using data reduction strategies that are

biologically motivated; (2) opening up the data ecosystem via an API that

will enable third-party development and enhancements; (3) providing dis-

tributed compute capabilities using user-provided resources; and (4) provid-

ing virtual integration of local datasets to allow comparison between local

data and shared data without requiring full integration.
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Abstract

Metagenomics has revolutionized microbiological studies during the past decade and
provided new insights into the diversity, dynamics, and metabolic potential of natural
microbial communities. However, metagenomics still represents a field in development,
and standardized tools and approaches to handle and compare metagenomes have
not been established yet. An important reason accounting for the latter is the contin-
uous changes in the type of sequencing data available, for example, long versus short
sequencing reads. Here, we provide a guide to bioinformatic pipelines developed to
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accomplish the following tasks, focusing primarily on those developed by our team:
(i) assemble a metagenomic dataset; (ii) determine the level of sequence coverage
obtained and the amount of sequencing required to obtain complete coverage;
(iii) identify the taxonomic affiliation of a metagenomic read or assembled contig;
and (iv) determine differentially abundant genes, pathways, and species between dif-
ferent datasets. Most of these pipelines do not depend on the type of sequences avail-
able or can be easily adjusted to fit different types of sequences, and are freely available
(for instance, through our lab Web site: http://www.enve-omics.gatech.edu/). The lim-
itations of current approaches, as well as the computational aspects that can be further
improved, will also be briefly discussed. The work presented here provides practical
guidelines on how to perform metagenomic analysis of microbial communities charac-
terized by varied levels of diversity and establishes approaches to handle the resulting
data, independent of the sequencing platform employed.

1. INTRODUCTION

Culture-independent whole-genome shotgun (WGS) DNA sequenc-

ing has revolutionized the study of the diversity and ecology of microbial

communities during the last decade (Handelsman et al., 2007). However,

the tools to analyze metagenomic data are clearly lagging behind develop-

ments in sequencing technologies, and several important bioinformatic chal-

lenges remain (Hugenholtz & Tyson, 2008; Kunin, Copeland, Lapidus,

Mavromatis, & Hugenholtz, 2008). For instance, metagenomic studies of

environmental samples typically recover only short (e.g.,<10 kb long) frag-

ments of the genome, which only rarely contain rRNA genes, the backbone

of bacterial identification and taxonomic classification (Brenner, Staley, &

Krieg, 2001), either because of chance (<0.1% of the genome is represented

by rRNA genes) or the high similarity among rRNA genes from distinct

organisms that prevents their correct assembly from metagenomic data

(Miller, Baker, Thomas, Singer, & Banfield, 2011). Accordingly, identifying

and studying novel taxa based onmetagenomic approaches remain challeng-

ing due to the lack of appropriate non-rRNA-based methods and reference

genomes.

Most metagenomic surveys to date have sampled only a small fraction of

the total diversity within the target community, especially in highly complex

soil/sediment microbial communities (Delmont, Simonet, & Vogel, 2012;

Tyson et al., 2004), and the amount of additional sequencing required to

cover the whole diversity has typically remained speculative. Generally

speaking, this fraction is termed coverage and depends on both the
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sequencing effort and the diversity of the microbial community in the sam-

ple. Incomplete coverage does not prevent researchers from reaching valu-

able conclusions about the communities under study, but it constitutes a

source of uncertainty and limits several downstream analyses such as assessing

the importance of low-abundance (rare) community members. Estimating

the diversity of a sample in terms of the number of species or operational

taxonomic units (OTUs) present is challenging. Current approaches mainly

rely on the construction of rarefaction curves (or similar approaches) based

on the identification of OTUs (e.g., Caporaso et al., 2010; Schloss &

Handelsman, 2005). The application of these techniques in short-read

datasets, however, requires either the use of a reference database (to

assign/recruit reads to reference sequences and then cluster reference

sequences in OTUs) or clustering of assembled sequences (reference-free

approach). The former is biased by the limited number of reference genes

available in the databases, with the probable exception of the 16S rRNA

gene (Cole, Konstantinidis, Farris, & Tiedje, 2010). The latter is biased

by the use of phylogenetic markers that are much more conserved than

the average gene in the genome (in order to be sufficiently similar to allow

clustering/alignments) such as the ribosomal rRNA genes. However,

important levels of genomic and ecological differentiation frequently under-

lie identical 16S rRNA gene sequences (Acinas et al., 2004; Konstantinidis,

Ramette, & Tiedje, 2006).

A related challenge for metagenomics is how to identify differentially

present genes, pathways, and species between datasets. The issue is compli-

cated not only by the low coverage achieved in typical metagenomic datasets

but also by the difficulty in defining microbial species (hence, OTUs are typ-

ically preferred instead; reviewed in Caro-Quintero &Konstantinidis, 2012;

Gevers et al., 2005; Rossello-Mora & Amann, 2001) and the short-read

length of current next-generation sequencing (NGS) technologies, which

limits identification and quantification of target phylogenetic markers. For

instance, short-read (i.e., 50–200 bp) NGS technologies have become

increasingly popular due to their high throughput and low cost per

sequenced base, but it remains unclear whether these technologies can be

used to routinely and robustly assemble complete gene and/or individual

genome sequences from complex communities. The low coverage typically

achieved inmetagenomic studies also represents a major challenge for assem-

bly, in addition to short-read length (Delmont, Prestat, et al., 2012). NGS

technologies are also changing continuously and, thus, their sequencing

errors and artifacts need to be examined, and the associated bioinformatic
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pipelines to be updated, on a regular basis (e.g., Luo, Tsementzi, Kyrpides,

Read, & Konstantinidis, 2012).

Here, we describe the bioinformatic approaches others and we have

developed to achieve several of the tasks mentioned earlier, focusing pri-

marily on “how to” accomplish the tasks and the limits of each approach,

depending on the coverage obtained, type of sequencing technology

employed, and objective of the study. A fundamental concept underlying

our own approaches is the sequence-discrete populations. Our recent

review and synthesis of the major metagenomic studies performed to date

on various populations and habitats revealed that natural microbial com-

munities are predominantly composed of discrete populations, with the

intrapopulation sequence diversity typically ranging between �95% and

�100% genome-aggregate average nucleotide identity, or gANI, depending

on the population considered (Caro-Quintero & Konstantinidis, 2012;

Konstantinidis & DeLong, 2008). The 95% gANI level corresponds tightly

to 70% DNA–DNA hybridization, which is commonly used to demarcate

bacterial species (Goris et al., 2007). Whether or not these populations

should be equated to species remains unclear (Caro-Quintero &

Konstantinidis, 2012), but the 95% gANI level appears to represent robust

means to define populations, and hence, OTUs. Accordingly, we employed

95% gANI as needed during our analyses, and our pipelines employ genomic

relatedness measures such as gANI, which offers important advantages com-

pared to traditional approaches based on rRNA genes for the same purposes.

2. HOW TO ASSEMBLE A METAGENOMIC DATASET

Due to the large difference between the desired sequence length for

analysis (e.g., the average bacterial gene length is 950 bp and a typical

Escherichia coli genome is around 4.5 Mbp) and the sequencing read length

provided by NGS (e.g., frequently <200 bp long), assembling WGS reads

is usually the first step of metagenomic studies and represents the foundation

for various downstream analyses. It is a critical yet challenging step, largely

due to short read length and the fact that metagenomes represent mixtures of

different genotypes, some closely related to each other. The objective is to

obtain assemblies with long average contig length (typically measured by

N50, which is defined as the longest length for which the collection of

all contigs of that length or longer contains at least half of the total of the

lengths of the contigs) and high quality (e.g., low frequencies of chimeras

and base call errors).
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Depending on the number of taxa present in the target community lac-

king sequenced representatives, the assembly process may be reference

guided or de novo, or a mixture of both. When appropriate representatives

are available (we recommend >90% gANI between reference genome and

target population), reference-guided assembly is usually optimal. For

instance, more than 3000 reference genomes are currently, or will be soon,

available as part of the HumanMicrobiome Project (HMP; www.hmpdacc.

org). Therefore, to reconstruct bacterial genotypes from human micro-

biome datasets, it is common to first prepare a nonredundant set of reference

genome sequences at a given clustering threshold (e.g., 95% gANI) and then

map the metagenomic reads to these references using mapping tools such as

BLAST (Altschul et al., 1997), BLAT (Kent, 2002), MAQ (Li, Ruan, &

Durbin, 2008), or Burrows–Wheeler transformation-based algorithms,

which are suitable for fast short-read mapping (e.g., Illumina or ABI SOLiD

platforms), including BWA (Li & Durbin, 2009) and Bowtie (Langmead &

Salzberg, 2012). Reads mapped to a reference can then be binned together

for population assembly (see below), substantially reducing complexity and

hence, improving assembly quality. A second round of assembly can be sub-

sequently applied, as necessary, in which the resulting contigs are assembled

together with all reads in an attempt to recover genomic islands present in

the target population but absent from the reference genome (and thus,

missed during the reference-guided assembly).

A more challenging scenario occurs when few or no available references

exist and thus, de novo assembly is needed, as is often the case for

metagenomes from most natural habitats. In general, de novo assemblers fall

into two categories: overlap-based and graph algorithm-based (Miller,

Koren, & Sutton, 2010). The former perform well with long sequences such

as those generated by Roche 454 and Sanger sequencers (Luo, Tsementzi,

Kyrpides, & Konstantinidis, 2012). Exemplary assemblers of this category

include the widely used Newbler package (Margulies et al., 2005), Celera

assembler (Myers et al., 2000), and Arachne (Batzoglou et al., 2002). Graph

algorithm-based assemblers have recently gained popularity for meta-

genomic studies mainly due to the prevalence of short-read sequencing data.

Early generation assemblers from this category employed greedy algorithms

and include SSAKE (Warren, Sutton, Jones, & Holt, 2007), VCAKE ( Jeck

et al., 2007), and SHARCGS (Dohm, Lottaz, Borodina, & Himmelbauer,

2007). They were later outperformed by de Bruijn graph-based algorithms

such as Velvet (Zerbino & Birney, 2008), Euler (Chaisson, Brinza, &

Pevzner, 2009; Chaisson & Pevzner, 2008), SOAPdenovo (Li et al., 2010),
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ABySS (Simpsonet al., 2009), andAllPaths (Butler et al., 2008), eachofwhich

builds its core data structure using different variations of a K-mer graph.

A K-mer graph is composed of nodes, which are short nucleotide sequences

(K-mers), and edges, which connect the nodes. Transitional relationship is a

commonly implemented approach to connect two K-mers; for example,

the 4-mer ATGA can transition to the 4-mer TGAC by removing the

50-end letter A and adding the 30-end letter C.

The latter tools were originally designed for assembly of single genomes, not

metagenomes; and several properties of metagenomes violate basic assumptions

of the corresponding algorithms. For instance, Velvet assumes even coverage

along the target genome—an assumption that does not hold true for

metagenomes, where the relative abundance of each species is almost always dif-

ferent (uneven). Several methods were more recently developed to overcome

these limitations. For example, Meta-IDBA (Peng, Leung, Yiu, & Chin,

2011) and MetaVelvet (Namiki, Hachiya, Tanaka, & Sakakibara, 2012) tackle

the problem by first isolating graphs into components that likely belong to the

same population (or coverage bin) and then performing a variant-tolerating

assembly for each individual component. In our previous study, we developed

a robust hybrid protocol that combines the power of de Bruijn graph algorithms

(Velvet and SOAPdenovo) and overlap-based approaches (Newbler package) to

provide higher-quality assemblies, with larger N50 values (Luo, Tsementzi,

Kyrpides, & Konstantinidis, 2012). In short, this protocol first removes redun-

dancy among preassembled contigs from several independent runs of Velvet

for preferably its metagenomic variant MetaVelvet (Namiki et al., 2012), and

SOAPdenovo using a wide range ofK-mers from 21 to 63 (three runs per algo-

rithm are recommended) and then combines and assembles the remaining con-

tigs into final contigs using Newbler. This hybrid protocol showed a twofold

increase in average contig length and returned about 50%more assembled reads,

while maintaining similar assembled sequence quality when compared with

assemblies solely constructed using Velvet or SOAPdenovo in various

metagenomes, including freshwaterplanktonic (Ohetal., 2011)andoceanbeach

sand samples (Rodriguez-R, Konstantinidis, et al., unpublished).

The ultimate goal in metagenome assembly is to recover whole-genome

sequences. Initially, these efforts were focused on relatively simple commu-

nities, such as the acid mine drainage system (Denef & Banfield, 2012;

Simmons et al., 2008), archaeal symbionts of marine sponges (Hallam

et al., 2006), and the gut microbiome of premature infants (Morowitz

et al., 2011), and combined manual inspection with popular assembly soft-

ware. It is important to note that in all these studies, a mosaic genome
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representing the average genome of the target population, rather than a sin-

gle genotypic variant present in the sample, was recovered.

More recently, successful assembly of genomes from complex commu-

nities using more automated approaches has been reported. For instance,

Iverson and colleagues were able to recover nearly completed genomes of

marine Euryarchaeota, Thaumarchaeota, and Flavobacteria, each representing

4–10% of a surface water metagenome, by using paired-end read informa-

tion of a jumping library (insert size 2–3 kb as opposed to the typical

�300 bp size) to link precontigs (Iverson et al., 2012). Wrighton and col-

leagues recovered 49 incomplete genomes from groundwater metagenomes

(completeness level varied between 41% and 95%) spanning different phyla

by integrating self-organizing, map-based sequence binning methods and

iterative coassembling techniques (Wrighton et al., 2012). As metagenomic

sequencing becomes more and more affordable, related metagenomes along

spatial and temporal (i.e., time-series) gradients will be increasingly com-

mon. Hence, there is a need to develop robust genome assembly methods

suitable for time-series metagenomes.

In our experience, it is nearly impossible to obtain assemblies that

resolve the genomes of closely related, co-occurring genotypes (strains)

of the same population for almost any sample or method employed as

the intrapopulation divergence is usually too small for assemblers to differ-

entiate, frequently at the same level as sequencing errors. However, in

some special cases of low-diversity communities or deep-branching

populations (i.e., no close relatives co-occurring in the community), it

has been possible to resolve a small set of target gene sequences at the strain

level with the aid of visualization tools such as Strainer (Eppley, Tyson,

Getz, & Banfield, 2007) or computationally intensive expectation–

maximization (EM) algorithm-based methods such as EMIRGE (Miller

et al., 2011). We have also recently performed a comprehensive in silico

evaluation of the strain level resolution of our hybrid assembly protocol

for different scenarios of intrapopulation genetic structure, and the reader

is directed to the original publication for further details (Luo, Tsementzi,

Kyrpides, & Konstantinidis, 2012).

Metagenomic assemblies should be carefully evaluated before being used

for further analysis. Factors that can affect assembly quality include the

intrinsic characteristics of the target community (e.g., richness and evenness

of species, GþC% content and size of genomes, and abundance of repeated

sequences), the experimental design (e.g., sequencing throughput, library

size, and the choice of sequencing platform), and the parameter settings
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of the assembler. To evaluate the effect of these factors, simulated systems

have been extensively used. For instance, Charuvaka and Rangwala evalu-

ated the relationship between assembly quality (e.g., chimera frequency,

average contig length) and community complexity and choice ofK-mer size

using simulated reads (Charuvaka & Rangwala, 2011). In our previous

study, we spiked-in real Illumina reads of isolate genomes into Illumina

metagenomes, instead of using simulated reads (Luo, Tsementzi,

Kyrpides, & Konstantinidis, 2012), and this approach provides reliable

means to evaluate several parameters of the assembly (Fig. 23.1). The eval-

uation showed that, with about 20� coverage of the target population, its

genome can be recovered at high-draft status (Branscomb & Predki, 2002),

while at lower coverage levels, chimeric contigs increase in frequency and

probably cause, in part, community diversity to be (artificially) over-

estimated. The relationships among population coverage and different types

of sequencing errors and artifacts were examined more thoroughly for

100-bp-long Illumina data, and the reader is referred to the original publi-

cations for further details (Luo, Tsementzi, Kyrpides, & Konstantinidis,

2012; Luo, Tsementzi, Kyrpides, Read, et al., 2012).

“Spiked-in”  
metagenome

Reference genome

Compare

Assembly
pipelines 

Metagenomic assembly Reference assembly

Reference genome

Metagenome

(e.g., E. coli)

Figure 23.1 An approach to assess assembly parameters and output based on in silico-
generated “spiked-in”metagenomes. To assess the impact of assembly parameters (e.g.,
K-mer, consensus cutoff, and minimum coverage), reads of reference genome(s), gen-
erated ideally from the same sequencing platform as the target metagenome, are
spiked into the metagenome to form an in silico dataset. This in silico dataset is sequen-
tially assembled, and the assembled contigs are compared against the reference
genome sequence or the contigs assembled from the reference genome data alone.
Note that a similar approach can be used for other purposes, for instance, to assess tools
for functions other than assembly.
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3. HOW TO DETERMINE THE FRACTION OF THE
COMMUNITY CAPTURED IN A METAGENOME

Almost all metagenomic datasets published today lack completeness,

that is, they do not capture all the DNAmolecules or species within the tar-

get community. Several approaches have been devised to assess the level of

community coverage, depending on the specific aim of the study and the

additional information available about the community.

3.1. Single species analysis
In the simplest case, the objective is to determine the whole-genome cov-

erage of one or a few target species or, more precisely, the coverage breadth,

to differentiate from the average number of times each position is sequenced

(called sequencing depth and sometimes referred to as coverage depth); the

captured fraction of the remaining genomes of the community is not rele-

vant. In 1988, Lander and Waterman (1988) provided a model aiming to

solve this problem. In this model, the coverage breadth of a genome can

be predicted from the sequencing depth. The latter can be easily estimated

as the total size of the dataset multiplied by the abundance of the target spe-

cies and divided by its genome size. For example, if a species constitutes

about 4% of the community, with a genome of 4 Mbp, the expected

sequencing depth in a metagenome of 300 Mbp would be 3�. That is,

each position of the genome is sequenced three times, on average. Next,

the following expression can be applied to predict the coverage breadth:

Covbreadth¼ 1� e�Covdepth

For the given example above, the expected coverage breadth will be

95%. Although the Lander–Waterman model is still widely used, more

refined models have been proposed (e.g., Wendl, 2006; Wendl, Kota,

Weinstock, & Mitreva, 2012; Wendl et al., 2001), but no software

implementations of the latter models are currently available.

3.2. Whole community analysis based on single gene markers
Amore complex, but also more common, scenario is to target a specific gene

marker, as opposed to a given taxon, to assess its total diversity and/or new

variants in the sample. Typical examples include the analysis of rRNA genes,

which can also provide taxonomic information, and thus, estimations of the

total number of taxa in the community. All gene-based analyses have a
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common step, that is, to cluster sequences into OTUs. This allows the appli-

cation of a well-known family of indexes derived from the nonparametric

Good’s coverage estimator (Good, 1953). Good’s estimator has been shown

to be statistically efficient (Esty, 1986), and yet it benefits from its simplicity:

eC¼ 1� n1

N

where n1 is the number of clusters (or OTUs) found with only one observa-

tion and N is the total number of clusters or taxa, if clustering was based on

rRNAgene sequences, found. Alternatively, one can estimate the total num-

ber of clusters or taxa (as opposed to coverage) using the Chao1 index (Chao,

1984), which is derived fromGood’s estimator. This is remarkable, because it

means that the number of clusters in the unobserved part of the community

can be estimated from the distribution of the observed clusters.Most practical

applications, however, onlymarginally benefit from capturing extremely rare

variants. In otherwords, the objective is usually to capture near-completeness

as opposed to full completeness. This differencemay seem subtle but, because

of the long-tail distributionof clusterswithinmany communities, it can trans-

late to several orders of magnitude difference in sequencing effort. A more

useful representation for this purpose are collector’s curves (also referred to

as rarefaction curves),which are derived from the capture–recapturemethods

of population ecology and essentially represent plots of the number of clusters

observed as a function of sample size.Mothur (Schloss et al., 2009) is a popular

package to generate collector’s curves from sequencing data, but the same or

similar methods have been implemented in a wide variety of packages and

libraries. Essentially, these curves allowvisual inspection of the level of sample

saturation by sequencing because a more pronounced plateau (if any) indi-

cates more saturated sampling (hence, near-completeness). This concept

was recently generalized as “complexity curves” in the package preseq

(Daley&Smith, 2013), providing amethod to accurately project these curves

to completeness, assuming sampling is unsaturated and the curve is close

enough to saturation for the projection to be reliable.

3.3. Whole community analyses based on whole genomes
A more challenging scenario is to estimate the coverage at the whole-

genome level in shotgun metagenomes, where the genome size and abun-

dance of each member of the community are typically inaccessible and

clustering is not feasible. There are three main solutions to this problem.

The first is to approximate the distribution of abundances and genome sizes.
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This technique is exemplified by the work of Stanhope (2010), and for the

most part by the work of Hooper et al. (2010), and represents an intuitive

solution but current implementations largely depend on the availability of

optimal assemblies, making it inappropriate for very small datasets and/or

very complex communities. A second solution is to identify gene markers

sufficiently general to allow characterization of the captured portion, and

subsequently apply techniques derived from targeting single gene markers

(discussed earlier). For example, clusters can be formed using rRNA gene

sequences extracted from the shotgun datasets. Alternatively, genomic-

based taxonomic classifications can be used to define clusters. However,

the latter approach depends on a comprehensive database of reference

genomes, which is typically not available for most natural communities, uses

only a small fraction of the datasets, and is subject to large influence of ran-

domness. Nonetheless, in both cases described earlier, coverage and richness

can be predicted and collector’s curves can be constructed and projected.

Finally, intrinsic characteristics of themetagenomes can be used to estimate

the captured fraction, sidestepping the biases introduced by suboptimal assem-

blies or incomplete reference databases. We recently presented Nonpareil

(Rodriguez-R & Konstantinidis, unpublished), a method that examines the

redundancy among all reads of ametagenome to estimate the average coverage

of thegenomes in thecommunity. In addition,Nonpareil allowsprojecting the

average coverage at increased sequencing efforts to predict the coverage that

could be attained at any given size of dataset. This method enables fast calcu-

lation of coverage in entire metagenomic datasets, even those that are several

Gbp (giga base pairs) in size, provides estimations of the amount of sequencing

required to cover the complete or nearly complete diversity of the sample, and

reflects the relative diversity of sampleswhen comparedwith reference datasets

or between samples. Our analyses of both in silico-constructed as well as real

datasets from the HMP suggest that Nonpareil outperforms other tools for

the same purposes and is applicable tomicrobial communities that show awide

range of diversity and complexity. Nonpareil is available for online querying

through http://enve-omics.gatech.edu/ and as a stand-alone binary at

https://www.github.com/lmrodriguezr/nonpareil.

4. HOW TO IDENTIFY THE TAXONOMIC IDENTITY
OF A METAGENOMIC SEQUENCE

Identifying the taxonomic affiliation of a sequence recovered in a

metagenome remains challenging, primarily for the following reasons. First,
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the current collection of genome sequences is far from comprehensive and,

thus, does not represent well the organisms in most natural environments

(Cole et al., 2010). Second, no universally accepted definition of bacterial

species exists, and hence, it is difficult to decide the degree of novelty of

a new taxon (Konstantinidis & Tiedje, 2007). Finally, horizontal gene trans-

fer, which is pronounced in the microbial world (Gogarten & Townsend,

2005), creates inconsistencies between sequence and organismal phylogeny,

further complicating the issue. To tackle this issue, various algorithms have

been developed, which can be classified into two categories: composition

based and alignment based (Mande, Mohammed, & Ghosh, 2012). The for-

mer utilize sequence statistics with robust taxonomic signal; the latter are

based on homology searches between query sequences and a database and

employ sequence similarity as a proxy for taxonomic relatedness. Each

approach has its own advantages and disadvantages, and the choice of which

tool to implement often depends on the specific objective of the study.

4.1. Composition-based methods
Themost important advantage of composition-basedmethods is that they are

almost reference independent (most of them still need reference genomes to

train the underlying algorithms) and, therefore, can assign taxonomy to

sequences thatdonotmatchany reference sequences (unlike alignment-based

methods). Also, they are, in general, faster and require less computational

resources. Popular composition-based algorithms include, but are not limited

to, PhyloPythia (McHardy, Martin, Tsirigos, Hugenholtz, & Rigoutsos,

2007; Patil et al., 2011), NBC (Rosen, Reichenberger, & Rosenfeld,

2011), Phymm (Brady & Salzberg, 2009), RAIPhy (Nalbantoglu, Way,

Hinrichs, & Sayood, 2011), and TACOA (Diaz, Krause, Goesmann,

Niehaus, & Nattkemper, 2009). However, these methods do not usually

perform well on short sequences (e.g., <500 bp long), largely due to the

insufficient information provided by such sequences.

4.2. Alignment-based methods
These methods classify query sequences according to their relatedness to

available reference sequences, based on the corresponding alignments. The

primary alignment engines are BLAST (Altschul, Gish, Miller, Myers, &

Lipman, 1990); BLAST-like tools such as BLAT (Kent, 2002); hidden Mar-

kov model-based tools such as HMMer (Finn, Clements, & Eddy, 2011); or

Burrows–Wheeler transform-based methods such as MAQ (Li et al., 2008),
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BWA (Li & Durbin, 2009), and Bowtie (Langmead & Salzberg, 2012).

Alignment-based methods are computationally more expensive. However,

they are probably indispensible for every metagenomic study as their results

are used for additional downstream analyses such as gene annotation and

community profiling. Further, theywould assign an increasingly larger num-

ber of query sequences as the available reference genome sequences from iso-

lation or single-cell efforts (Stepanauskas, 2012) increase. Alignment-based

classifiers include MG-RAST (Meyer et al., 2008), MEGAN (Huson,

Auch, Qi, & Schuster, 2007), MARTA (Horton, Bodenhausen, &

Bergelson, 2010), CARMA (Krause et al., 2008), AMPHORA (Wu &

Eisen, 2008), TreePhyler (Schreiber, Gumrich, Daniel, & Meinicke,

2010), and others. We have recently presented MeTaxa, an algorithm that

employs unique design elements to classify at least 5% more sequences than

any existing alignment-based tool (Luo, Rodriguez-R & Konstantinidis,

unpublished; and also available through http://enve-omics.gatech.edu/).

MeTaxa is briefly described in the following section.

4.3. The MeTaxa algorithm
MeTaxa differs from other alignment-based methods in that it takes into

account all genes encoded on a query sequence, weighting each gene based

on its (predetermined) classifying power. The weights reflect: (i) how well

the gene resolves the classification at a given taxonomic level based on its

degree of sequence conservation (e.g., 16S rRNA resolves poorly the species

level in contrast to the genus level or higher) and (ii) how consistent the gene

phylogeny is with species phylogeny, the latter being approximated by the

genome-aggregate average amino acid identity (gAAI). Parameterized

weights and alignment-based matches against a reference database are sub-

sequently integrated via a maximum likelihood algorithm. MeTaxa reports

the probability for each possible taxonomic classification of the query

sequence as well as the degree of novelty for sequences representing novel

taxa (e.g., novel species, genus, or phylum) based on previously determined

gAAI standards that correspond well to taxonomic ranks (Konstantinidis &

Tiedje, 2005). The standardized approach to assess novelty represents

another important improvement provided by MeTaxa compared to previ-

ous approaches. The gene weights are precalculated “offline” based on the

publicly available completed and draft genomes and are included in the

MeTaxa package. Users need only to provide, as input toMeTaxa, a BLAST

tabular-like output from the search of each query sequence against their pre-

ferred reference database, for example, NR, KEGG, Swissprot, etc. MeTaxa
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can return high-precision predictions for thousands of input query

sequences in a matter of a few minutes on a personal laptop computer.

4.4. Combination and optimization
As the two categories of methods have their own advantages and disadvan-

tages, hybrid protocols have been more recently reported. For instance,

PhymmBL combines BLAST output (alignment-based) and Phymm algo-

rithm (composition-based) to achieve higher performance (Brady &

Salzberg, 2009). In general, alignment-based methods are usually more

accurate, while for query sequences without significant matches to the ref-

erence database, composition-based methods are probably the only options

available. Among the composition-based methods, we have obtained good

results with NBC, although the best method of choice would depend on the

specific objective of the study and the type of data available.

5. HOW TO DETERMINE DIFFERENTIALLY ABUNDANT
GENES, PATHWAYS, AND SPECIES

Any standardized annotation of metagenomic sequences, whether it

involves genes, pathways, species, or any other functional or taxonomic cat-

egorization, can essentially be the subject of comparison across samples. To

detect annotations that are differentially abundant between datasets with

confidence, a statistical approach is necessary to account for under sampling

of community diversity and the stochastic nature of WGS metagenomes.

This task, generally referred to as profile comparison, can be divided into

three main steps. First, metagenomic sequences must be annotated.

Although annotation is feasible for short metagenomic reads, a more reliable

annotation is often achieved based on assembled contigs. For example, entire

contigs can be assigned a taxonomic affiliation, and predicted genes encoded

on the contigs a putative function. Next, the abundance of annotations

(features) is determined by mapping the original reads onto the features,

generating a table of read counts. Finally, the statistical significance of the

differences is evaluated. Several tools have been specifically designed to carry

out statistical tests for metagenomic datasets such as the Statistical Analysis of

Metagenomic Profiles, or STAMPS, package (Parks & Beiko, 2010).

STAMPS can analyze any set of features across sets of metagenomes, in

any of three modes: comparison of two samples, comparison of several sam-

ples in two groups (e.g., treatment vs. control), and comparison of multiple

samples. It should also be noted that there is rich literature on the
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comparison of differentially abundant features from other types of studies,

for example, transcriptomics (RNA-seq and CHiP-Seq), mostly varying

on the assumptions about the underlying distribution of counts (e.g., bino-

mial, Poisson, overdispersed Poisson, negative binomial). A guide and an

evaluation of several methods were recently presented (Fang, Martin, &

Wang, 2012; Schreiber et al., 2010). The type of data and most assumptions

used in these fields are essentially the same as in metagenomics; hence, the

methods are applicable to the problem discussed earlier.

We have developed a simple and robust statistical method to identify dif-

ferentially abundant genes, pathways, or organisms between well-replicated

control versus treatment metagenomes. In brief, the method combines

resampling techniques ( Jackknife), the DESeq package (Anders & Huber,

2010), and binomial hypothesis testing. Suppose we have m treatment

and n control samples, a Jackknife method is used to generate all possible

combinations of bm/2c treatment and bn/2c control samples (bxc denotes

the floor function of a real number, x, which maps it to the largest previous

integer). For each combination, a normalized count table (see below for

normalization) is generated by mapping sequences (e.g., reads) to different

features (e.g., genes, pathways, population genomes); each row in the table

represents a feature and each column represents a sample. DESeq is then

applied to detect the difference between treatment and control samples

for each feature. For a specific feature (row in the table), the log2 fold

changes determined by the DESeq analysis of all combinations of samples

follow a distribution; the mean represents the best estimate of fold change

and the variance reflects the uncertainty of the estimate. A binomial test

is then carried out to test the significance of the log2 fold change (1 for

significantly different log2 fold change; 0 otherwise), and the P-value is

adjusted for false discovery rate using the Benjamini–Hochberg method

(Benjamini & Hochberg, 1995).

5.1. Modifications for other scenarios
Our method was originally developed to compare well-replicated (6 repli-

cates per treatment at minimum; 10 replicates or more recommended) com-

plex soil metagenomes generated by the Illumina HiSeq platform. To extend

it to other types of sequence data or samples characterized by different com-

plexities, modifications might be required, most often at the normalization

and sparse counts (i.e., features with zero counts in certain samples) steps,

and some limitations could emerge. Count table normalization is necessary

in order to compare samples with different sequencing depths; the most
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popular approach is to present the number of sequences as a fraction of the

total sequences of the corresponding sample. However, the latter approach

undermines the statistical power derived from count data and thus is not rec-

ommended. Instead, we suggest normalizing counts using quantile-based

methods, like the ones described previously (Bullard, Purdom, Hansen, &

Dudoit, 2010; Fang et al., 2012). The DESeq algorithm in our above-

mentioned approach normalizes samples based on similar methods. Addi-

tional normalization steps may be required in some cases, however. For

instance, when samples differ substantially in sequencing quality (e.g., differ-

ent percentage of reads passing quality trimming) or when the sample

datasets are too large to determine the number of reads for every feature,

a resampling technique should be used to subsample the datasets at random

to the same size. For features with low relative abundance, the sparse counts

among samples will frequently lead to inaccurate testing results. A pragmatic

way to account for this is to set a cutoff on the number of sequences mapped

to a feature, and the features with lower counts are discarded from further

analysis. To determine an appropriate cutoff, a Fisher’s exact test-based

method is proposed to simulate the impact of different cutoffs on the accu-

racy (White, Nagarajan, & Pop, 2009), while an alternative is to modify the

hypothesis testing as discussed in Tusher, Tibshirani, and Chu (2001). The

smaller the number of metagenomes compared (e.g., n¼2), the more

important is to account for the sparse count issue.

6. LIMITATIONS AND PERSPECTIVES FOR THE FUTURE

We presented here a practical guide to the analysis and interpretation

of metagenomic data that should be useful in future studies across different

habitats and microbial groups. It is important to realize, however, that the

field of metagenomics is currently undergoing a major expansion, and

new tools and approaches are being developed, including pipelines that inte-

grate various tools to offer a comprehensive analysis of metagenomic datasets

such as the Kbase project (http://kbase.science.energy.gov/) and MetA-

MOS (Treangen et al., 2013). It was not possible to mention all recent

developments as part of the present document nor was that our intention.

Our goal was instead to provide practical recommendations based on current

knowledge and types of sequence data available, and a reference point for

future developments (Fig. 23.2).We anticipate that several of the approaches

and tools described earlier will require modification in the not-so-distant

future, mostly due to new types of sequence data that will become available.
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For instance, it is foreseeable that metagenome assembly will become less

challenging when single molecule sequencing, which can provide long

sequence fragments on the order of tens of kilobases (Eid et al., 2009;

Stoddart, Heron, Mikhailova, Maglia, & Bayley, 2009), becomes more rou-

tine. Related to the latter, single-cell technologies, which can provide the

draft genome sequence of individual cells in a sample, are becoming increas-

ingly more throughput, reliable (e.g., no DNA contamination), and afford-

able (Stepanauskas, 2012), and can greatly assist metagenomic studies by

providing reference points in the analysis. Integrated approaches that com-

bine multiple omics techniques, including transcriptomics and proteomics,

have clear advantages, depending also on the specific objective(s) of the

study. For instance, combining shotgun metagenomics with single-cell
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Figure 23.2 A graphical representation of the major components and associated bio-
informatic tools of a typical metagenomics study. The bioinformatic analysis of meta-
genomic datasets starts with read quality processing (e.g., read trimming,
multiplexing barcode removal), followed by community profiling, assembling,
sequence taxonomic assignment (individual read or assembled contig level), and finally
identification of differentially abundant genes, pathways, and organisms. The graph
shows the relevant tools that can be used at each step and the arrays connecting
different analysis represent the possible workflow. See text for more details.
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genomics is advantageous for population genetic studies but probably does

not offer as much when the goal is to compare the gene content of different

communities or the same community after a perturbation.

Even with the availability of longer sequences or single-cell genomes,

however, a major computational challenge remains in how to handle and

analyze the increasing volume of data that is produced by such approaches.

Clearly, the tools and algorithms available do not scale up with the amount

of data produced by new sequencers and single-cell technologies. Innovat-

ing solutions in terms of hardware implementations, algorithm optimiza-

tions (e.g., Pell et al., 2012), and (redundant) data reduction are highly

needed to cope with the data available. Until then, obtaining the complete

picture of complex microbial communities that are composed of hundreds

to thousands of distinct species will remain somewhat a utopia.
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Krüger, S., 191–192, 197

Krumholz, L. R., 4–5, 335–336

Krupke, A., 47, 52–53, 55–56, 58

Krupovic, M., 145–146, 148–149

Kubal, M., 536–537

Kuczynski, J., 99, 356, 372–373, 374, 376,

377, 379, 390, 396–399, 401–402, 407,

420, 421, 422–424, 429–430, 438–439,

467, 493–494, 495, 510, 526–527

Kudo, T., 46–47

Kuhn, K., 294–295

Kuhn, M., 472–473, 494, 503

Kuhn, R., 314–316

Kukkillaya, V. U., 335–336, 337–338, 344,

345, 348

Kukutla, P., 206–207

Kulam-Syed-Mohideen, A. S., 334

Kulasekara, H. D., 283–285

Kuligina, E. Sh., 32

Kulikov, A. S., 452t, 454

Kuma, K., 389

Kumar, A. R., 12

Kunin, V., 457, 526

Kuo, W. P., 293

Kurhela, E., 194–195

Kuster, B., 294–295

Kustu, S., 201–202

Kuypers, M. M., 307–308

Kvist, T., 46–47, 62

Kyrpides, N. C., 53–54, 208–209, 452t, 459,

494, 527–528, 529–530, 531–532,

534–535

L
La Scola, B., 64

Labrenz, M., 191–192, 306, 307–308

Lacerda, C. M. R., 290–291

Laczny, C., 221f

Ladau, J., 337

Lader, E., 195

Laiko, V. V., 291–293

Laird, N. M., 338–339

Laitinen, K., 372

Lakay, F. M., 255–256

Lam, P., 197, 306, 307–308

Lamour, K. H., 290–291

Lamy, D., 62, 75

Lander, E. S., 529–530, 533

Landfear, D., 95, 102

Landry, Z. C., 145, 146–148, 156–157

Lane, D. J., 32, 56–57, 62–64, 334,

335–336

Lane, P. D., 201–202

Lang, A. S., 148–149

Langan, S. J., 422–424

Langevin, S. A., 201–202

Langmead, B., 343–344, 347–348, 492, 529,

536–537

Lanyon, C., 175–177

Lanza, F., 252–253

Lanzén, A., 124, 170–171, 208–209, 337,

381, 430, 468

Lapidus, A., 457, 526

Lappin-Scott, H. M., 95

Larkin, M. A., 389, 390

Larner, S., 222

Larsen, N., 334, 347–348, 361–362, 373,

374, 375, 388–389, 390

Lasken, R. S., 5, 14–15, 46–47, 62, 67–68,

83–84, 159–160, 447–448

Lauber, C. L., 92, 98, 220–222, 252–253,

334–336, 345, 356, 372–373, 375,

376–377, 379, 402, 403f, 425, 427, 428f,

429–430

Lauro, F. M., 272–273, 290–291, 314–316

Lavelle, P., 252

Lavik, G., 197, 306, 307–308

Laviolette, F., 452t, 454

Lawrence, J. G., 354, 527–528

Lay, C., 335–336, 337–338, 344, 345, 348

Le Paslier, D., 401–402

Leadbetter, J. R., 159–160

Lebrun, L., 221f

LeCleir, G., 201–202, 238

Leclerc, M., 137

563Author Index



Lee, J. A., 14–15, 23–24, 31, 86–87,

144–145

Lee, J. E., 201–202

Lee, N., 29t, 33

Lee, S., 201, 211

Lee, Z. M.-P., 335

Lefever, S., 233

Lefsrud, M. G., 272

Lehembre, F., 252–253, 262

Lehner, A., 29t, 33

Leiber, M., 174–175, 257

Leisch, F., 431–432

Leisse, A., 201, 238–239

Lemaire, M., 254–255

Lemeer, S., 294–295

Lemke, A., 33

Lemmer, H., 32, 35

Lengelle, J., 252–253

Leo, L., 201–202, 254–255

Lepère, C., 48–49

Lerat, E., 460

Leslin, C., 307–308

Lesniewski, R. A., 189t

Letelier, R. M., 306, 307–308

Letunic, I., 320–325

Leung, H. C., 154, 530

Levin, J. Z., 170–171, 178–181, 199–201

Ley, R. E., 92, 372, 375, 386–388, 396, 411,

412, 420, 510–511

L’Haridon, R., 137

Li, D. F., 354

Li, F., 282

Li, G. W., 192–194

Li, H., 467, 529, 536–537

Li, R., 92, 484, 529–530

Li, S., 208–209

Li, W., 170–171, 207–208, 383t

Li, Y., 127, 133, 136, 208–209, 294–295

Li, Z., 154, 294–295, 452t, 456

Liang, H., 70

Liang, Y., 252–253

Liaw, A., 420

Lidstrom, M. E., 5, 8, 22–23

Liebler, D. C., 297

Liesack, W., 258–259

Liles, M. R., 128–129, 134, 135–136,

252–253

Lim, Y. W., 178–181, 207–208

Lin, A., 184

Lin, C. W., 363

Lin, S., 201–202, 203t

Lin, X. J., 307–308

Lindeberg, M., 148–149

Lindell, D., 144–145, 192–194

Lindquist, E. A., 189t

Link, A. J., 291

Linnarsson, S., 149–153

Liou, G. F., 69–70

Lipman, D. J., 58, 310, 383t, 388–389, 466,

467, 494, 536–537

Lipton, M. S., 272, 290–291

Liu, B., 154, 452t, 456, 540–542

Liu, C., 194–195

Liu, J., 336–337

Liu, L., 208–209, 360

Liu, M., 272, 290–291

Liu, Z., 335–336, 376, 388–389, 396–399,

401–402

Livny, J., 209

Lladser, M. E., 402

Llewellyn, M., 252

Lloyd, D., 95

Lo, I., 272

Lochte, K., 33

Loerch, P., 201–202

Lohse, M., 452t, 453

Loiacono, K. A., 134, 136

Lolo, M., 226–227

Lombardo, M.-J., 64

Lombardot, T., 452t, 459

Lomonosov, A. M., 153

Long, E., 272–273, 290–291, 314–316

Long, F., 294–295

Lopez-Cortes, N., 314–316
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sequencing preparations, 156–157,

156f

amplification protocols, 157–158

common steps, 149, 150f

fragmentation

acoustic shearing/tagmentation, 153

enzymatic digestion, 149–153

goals, methods, 149

hydrodynamic shearing, 149–153

nebulization, 149–153

protocols, 149, 151t

gel sizing, 157

paired-end sequencing

assembly algorithms, 154

insert sizes, 154–155

mate-pair creation, 154–155

small-and large-insert, 154

Pippin Prep, 157

quantification, 158–159

sequencing reaction and technologies,

159

Linker amplification

adaptor ligation, 155–156, 156f

library preparation protocols, 151t

sample-to-sequence, 147–148

shotgun library method, 145

Liquid chromatograph-tandem mass

spectrometry (LC-MS/MS)

equipment and reagents, 295–296

sample fractionation, 293

shotgun proteomics, 290

two-dimensional LC system,

297, 298f

typical 24-h, 293

Lowest common ancestor (LCA)

horizontal gene transfer, 468–469

page breaks, 504

reference sequences, 468–469

sequencing technique, 470

M
Machine learning

algorithms, 420

artificial diversity, 421

Baseline error, 421

BIOM tables, 422

contamination quantification problem,

421

learning algorithm, 421

OTU category significance, 420

QIIME, 420

SourceTracker algorithm, 422, 423f

supervised learning, 420

whole mouse homogenization,

421–422

Magneto-FISH

liquid CARD-FISH, 29–30

magnetic capture, 30–31

permeabilization and inhibition,

endogenous peroxidases, 25–28

Mass spectrometry (MS)

bio-mass, 283–285

data-dependent and-independent

approaches, 283–285, 284f

DDA analysis, 283–286

exploratory proteomic profiling, 283–285

PAcIFIC, 283–285

Q-Exactive, 285–286

sensitivity, 283–285

MDA. See Multiple displacement

amplification (MDA)

MEGAN. See MEtaGenome ANalyzer

(MEGAN)

Messenger RNA (mRNA), 172–173,

206–207

Metabolite fractions, biomolecular

analyses, validation of, 232–233

sampling and sample preprocessing, 232
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MEtaGenome ANalyzer (MEGAN)

command-line mode, 468

comparison file, 479, 482f

CSV file, 477–479

distance matrix, 479

ecological indices, 479

functional analysis

classification schemes, 470, 472–473

COG analyzer, 473, 476f

KEGG Viewer, 472, 473, 475f

RefSeq mappings, 473

SEED analysis, 473, 474f

high-level comparison, 477, 478f

metagenomic sequence data, 467

microbial community, 477–479

PCoA analysis, 479–483, 483f

relative abundance, taxonomic content,

479, 480f

Sample Viewer window, 479

sequence alignment

gene-specific multiple alignments, 477

protein-guided assemblies, 477

reference-guided multiple sequence

alignment, 474–477

taxonomy

environmental shotgun sequencing,

468

LCA algorithm, 469

NCBI, 470, 471f

nodes, 470

Percent Identity Filter, 469

read pairing information, 469

reference database, 468–469

sequencing protocols, 469

taxonomic rank, genus, 470, 473f

types, charts, 470

word cloud, genus rank analysis, 470,

472f

Metagenome overview page

accession number, publications, 498

analysis page, 496

automated pipeline, 496

computational resources, 500

environmental packages, 500

functional breakdown, 503

GSC MIxS checklist, 500, 501f

metagenome QC, 500, 502f

organism breakdown, 501–502

project information, 499

sequences, classifiication, 499, 499f

technical data, 500–501

Metagenomic datasets

assembly process, 529

automated approaches, 531

binomial test, 539

bioinformatic approaches, 528

components and associated bioinformatic

tools, 540–542, 541f

de Bruijn graph algorithms, 530

experimental design, 531–532

genome assembly methods, 531

gut microbiome, premature infants,

530–531

habitats and microbial groups, 540–542

HMP, 529

intrinsic characteristics, target

community, 531–532

iterative coassembling techniques, 531

K-mer graph, 529–530

map-based sequence binning methods,

531

modifications, scenarios, 539–540

NGS, 527–528

non-rRNA-based methods, 526

paired-end read information, 531

reference-guided assembly, 529

short-read sequencing data, 529–530

in silico-generated “spiked-in”

metagenomes, 531–532, 532f

single gene markers, whole community

analysis, 533–534

soil/sediment microbial communities,

526–527

STAMPS, 538–539

statistical approach, 538–539

taxonomic identity, metagenomic

sequence, 535–538

tools and algorithms, 542

transcriptomics and proteomics, 540–542

types, sequencing errors and artifacts,

531–532

visualization tools, 531

WGS, 526

whole community analyses, genomes,

534–535

Metagenomics
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archaeal diversity, 39–40

clone diversity, 39

DNA extraction efficiency, 38–39

DNA standards, quantification of

(see DNA internal standards)

high-throughput sequencing protocols,

37

library preparation DNA concentration,

39–40

limitations of, 238–239

meta-omics data, 238

methodological variation, 40

microbial assemblage, 37–38

mRNA standards, quantification of

(see mRNA internal standards)

post-DNA amplification, 37

sample retention efficiency, DNA

recovery, 37–38, 38t

sequencing, uncultured symbiosis

bioinformatic tools, 54–55

contigs assembly, 54–55

de novo genome assembly, 53–54

enzyme Phi29 and MDA reactions, 52

freeze–thaw cycle, 52–53

genome sizes, 51

MDA on sorted cells, 53

nucleic acid sequencing technology,

53–54

pyrosequencing technology, 53–54

symbiotic partners, separation of, 52

viruses (see Viral metagenomics)

Metaproteomics

classical proteomics approaches, 290

experimental options

biomass, 293–294

24-h LC-MS/MS experiment, 293

isoelectric focusing and gel

electrophoresis, 293

labeling experiments, 294–295

peptide quantification, 294–295

shotgun proteomic experiments, 294

techniques, 291–293

workflow, 291–293, 292f

LC-MS/MS (see Liquid chromatograph-

tandemmass spectrometry (LC-MS/

MS))

OMZs, detection protocol, 314–316

primary goals, 290–291

protein extraction method, 296

proteolysis and cleanup, 296–297

tandem mass spectrometry analysis,

298–299

two-dimensional liquid chromatography

separation, 297–298

Metatranscriptomics

amplification, RNA, 209–212

cDNA synthesis, 209–212

collection and RNA preservation

in situ preservation, 196–197

pump-cast collection, 197–198

shipboard filtration, 192–196

description, 188–191

diverse marine habitats, 191–192

DNA standards, quantification of

(see DNA internal standards)

host-microbe systems

cDNA synthesis, 181–183

description, 170–171

DNA/RNA purification, 172–173

DNase treatment, 177

eukaryotic mRNA depletion, 177–178

high-quality RNA, 170–171

index barcodes, 183–184

materials, 171–172

metagenomics, 170–171

microbial communities, 170–171

mRNA, 170–171

quantification, 173–174

ribosomal depletion, 178–181

RNA integrity and size distribution,

174–175

sequencing and data analysis, 184

total RNA extraction, 175–177

limitations of, 238–239

marine microbial, 191–192

meta-omics data, 238

microbial community cDNA, 191–192,

193f

mRNA standards (see mRNA internal

standards)

planktonic micro-organisms, 191–192

RNA extraction and standardization

ambion, 198–199

bioanalyzer electropherogram,

199–201, 200f

column purifications, 199
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Metatranscriptomics (Continued )

invitrogen, 199–201

marine microorganisms, 198

mirVanaT protocol, 198–199

quantitation, 199–201

RNase decontamination, 198

rRNA depletion (see Ribosomal

ribonucleic acid (rRNA) depletion)

sample preparation, 188–191

standardization protocol, 201

Methyl-coenzyme reductase alpha subunit

(mcrA), 32–33

MG-RAST

analytical and computational approaches,

488, 489f

bioinformatics, 520

BLAT hit details, alignment, 514, 515f

community resources, 519–520

comparative analysis, 519

data tabular view, 510

downloads

data products, 514

gene clustering, 518

prediction, protein-coding sequences,

516

preprocessing, 515–516

protein similarities, 518–519

RNA clustering and similarities,

517–518

screening, 516

uploaded file(s), 515

FASTA files, 510

FragGenescan, 488

functional classification, 513

metadata and analysis approaches, 520

new version

dereplication, 490–491

DRISEE (see Duplicate read inferred

sequencing error estimation

(DRISEE))

k-mer profiles, 491–492

nucleotide histograms, 492–494

preprocessing, 490

quality assessment, 491

RNA detection, clustering, and

identification, 490

user-generated data, 490

organism classifications, 511–512, 512f

pairwise comparisons, 488

pipeline and technology platform,

489–495

proteins identification, 511–512, 512f

scaling, workload, 488

screenshot, analysis page and workbench

tab, 510–511, 511f

shotgun metagenomic data, 519

tables, group results, 512, 513f

unoptimized pipeline, 520–521

user-interface metaphors, 488

web interface, 495–510

workbench, bar charts, 513, 514f

Microbial communities

experimental procedures

FACS-Seq, 98–99

microbial activity and cell damage,

96–98

sample preparation, 95–96

experimental validation

of cell sorting, 103, 104f

CTC staining, 102

DiBAC and Pi concentrations, 102

FACS-Seq protocol, human gut

microbiota, 102–103

microbial physiology in human fecal

samples, 99, 100f

of staining with gut isolates, 99–102,

101f

strains from phyla, 99–102

FCM (see Flow cytometry (FCM))

freshwater planktonic, 225

human body, 92

MEGAN

BLAST, 468

DNA extraction method, 467

DNA sequencing, 466

environmental metagenomics,

465–466

functional analysis, 470–473

machine-learning techniques, 466

microbial diversity, 466

pairwise alignments, 466

permafrost soil metagenome dataset,

467–468

reference-based methods, 466

sample comparison, 477–483

sampling and sequencing, 465–466
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sequence comparison software, 467

taxonomic and functional levels, 467

QIIME

artificial diversity, 438

downstream analysis (see Downstream

analysis, QIIME)

instrument output, 377

OTU quality-filtering, 438

upstream analysis steps, 379–390

workflow overview, 377, 378f

troubleshooting

avoid contamination, 105

cell counts, 105

cell proportions, 105

no PCR amplification, 105

storage and oxygen exposure, 103–105

within-and between-sample

heterogeneity, 220–222, 221f

Microbial community DNA

next-generation sequencing, 124

nucleotide sequence-based screening,

124–125

transcriptomic approaches, 124–125

Microbial metatranscriptomics, soil sample.

See Soil sample processing

Microdevice design

cell selection and lysis, 79

48-chamber microfluidic chip, 78–79, 78f

electronic solenoid, 79–80

nominal control channel, 80

PDMS device, 80

pressurized control channels, 79

single-genome amplification, 78–79

whole-genome amplification, 79

mRNA amplification, 261–262

mRNA internal standards

data normalization, 242

DNA template and standard synthesis

commercially available plasmids, 242

custom DNA fragments, 242

in vitro transcription, genetic construct,

242–243, 243f

template size, 243–244

preparation

linearization, plasmid template, 246

plasmid into Top10 E. coli cells,

transformation, 245

required materials, 244–245

resuspension of plasmid DNA, 245

synthesis and purification, 246–247

recovery of, 240–241, 241f

Multidimensional scaling (MDS), 425

Multiple displacement amplification (MDA)

assembly and annotation, genomic data,

54–55

description, 14–15, 47

enzyme Phi29 and kits, 52

rRNA depletion methods, 207–208

on sorted cells, 53

template-independent products (TIPs)

production, 52

uncultivated microbial symbionts,

genomic analysis, 47, 48f

N
Nested PCR

application of, 56–57, 57f

FACS coupled to MDA, 47–48, 48f

16S and 18S rRNA genes, 56

sequencing rRNA genes, 58

with universal primers, 56

Next-generation sequencing (NGS)

technologies, 527–528

viral metagenomics (see Library

preparation methods, viral

metagenomics)

Norgen Biotek All-in-One Purification Kit-

based method, 229–230

Normalization, web interface

abundance data for raw values, 507, 508f

ANOVA/t-tests, 506

non-parametric tests, 507

raw/normalized counts, 506

standardization, 506

Nucleic acids

deoxyribonucleic acid (DNA), 233–235

proteins, 235

ribonucleic acid (RNA), 233

Nucleotide histograms, MG-RAST pipeline

amplicon datasets, 492

biased distributions, 492, 492f

contamination, artificial sequences, 492,

493f

database sequences, 494

gene prediction and AA clustering,

493–494
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Nucleotide histograms, MG-RAST pipeline

(Continued )

histidine biosynthesis, 494

ideal distributions, 492, 493f

pipeline stages, 494

protein identification and annotation

mapping, 494

screening, 492

shotgun datasets, 492

untrimmed barcodes, 492, 493f

O
OMZs. See Oxygen minimum zones

(OMZs)

Operational taxonomic units (OTUs)

heatmaps

applications in molecular biology, 413

exploratory analysis, microbiomes, 414

finer-scale taxonomic labels, 417

interactive, table, 414, 416f

NMDS, 417

open-reference dataset, 417, 418f

ordination plots/network analyses, 417

proper filtering, data, 417

protein expression studies, 417

QIIME, 414

taxonomy assignment, 414

transgenic and wild-type mice, 414,

415f

visualizations, 415

networks

bacterial community analysis, 412, 413f

clustering, samples, 411–412

descriptive visualizations, 412

G-test, 412

network analysis, 413

phylogenetic classification, 412

tree-based PCoA graphs, 413

types, nodes, 412

user metadata mapping file, 411

picking

approaches comparison, 386, 387t

Average-neighbor, 371–444, 384f

closed-reference approach, 382, 384f

clustering algorithms, 382–385, 385f

construction, table, 390

de novo approach, 382, 384f

description, algorithm, 382, 383t

DNA sequence data, 382

Furthest-neighbor, 382–385

greedy algorithms, 385–386

hierarchical clustering, 382–385

Nearest-neighbor, 382–385

novel diversity discovery, 386

open-reference approach, 382, 384f

representative sequence, 386

traditional taxonomy, 382

Optical hardware

alignment procedure and safety

dielectric broadband mirrors, 76

Galilean beam expander, 75–76

imaging plane, microscope, 77

laser goggles, 75

objective alignment tool, 77

optomechanical hardware, 77

phosphorescent cards, 76–77

reflective surfaces, 75

laser and microscope

automated/semiautomated microscopy

approach, 71

beam attenuation, 71

competitive pricing, 71–74

Gaussian transverse mode, 70–71

idealized light path, 71, 72f

microfluidic controller, 70

selection, light source, 70

solid-state, continuous-wave lasers,

70–71

trapping systems, 70

objective lens, 74

Optical tweezing, cell isolation

coccoid cells, 65–67

flow cytometry andmicromanipulation, 67

fluorescence-activated flow cytometry, 65

methods, 65

microfluidic approaches, 69

microscopy and cell sorting, 68–69

production, SAGs, 64–65

reagent-borne contamination, 68

sample-borne contaminants, 68

SC-WGS, 67

single-cell whole-genome amplification

optofluidics, 64–65, 66f

sorting, optical trap, 69–70

spherical objects, 65–67

wavelength, light, 65
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OTUs. See Operational taxonomic units

(OTUs)

Oxygen minimum zones (OMZs)

community structure and function

amplicon-based methods, 307–308

CARD and FISH, 307–308

eDNA extraction, 308–310

environmental parameter data, 314,

315f

qPCR primer sequences, 310, 311t

quality controls, 312–314

sample collection and filtration

protocols, 308–310

SAR324 qPCR standards and

environmental samples, 312–314,

313f

SSU rRNA genes sequences, 310

SYBR® Green-based qPCR assays,

308

T-RFLP and DGGE, 307–308

definition, 306

detection protocol, proteins

digestion and sample cleanup, 317–318

extraction and peptide detection

protocol, 316–317

HPLC coupled tandem mass

spectrometry, 318–320

metaproteomics, 314–316

peptide matching, 318–320

taxonomic distributions in Saanich

Inlet, 320–325, 321f

trypsin digest, 317

in microbial energy metabolism, 306

taxonomic and plurality sequencing

studies, 306–307

P
PFGE. See Pulse field gel electrophoresis

(PFGE)

Phylogeny construction, 389–390

pIndigo536 BAC vector, 113–115, 119

Pipeline and technology platform

analysis, MG-RAST version 3, 489, 490f

BIOM compliant tools, 495

cloud computing, 489

data discovery, 495

GSC, 494–495

hardware resources, 489

large-scale sequence analysis, 489

new MG-RAST pipeline, 490–494

purpose-built software platform, 489

Planktonic tandem MS-based community

proteomics. See Tandem mass

spectrometry (tandem MS)-based

community proteomics

Polymerase chain reaction (PCR)

and cloning, 31–32

on Illumina MiSeq

Earth Microbiome Project Web site,

376

enzymatic treatments, 16S amplicon,

375

HMP, 375

library preparation, 375

methods for DNA extraction, 375

MiSeq, 376

reagent cartridges, 376–377

sequencing adaptors, 375

Postassembly analysis

binning metagenomes

complex communities, 458–459

simple communities, 458

bins, genomes, 459–460

methods, group assembled fragments, 457

taxonomic bins/draft genomes analyzsis,

460

Potassium hydroxide treatment, 82

Precursor acquisition independent from ion

count (PAcIFIC), 283–285

Probe hybridization, 6

Pulse field gel electrophoresis (PFGE)

concentrations, HindIII, 117, 118f

HindIII digested DNA, 116–117, 118f

lambda Ladder DNA, 117

NotI digested BAC clones, 120, 121f

Q
Qiagen AllPrep DNA/RNA/Protein Mini

Kit-based method, 228–229

qPCR. See Quantitative real-time PCR

(qPCR)

Quality control

cell lysis, 230–231

metabolite fractions

sampling and sample preprocessing,

232
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Quality control (Continued )

validation of metabolomic analyses,

232–233

nucleic acids

deoxyribonucleic acid, 233–235

proteins, 235

ribonucleic acid, 233

Quantitative insights into microbial ecology

(QIIME)

biom-format project, 432

CRAN, 432

data graphics, 431–432

data transformations, 433–434

diversity metrics, 373

downstream and upstream processes, 439

facet dimension, 434–435, 436f

fidelity, 438–439

formal validation/testing, 437–438

graphical instructions, 433

interactive data analysis, 431–432

MDS ordination, 435–436, 437f

microbial community analysis

(see Microbial communities)

open-reference dataset, 433–434, 435f

OTU richness estimates, 433, 434f

PCoA, 374

phyloseq, 432

sequence analysis, 373–374

software dependencies, 373–374

software packages, 373–374

statistical methods, 373

subsets and transformations, 433

taxonomy databases and reference

databases, 374

visualization tools, 373

Quantitative real-time PCR (qPCR)

negative controls, 58

row and column sorts, screening of, 50,

51f

16S and 18S rRNA genes, nested PCR,

56–57, 57f

sorting single cells and screening, 56

R
Reference-based chimera detection, 388

Reverse transcription polymerase chain

reaction (RT-PCR), 206–207

Ribonucleic acid (RNA)

amplification

antisense total RNA, 210–211

double-stranded cDNA, 210–211

in vitro transcription, 209–210

invitrogen, 210–211

metatranscriptome analyses, 211

strand orientation, 211–212

transcript abundance patterns, 211

downstream analysis, 233

electropherograms, 233

extraction method, 233, 234f

integrity number (RIN), 233

Qiagen AllPrep DNA/RNA/Protein

Mini Kit-based method, 228–229

rRNA depletion (see Ribosomal

ribonucleic acid (rRNA) depletion)

Ribosomal depletion

AMPure RNAClean XP Beads, 180

host and bacterial communities, 178–181

incubation, 180

magnetic beads, 179

Ribo-Zero Magnetic Gold Kit, 178–181

total RNA, 178–181

Ribosomal ribonucleic acid (rRNA)

depletion

epicentre kit, 202–205

eukaryotic RNA removal, 205

hybridization, 202–205

and MDA, 207–208

metatranscriptomic studies, 201–205

MICROBExpressT and

MICROBEnrichT, 202–205

microbial communities, 201–202

monophosphate, 202–205

mRNA enrichment, 201–205

oligonucleotides, 205

removal efficiencies, 207–208

Ribo-ZeroT, 207–208

sequencing costs, 208–209

subtractive hybridization, 205–207

total RNA samples, 201–205, 203t

transcripts, 209

RNA integrity

bioanalyzer, 175

gel matrix and dye, concentrations, 174

microfluidics platform, 174–175

nano and pico protocol, 174

number (RIN), 174–175
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rRNA depletion. SeeRibosomal ribonucleic

acid (rRNA) depletion

rRNA subtraction methods, soil sample

currently available, 259, 259t

exonuclease treatment, 260–261

mRNA sequencing coverage, 259

size separation by gel electrophoresis, 261

subtractive hybridization, 259–260

S
SAGs. See Single amplified genomes (SAGs)

Sample fixation, 222–223

Sample heterogeneity, 220–222, 221f

Sample preparation, tandem MS-based

community proteomics

approaches, 278

flowchart, 278, 279f

soluble and membrane cell fractionations

concentrated samples, combining,

279–280

French press, lysing cells, 280

membrane-enriched, generation,

280–281

sonication, lysing cells, 280

Sample preprocessing

biological wastewater treatment plant

biomass, 223–225

freshwater planktonic microbial

communities, 225

human fecal sample, 225–226

methodological workflow, 223, 224f

and small molecule extraction

from cell pellet, 227

from cell supernatant, 226

cryomilling, 226–227

Scalable vector graphics (SVG)

mouse and gastrointestinal tract, 426, 426f

Open Image, 426f, 427

text files, 425

Sequencing, microbial genome

biological characteristics, 448–449

endosymbiont genomes, 446

genome analysis, 446

genomic DNA

insect-associated endosymbiont, 447

microbial species and assembly efforts,

448

polymorphism, 447

qPCR, 448

small-scale test sequencing run, 448

WGA, 447–448

Illumina, 449

multiplexed, 450–451

nucleotide composition bias, library

preparation, 450

paired-end libraries, 449–450

technological modifications, 449–450

third-generation sequencing methods,

449

Sequencing terminology

artifact removal and classification, OTUs,

361–362

creating OTUs, 360–361

DBC, 356

dereplication, 357–360

fastq quality filtering, 356

methodological artifacts, 356

optimal filtering criteria, 360

overlapping paired-end sequencing, 357

per base sequence quality, 357, 358f

quality-filtering performance, 357, 359f

sequencing data, 356–357

16S-rRNA amplicon data, 357

trimming of sequences, 357–360

Sequential biomacromolecular isolation

cell disruption, 228

and cell lysis, 230–231

description, 228

kit-based methods, 228

Norgen Biotek All-in-One Purification,

229–230

Qiagen AllPrep DNA/RNA/Protein

Mini, 228–229

Shipboard filtration, RNA

biomass samples, 195

DNA analysis, 195–196

fixatives, 194–195

flash freezing, 194–195

marine metatranscriptome studies,

194–195

microbial community cDNA, 193f,

195–196

mRNA degradation, 192–194

nontoxic, 195

planktonic microorganisms, 192–194

protocols, 195
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Shipboard filtration, RNA (Continued )

RNALater®, 195

SterivexT filters, 194

Shotgun metagenomics, 431

Single amplified genomes (SAGs), 62

Single cell and population genome recovery

bioreactor community, 17

FACS, 13–14

FISH (see Fluorescence in situ

hybridization (FISH))

genome sequencing, 4

in-solution FISH, 8–12

isolation, anaerobic methanotrophic

archaea, 15–17

metagenomics, 4

post-sorting, 14–15

sample preparation, 6

Single-genome analysis

application-specific imaging modalities,

85

cell isolation, optical tweezing, 64–70

cell types, 85–86

computer-based control, laser system, 85

culture-based isolation, 62

dual-screen graphical user interface,

83–84, 84f

FACs, 64

gene sequencing, 62–64

genomic approaches, 62, 63f

high-speed video imaging, 85

metagenomics, 62–64

microbial genomes, 62

microdevice design, 78–80

microfluidic technique, 86

molecular approaches, 87–88

optical hardware setup, 70–77

optofluidic technology, 86–87

reactor density, 86–87

single-cell genomics, 85–86

sorting and amplifying single cells, 80–83

Stanford valve manifold controller design,

84–85

user-independent sorting, 83–84

valve control, 84–85

Small subunit ribosomal RNA (SSU rRNA)

amplified SSU gene fragments, 334–335

chimeric amplification products, 335–336

“clade-specific” genes, 336–337

EMIRGE (see Expectation-maximization

reconstruction of genes from the

environment (EMIRGE))

fragments, 337

gene clone library sequencing, 307–308

molecular sequencing, 334

PCR primers, 335–336

phylogenetic marker, key qualities, 334

quality controls, qPCR, 312

quantification, taxon, 335

SAR324 primer design, 310

sequences, 310

T-RFLP and DGGE, 307–308

Soil sample processing

cDNA synthesis, 262

collection, 254–255

combined approaches, 263

culture-independent methods, 252–253

current state and future prospects, 263

data analysis, 263

ecosystem services, 252

extraction, RNA, 254–255

functional redundancy, 252–253

inhibitor removal, 258–259

with low microbial biomass, 258

microbes, 252

mRNA amplification and cDNA,

261–262

preservation, 254–255

quality and quantity, RNA

assessing, 256–257

EtBr-stained denaturing agarose gel

electrophoresis, 257

microfluidics-based technologies, 257

RNA integrity number (RIN), 257

ultraviolet–visible spectrophotometry,

256–257

RNA extraction, 255–256

RNase and alien DNA, 253–254

sampling, 254–255

size and diversity, 252

steps, cDNA preparation, 254, 254f

subtraction methods, rRNA, 259–261

SSU rRNA. See Small subunit ribosomal

RNA (SSU rRNA)

Statistical Analysis of Metagenomic Profiles

(STAMPS), 538–539

Statistical tests, alpha-and beta-diversity
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ANOVA, 410–411

comparisons, distance matrices, 407

distribution of distances, 408–410, 409f

Mantel correlation statistics, 407, 408f

multivariate analyses, 410–411

partial Mantel test, 407–408

QIIME, 406

rarefaction, 406

sequence dataset, 407

Type I and Type II error, 406

unweighted UniFrac distances, 408–410,

410f

visual and statistical tests, 408–410

Subtraction hybridization protocol, rRNA,

259–260
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SVG. See Scalable vector graphics (SVG)

Symbiosis

cellular structures, 46

FACS (see Fluorescence-activated cell

sorting (FACS))

FISH, 46

identity and metabolism

analysis of individual associations, 55

nested PCR (see Nested PCR)

qPCR (seeQuantitative real-time PCR

(qPCR))
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Tandem mass spectrometry (tandem MS)-

based community proteomics
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desalting, 282–283

disulphide bonds, 281
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trypsin digestion, 282

and MS (see Mass spectrometry (MS))

phosphate transporters, 272–273

proteomics, 272
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assembling, TFF system, 275

concentrating cells, 275–276, 277t

conventional filtration, 273

and filtration methods, 273

flowchart, 273, 274f

pre-filtration, 275
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efficiency, 276–278

TFF (see Tangential flow filtration
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targets, 272–273
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alignment-based methods, 536–537
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composition-based methods, 536

MeTaxa algorithm, 537–538

Taxonomy assignment, 388–389
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(T-RFLP), 307–308

Time series analysis

ANOVA, 429

beta-diversity plots, 427–428, 428f

data, gradient, 428, 429f

metadata mapping file, 428

microbiome surveys, 427

PCoA, 427–428

Total RNA extraction

aqueous layers, 176

downstream applications, 175, 177

MoBio Laboratory’s PowerMicrobiome,

175–177

RNase-free water, 177

trizol extractions, 175

V
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lowest common ancestor, 505–506

normalization, 506–507
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Mohamed F. Haroon et al., Figure 1.3 FISH–FACS outputs for unfixed B. megaterium
cells (A) unlabeled, (B) labeled with EUBmix338-FITC, (C) stained with DAPI, and (D)
labeled with EUBmix338-FITC and stained with DAPI. From left to right, (1) cells imaged
using epifluorescence microscopy, flow cytometry scattergrams of (2) SSC versus FITC,
(3) SSC versus DAPI, and (4) DAPI versus FITC. In column 4, scattergrams are partitioned
into four quadrants. The Q1 quadrant gated cells (in red) were labeled with EUBmix388-
FITC only, Q2 quadrant gated cells (in purple) were labeled with both EUBmix338-FITC
and DAPI, Q3 quadrant (in yellow) is background, while Q4 quadrant gated cells
(in green) are stained with DAPI only.

Mohamed F. Haroon et al., Figure 1.2 In-solution FISH performed on unfixed E. coli
cells using a (A) 1.5 h and (B) 2.5 h incubation times. Cells were hybridized using
EUB338mix (Daims, Brühl, Amann, Schleifer, & Wagner, 1999) with a FITC fluorophore
before a subsample was dried onto a glass slide and visualized by epifluorescence
microscopy (630� magnification). The shorter hybridization time resulted in only
�20% of cells fluorescencing, as opposed to the 2.5 h incubation where nearly all cells
were detectably fluorescent.



Mohamed F. Haroon et al., Figure 1.5 FACS scattergrams showing FITC versus Cy3 for
bioreactor samples. (A) Unlabeled sample, (B) first rapid sort with specific Darch872-Cy3
probe which targetsM. nitroreducens, and (C) second sort to ensure high purity of target
population single cells. Each plot contains 50,000 events. The P2 region of the plot indi-
cates the events gated for sorting.

Zachary C. Landry et al., Figure 4.4 48-chamber microfluidic chip for single cell sorting
and whole-genome amplification. (A) Design of 48x_v4 device with key ports marked.
(B) Photograph of 48-chamber device with corresponding ports marked. (C) Inset show-
ing detail of two reaction chambers in the 48x_v4 device. (D) Cross-sectional schematic
corresponding to part (C) indicating the trapping of a cell in the (upper) flow layer and
the actuation of valves by pressurization of channels in the (lower) control layer.



Zachary C. Landry et al., Figure 4.5 Example of dual-screen graphical user interface
with integratedmicrofluidic controls, stage automation, and video and image recording
(A). Automated fluorescence data acquisition (B) and real-time kinetics curve of double-
stranded DNA formation in individual microfluidic reaction chambers (C).



Copy-up fosmid vector

Package and infect copy-up
capable E. coli

Purify, end-repair, and
size-fractionate metagenomic DNA

Ligate with copy-up fosmid vector

Plate library in LB chloramphenicol

Array library and screen
Pool colonies and
isolate fosmid DNA

Transform screening strain with fosmid pool
and screen

Negative control Environmental library

Single copy (-Ara)

Multiple copy (+Ara)

Asunción Martínez and Marcia S. Osburne, Figure 7.1 Process for extraction and clon-
ing of environmental DNA into fosmid vector and screening of metagenomic libraries.
Large genomic fragments obtained from unculturedmicrobial microorganisms are end-
repaired, ligated with fosmid vector, and packaged in vitro. After infection of a copy-up
E. coli strain, the metagenomic library can be screened directly, either in the absence of
arabinose (single copy) or in the presence of arabinose which increases the copy num-
ber of the fosmid and may result in increased expression (represented here as colored
colonies). Alternatively, the clones can be arrayed and frozen for screening (bottom left),
or pooled and used to prepare a fosmid DNA pool to transform additional hosts
(bottom right).
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RobertM.Morris and BrookNunn, Figure 14.3 Data-dependent and data-independent
tandem MS-based proteomic approaches. (A) During data-dependent analyses, the MS
is programmed to collect MS2 data on the five most intense peaks observed in the MS1
precursor scan (1–5 in red). Those ions are then isolated in the ion trap or quadrapole
and undergo collision-induced dissociation (CID), creating peptide fragment ions. The
resulting fragment ions are measured in the second mass spectrometer and MS2 frag-
mentation spectra are collected. MS2 spectra collected represent putative peptides that
are identified by searching a peptide database. (B) During data-independent acquisition
MS2 data are systematically collected across the 400–1400 m/z scan range for the
purpose of identifying low-abundance peptides in samples with variable or wide
protein concentration ranges (Panchaud, Jung, Shaffer, Aitchison, & Goodlett, 2011).
This method, termed Precursor acquisition independent of ion count (PAcIFIC), requires
that each sample be injected into the mass spectrometer a total of 32 times to cover the
fullm/z range. Each injection experiences a 60–90 min HPLC gradient and 13 MS2 scans
are performed per duty cycle, each collecting fragmentation spectra in a 2.5 m/z
channel.
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Alyse K. Hawley et al., Figure 16.1 Representative results of SAR324 qPCR standards, environmental samples including quality control met-
rics. (A) Real-time run curves for standards (green), samples (red), and no template control (gray). (B) Standard curve of quantification cycle
(Cq) versus Log of standard concentration. (C) Melting curve for standards (green), samples (red), and no template control (gray), showing
single melting temperature for each sample and standard, indicating a single amplification product. (D) Representative gel image for qPCR
product showing single band to confirm single amplification product observed in melting curve profiles.



Christopher S. Miller, Figure 17.2 Iterative adjustment of individual base probabilities
in the consensus sequences of candidate SSU rRNA genes. Shown are the probabilities
(Pr(N); y-axis) for each of four possible bases at each position (x-axis) for selected nucle-
otides of a representative candidate gene. Probabilities for iterations 1–8 are overlaid with
increasing opacity. Most positions in the gene are unambiguous: a single base has a prob-
ability near one, while the remaining three bases have probabilities near zero, and this
does not change from iteration to iteration. For other positions (highlighted with arrows
indicating increasing iteration number), EMIRGE gradually adjusts originally less certain
bases to reflect increased evidence from confidently mapped reads in later iterations, ulti-
mately revealing a highly probable consensus across all positions.
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Sarah P. Preheim et al., Figure 18.3 Richness is a function of sequencing depth,
whereas Shannon and Simpson diversity indices stabilize with sequencing depth. (A)
Chao-1 estimator (Chao1) of richness for the same library subsampled to different
depths. (B) Effective number of species calculated with the Shannon diversity index
(SDI) for the same library subsampled to different depths. Because SDI is computed
on a log scale, we transform the SDI to the effective number of species present, which
is on linear scale, by computing eSDI. (C) Effective number of species calculated as the
inverse of the Simpson diversity index (1/Simpsons diversity index) for the same library
subsampled to different depths.



Sarah P. Preheim et al., Figure 18.4 A heatmap depicting different biogeochemical
zones of a stratified lake. The bacterial community for each depth was compared to
all other libraries using the square root of the Jensen–Shannon divergence (JSD1/2)
and plotted as a heatmap. Bacterial communities cluster into two major zones (upper,
oxic and lower, anoxic zone) as shown by the largest branch on the dendrogram (i.e.,
tree) and four subzones. Libraries are labeled with the depth (in meters) and the extrac-
tion technique. MB, MoBio Power Water DNA extraction kit; Q, Qiagen Blood and Tissue
Kit. For example, 1.MB refers to 1 m depth in the water extracted with the MoBio kit and
19.Q refers to 19 m depth with the Qiagen kit. The dendrogram above and to the left of
the heatmap are identical.
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José A. Navas-Molina et al., Figure 19.1 QIIME workflow overview. The upstream pro-
cess (brown boxes) includes all the steps that generate the OTU table and the phylo-
genetic tree. This step starts by preprocessing the sequence reads and ends by
building the OTU table and the phylogenetic tree. The downstream process (blue boxes)
includes steps involved in analysis and interpretation of the results, starting with the
OTU table and the phylogenetic tree and ending with alpha- and beta-diversity ana-
lyses, visualizations, and statistics.



José A. Navas-Molina et al., Figure 19.5 A snapshot of the taxa summary of the example dataset using the web interface. Samples have been
grouped and averaged by body site, and taxonomic composition is shown on the phylum level. Each column in the plot represents a body
site, and each color in the column represents the percentage of the total sample contributed by each taxon group at phylum level. The taxa
summaries plot help us to see which taxon groups are more prevalent in a sample. For example, the fecal samples are dominated by
Bacteroidetes, while mouth and skin samples are dominated by Proteobacteria. We can also see that Fusobacteria is only present at appre-
ciable levels in the skin samples.



José A. Navas-Molina et al., Figure 19.7 PCoA plots of unweighted Unifrac beta-
diversity. Panels A–C show jackknifed replicate results for the example data set using
de novo OTU picking, closed-reference OTU picking, and open-reference OTU picking,
illustrating different results from the three OTU picking approaches (Table 19.3). Each
dot represents a sample, either from a WT mouse (orange) or TG mouse (blue). The
two groups are not clearly separated, probably because the data set is contaminated
(recall that this is a class project and different participants varied in their dissection
skills). The size of the ellipsoids shows the variation for each sample calculated from
jackknife analysis. These plots are generated by the command jack-

knifed_beta_diversity.py -i $PWD/denovo_otus/otu_table_filtered.biom

-t $PWD/denovo_otus/rep_set.tre -m $PWD/IQ_Bio_16sV4_L001_map.txt -o

$PWD/diversity_analysis/jk_denovo -e 7205 -a -O 64 (the input parameters
should be adapted for using the OTU tables from different OTU picking approaches).
Panel D shows the beta-diversity PCoA plot of a data set from the “keyboard” data
set (Fierer et al., 2010) which links individuals to their computer keyboard through
microbial community similarity. Each dot represents a microbial community sampled
from either fingertips or keyboard keys from three individuals, annotated by the three
colors shown in the plot. In contrast to panels A–C, panel D shows the microbial com-
munities well separated by individual in the PCoA plot.



José A. Navas-Molina et al., Figure 19.8 Biplot of the example data set. This is the
unweighted Unifrac beta-diversity plot, similar to Fig. 19.7, with labels for the most five
abundant phylum-level taxa added. The size of the sphere for each taxon is proportional
to the mean relative abundance of that taxon across all samples. This plot is created by
the command make_3d_plots.py -i $PWD/diversity_analysis/open_ref/

bdiv_even7205/unweighted_unifrac_pc.txt -m $PWD/IQ_Bio_16sV4_L001_map.

txt -t$PWD/diversity_analysis/open_ref/taxa_plots/table_mc7205_

sorted_L3.txt –n_taxa_keep5 -o $PWD/diversity_analysis/3d_biplot.
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José A. Navas-Molina et al., Figure 19.11 (A) Histogram showing distribution of dis-
tances between (light brown) and within (dark brown) mice gut microbiota taking into
account both wild-type and transgenic mouse groups. (B) Distribution of within dis-
tances in gut bacterial community of wild-type mice (light orange) and transgenic ones
(blue).



José A. Navas-Molina et al., Figure 19.18 Procrustes analysis of different picking algo-
rithms, where we can see that different OTU-clustering methods yield similar PCoA dis-
tributions. PCoA plots are colored by BODY_HABITAT. (A) Comparing samples with
clusters picked using the de novo picking protocol against the closed-reference. (B)
Comparing samples with clusters picked using the open-reference picking protocol
against the closed-reference.

José A. Navas-Molina et al., Figure 19.13 OTU-network bacterial community analysis
applied in wild-type and transgenic mice. (A) Network colored by genotype (wild type:
blue; transgenic: red). Control sample (yellow dot) is external in the network and several
OTUs are not sharedwithmice. Althoughwe can see some degree of clustering, discrim-
ination by genotypes is difficult to assess. (B) Network colored by body site (mouth: yel-
low; skin: red; ileum: blue; colon: pink; cecum: orange; feces: brown; and multitissue
samples: green). A control sample is colored in gray.



José A. Navas-Molina et al., Figure 19.20 Beta-diversity plots for the moving pictures
dataset using unweighted UniFrac as the dissimilarity metric (Caporaso et al., 2011). (A)
PCoA plot colored by the body site and subject. (B) PCoA plot colored by the body site
and subject with connecting lines between samples. Note in (B) that these lines allow us
to track the individual body sites with a different approach.

José A. Navas-Molina et al., Figure 19.19 Image representing the mouse and its gas-
trointestinal tract. (A) Raw imagewithout samples. (B) Image in SitePainter with samples.
(C) and (D) PCoA axis 1 and 2, in red high values, in blue low values, similar colors rep-
resent similar communities. (E) and (F) Taxonomic distributions of (E) Betaproteobacteria
and (F) Gammaproteobacteria, in red high abundance, in blue low abundance.



José A. Navas-Molina et al., Figure 19.23 Stacked bar plot of the abundance values in
the open-reference dataset. The bars are shaded according to phyla with each rectangle
representing the relative abundance of a phylum in a particular sample group. The OTU
rectangle in each stack is ordered according to abundance. The horizontal and vertical
axes indicate the body site of the samples and the average fractional abundance of the
OTU within the sample group, respectively. The separate panels “TG” and “WT” indicate
themouse genotype, achieved automatically by the facet_grid(�GENOTYPE) layer in
the command.

José A. Navas-Molina et al., Figure 19.21 Three-dimensional plots in which two of the
axes are PC1 and PC2 and the other is the day when that sample was collected in ref-
erence to the epoch time. Although this is not explicitly a beta-diversity plot, this rep-
resentation allows differentiation of the individual trajectories over time.



Daniel H. Huson and Nico Weber, Figure 21.3 Rarefaction curve for taxonomic assign-
ment of all 12 samples at the taxonomic rank of genus. MEGAN generates this plot by ran-
domly and repeatedly subsampling 10%, 20%, . . . 100% of the reads and counting the
number of leaves in the resulting graph. Such curves are used to estimate howmany addi-
tionaltaxamaybediscoveredifoneincreasestheamountofsequencingbyacertainamount.

José A. Navas-Molina et al., Figure 19.25 MDS ordination results on the unweighted
UniFrac distances of the open-reference dataset. The samples are separated into differ-
ent panels according to body site and shaded red or blue if they were from transgenic or
wild-type mice, respectively. The horizontal and vertical axis of each panel represents
the first and second axis of the ordination, respectively, with the relative fraction of var-
iability indicated in brackets. (Inset) A scree plot showing the distribution of eigenvalues
associated with each ordination axis.



Daniel H. Huson and Nico Weber, Figure 21.6 Visual output of the COG analyzer. The information is charted here as a bubble chart. Samples
are displayed along the X-axis. The Y-axis represents different COG categories. Nodes represent the number of assigned reads and can be
scaled linearly by square root or logarithmically.





Daniel H. Huson and Nico Weber, Figure 21.8 Relative abundance of the taxonomic content (A) and the KEGG functional content (B) of
multiple samples. The taxonomic content is much more unstable and therefore more difficult to interpret. Function on the other hand is
more conserved over multiple samples. Significant changes may therefore be easier to detect, because overall noise is less present.



Andreas Wilke et al., Figure 22.3 Nucleotide histogram with biased distributions.

Andreas Wilke et al., Figure 22.6 Nucleotide histogram with contamination.

Andreas Wilke et al., Figure 22.10 Sequences to the pipeline are classified into one of
the five categories: gray¼ failed the QC, red¼unknown sequences, yellow¼unknown
function but protein coding, green¼protein coding with known function, and
blue¼ ribosomal RNA. For this example, over 50% of sequences were either filtered
by QC or failed to be recognized as either protein coding or ribosomal.



Andreas Wilke et al., Figure 22.12 The analysis flowchart provides an overview of the
fractions of sequences “surviving” the various steps of the automated analysis. In this
case, about 20% of sequences were filtered during quality control. From the remaining
37,122,128 sequences, 53.5% were predicted to be protein coding, 5.5% hit ribosomal
RNA. From the predicted proteins, 76.8% could be annotated with a putative protein
function. Out of 32 million annotated proteins, 24 million have been assigned to a func-
tional classification (SEED, COG, EggNOG, KEGG), representing 84% of the reads.
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Andreas Wilke et al., Figure 22.16 Heatmap/dendrogram example in MG-RAST. The MG-RAST heatmap/dendrogram has two dendrograms,
one indicating the similarity/dissimilarity among metagenomic samples (x-axis dendrogram) and another to indicate the similarity/dissim-
ilarity among annotation categories (e.g., functional roles; the y-axis dendrogram).
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