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Introduction to Metagenomics

Outline:

Putting metagenomics in perspective

What can metagenomics tell us about microbial

communities?
Future of metagenomics

Tutorial - Bioinformatic tools for metagenomic data

analysis



Carl Woese

Woese C, Fox G (1977). Phylogenetic structure of the prokaryotic domain: the primary kingdoms.
Proc Natl Acad SciU S A 74 (11): 5088-90.

Woese C, Kandler O, Wheelis M (1990). Towards a natural system of organisms: proposal for the domains
Archaea, Bacteria, and Eucarya.
Proc Natl Acad SciU S A 87 (12): 4576-9.
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most bacteria don’t grow on plates
“the great plate count anomaly”




Norm Pace (University of Colorado-Boulder)
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Known Bacterial Phylogenetic Divisions

1987

(12 divisions; 12 cultured / 0 uncultured)

2003
(53 divisions; 26 cultured / 27 uncultured)

1997
(36 divisions; 24 cultured / 12 uncultured)

Cultured
Uncultured

2006
(~100 divisions; 30 cultured / ~70 uncultured)



very skewed representation of Bacteria

culture collection (ACM) sequenced genomes

other phyla
3%

other phyla
20%

Bacteroidetes
6%

Bacteroidetes
1%

Firmicutes
14%

Firmicutes
24%

Actinobacteria
7%

3760 bacterial cultures 71 bacterial genomes
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Isolate

sequencing

Genomics Metagenomics




Sanger sequencing has become much cheaper
Joint Genome Institute (JGI) statistics
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The catch.... it comes in small
pieces

Average Sanger read length - 750

Must assemble the reads together
Giant jigsaw puzzles



Genome assembly




Genome assembly




Metagenome assembly




Metagenome assembly




Metagenome assembly




Decoding metagenomes

Environmental Extract DNA Clone High throughput
sequence
% % Sheared O O L
% % Size selection O Q @ gl ‘q
—> OG _bfo,l‘m n
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Library Type:
Shotgun (small-insert) 3kb
Fosmid (large-insert) 40 kb

BAC (large-insert) BIG STUFF!

T
s
=3

Assemble reads Call genes Bin fragments



Metagenomics projects to
date:

* Metabolic profiling of environments
without need for significant assembly or
reference to the organism from which
genes were derived (e.g. EGTs).

Comprehensive analysis of the community
that resolves gene complement of the
dominant organisms and provides insight
into population structure and evolution.




AMD: Coupling of microbial metabolism and

mineral dissolution

slow

FeS, + 3.50, +H,0 —> Fe?* + 2S0,2 + 2H*

Net increase in
soluble metal

N

Acidification
PN

FeS, + 14Fe® + 8H,0 =P 1

5Fe2* + 250, + 16H*

chemoautotrophy






Richmond Mine, Iron Mountain, CA

N




AMD pool

/

Richmond Mine
Iron Mountain CA

95% pyrite (FeS,) ore deposit
Extreme acidity (pH < 1)
Warm (30 - )

Very high ionic strength (g/l)
Abundant toxic metals
(molar Fe, mM Zn, Cu, As)
Iron oxidation- primary energy
source
No sunlight
Limited external sources
of organic C and fixed N
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EUBmix
probe

ARC915
LF1252
probes

Archaea
Leptospirillum gp |l
Leptospirillum gp lll

Sulfobacillus
Eukarya

FISH Counts

Eucarya

4% Sulfobacillus spp.
Archaea L 1%

10%

Leptospirillum
gp. il
10%

Leptospirillum gp. Il
75%




16S rRNA gene PCR clone
library analysis

Leptospirillum group lli

Leptospirillum group Il

10% divergence




Shotgun
sequencing
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Genome Scaffolding
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Assembling community genomic
(‘metagenomic’) data

consensus cattcggccagggaatac gcaagggcaatgatcagg acactgggttacatggca
environmental | |..................

shotgun € |...... ... .. ... | e [t Booooo

reads | |...... ... ..., t.g.........ocl e B0 0000

.................. BoEjooooo0000000800 b 0Joocooocoo00000 0@

Other potential problems:
- repetitive and mobile elements
- highly conserved genes



AMD community genome sequencing

Ferroplasma acidarmanus isolate
> isolated in 1997

> 1.94 Mb genome of F. acidarmanus fer1
» annotation completed

AMD biofilm community

» 76 Mb shotgun library end-sequence data [133 Mb]

103,462 high quality reads (~737 bp/read) [189,000 reads]
» draft assembly 1,183 scaffolds (>2kb) totaling 10.83 Mb
» draft annotation completed



Assembly of the AMD
community genomic data
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G+C content of community genome
scaffolds

lengtl'll weighted r*ea.d G+ —e—
two-gauusian fit —

G+C = 38,2% mode
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Binning assembled community
genome data by GC and depth
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Leptospirillum group Ill Local read coverage Leptospirillum group Il
2.56 Mb 2.27 Mb




Poisson Calculations for Shotgun Sequencing
(Lander Waterman)

Fold coverage Percent of genome sequenced
0.25 x 22%
0.50 x 39%
0.75 x 93%

1 x 63%

2 X 88%

3 X 95%

4 x 98%

9 X 99.4%
6 X 99.75%
7 X 99.91%
8 X 99.97%
9 x 99.99%

10 x 99.995%




Community Genome Sequencing

-Near complete recovery of two genomes _
_Leptospiri/[um group I First Sequenced member

of the Nitrospira phylum

New species not recognized
-Partial recovery of three other genomes by 16S analysis

-Ferroplasma type |

-Minor components sampled
-Sulfobacillus thermosulfooxidans




Metagenomics provides:

> insight into the metabolism of organisms and
overall community function




Metabolic Network

-EPS production (cellulose
S ERE)

- Motility (response to ferrous
iron and oxygen gradients)

- Oxidative stress resistance

- Genes for resistance to
copper, arsenite, mercury, zinc,
silver, and cadmium (efflux

pumps)

- Electron transport chain
components and a number of
novel cytochromes

- Partitioning of community
essential roles

- C and N fixation

Atmosphere

Pyrite Sediment

Leptospirillum
group 1l

Amino
Nickel Phosphate Acids Dipeptides Nitrate

Efflux
Permeases  zn2*+

MFS; i
(P9 cofactor Biosynthesis )y i EmbdentMeyerhoff _Pentose

cobalamin =B Pathway Phosphate
heme (

Ferroplasma

type Il

protease N
lipases/esterase  Defense Mechanisms AS
D-amylase e
[hgalactosidase DNA modfication system
superoxide dismutase
hydrogen perexicle reductase
cytochrome P450
mercuric reductase

Embden-Meyerhoff

H*-transporting
ATP synthase
H
H*
H

heme-copper terminal oxidase

Biofilm

AMD solution
42°C / pH 0.83

FeS,+14Fe3* +8H,0 —> 15Fe?*+250,2 + 16 H*




Metagenomics provides:

> sequences of co-habiting / co-evolving
populations for comparative analyses




Leptospirillum group 11 genomic variation

CONSENSUS 7245 cgagagagcttggcctcgttcgggagatcggataccactgcatacaggggtatctggtca 7304

XYG29548.G1 396 .ot e e e e 455
XYG30059.G1 400 .ottt e 459
XYG2928.92 203 et e e e e 262
XYD2524 .G 12 et e 71

XYG33406.91 112 .o e e e e 171
XYG22598.G3 214 ottt 273
XYG52392.D1 295 .ottt 354
XYG61369.Db1 449 ottt e 508

1 nt polymorphism / ~1,300 bases

1 strain

Recent selection event (sweep)?
Founder effect?




16S rRNA gene phylogeny of the Thermoplasmatales

Ferroplasma sp. DR1

Ferroplasma sp. MT17

Ferroplasma acidophilum .

Ferroplasma type | (environmental) strain Species
Ferroplasma acidarmanus (fer1) level level

Ferroplasma type Il (environmental)

— "G-plasma" (environmental)

_[ Thermoplasma acidophilum
Thermoplasma volcanium

Sulfolobus solfataricus

0.10

fer1 : “ferienv” = 0.0% 16S divergence

fer1 : fer2 = 0.8% 16S divergence



CG
reads

ISOLATE
X¥G23099.b1
XYD3165.bl
XYD2007.bl
XYD2300.g1

ISOLATE
X¥G23099.b1
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XYD2007.bl
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homogeneous region of ferlenv population
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heterogeneous region of ferlenv population — 2 variants

ISOLATE
XYG35496.g1
XYG3784.b2
XYG66165.g1
XYD6944.b1l

ISOLATE

XYG35496.g1
XYG3784.b2
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XYD6944 .b1l
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XYD7766.bl
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XYG31767.g1
XYD7766.bl
XYG44653.bl

only ferlenv sequence type

661 acactgggttacatggcatcctatgactatttattttcacatggtatcttaaacagaatg

399 ..... L C..... <
308 ..... L C..... <
199  ..... L C..... o
351 ..... L C..... o
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cytochrome
P450
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phosphate-
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related



evidence for inter-strain recombination
(glycosyltransferase)

QUERY 121 aagtcaacaactgagcaatcactttcacggcaattatacgaaataattattgttaaaaacttccgggatacaaatattgacgcttttgeca
ferl.1l44c 121
XYG7465.g2 215
X¥YD1690.gl 200
XYG64953.g1 198
XYG17515.g3 374

QUERY 211 gaagagtataatgtaattaatatttatagtgaaaatgaaacgctctctggaaagataatagaagcaatcgggatcgccagggggaatatt
ferl.1l44c 211
XYG7465.g2 365
X¥YD1690.g1l 250
XYG64953.g1 348
XYG17515.g3 524

- observe linkage between isolate-type and non-isolate type
sequence (mate-pairs)
- observe transitions within single reads...




Ferroplasma type Il inter-strain
variation

Number of polymorphisms

18

16

14

12

10

consensus tttaatgctcaggaaaatattaaacagttcgaagggcttcacacttgtccttgataacggttcatccctgecatggatatgeccacaatggaaccagt

XY¥G55216
XYG63196
XY¥G31528
XYG70757
XYG47994
XYG44707
XYG65814
XYG70247
XYG48207
XY¥G23964
XY¥G21687
XYG37360
XYG52653
XYG31537

yideq@

Tyson et al. Nature, 2004



Mosaic genome structure

Mining
activity?

Common ancestor

Mosaic genome
Q .

Are combinatorial variants a Agt‘i:isr:;a'
strategy for fine-tuning
environmental optimization?

Can this (and other?) microbial
species be defined like sexually
reproducing organisms?



Ferroplasma type |
5.4 x 10-5 events/bp

Detecting intra—
species B
recombination

Ferroplasma type Il
5.1 x 10-5 events/bp
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A
Ferroplasma type |
B
Detecting inter- || 1
species '

recombination |

Ferroplasma type I

Recombination frequency
:Mutation rate
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In(Recombination Frequency)

Recombination frequency versus

sequence divergence

A. Ferroplasma type |

O Fitted values

T T T T 1 T
0.00 0.02 0.04 0.06 0.08 0.10

B. Ferroplasma type I

o Fitted values
< Excluded values

T T T T ] 1
0.00 0.02 0.04 0.06 0.08 0.10

C. Inter-species

| I I | | I
0.00 0.05 0.10 0.15 0.20 0.25
Divergence

In(Recombination Frequency)

-4

-5

-6

O Ferroplasma type |
O Ferroplasma type |l

< t

O Inter-species (avg)

1 ) 1

070 0.5 020
Divergence

T
0.25



Metagenomics provides:

> insight into the metabolism of organisms and
overall community function

» sequences of co-habiting / co-evolving
populations for comparative analyses

» possibility to detect organisms missed in 16S
rRNA surveys




Detection of Novel Diversity

5-way community ~——5 ARMAN-1

pyrophosphatase insert
[

AN

—

1

31% 6!
1

13,236

transposase  GTP cyclohydrolases ribosomal proteins mercuric reductase arsC 16S rRNA

ARMAN-2

-

UBA community

Mismatches with commonly used 16S rRNA gene primers

Primer Primer sequence

21F TTCCGGTTGATCCYGCCGGA
23F TCCGGTTGATCCYGCC

1492R GGTTACCTTGTTAUUCGAUUCTT
1391R GUACGGGCGGTGWGTRCA

1525R AAGGAGGTGATCCAGUCC



16S rRNA Analysis

2 new groups: Crenarchaeota

Desulfurococcaceae

8% an d 17% ClThennoproteaceae v
divergent from WTF-1

Sulfolobales

Nanoarchaeum equitans

7

Korarchaeota Thermococci Pl
Bactenia ' .7
.7 /\ Archaeoglobi
O
ARMAN-1 i Meth I
ethanococcales
ARMAN-2 7
ARMAN-3 00 " alobacteria
hot 1;1>ool clone archaeap11
ot pool clone archaeap3
hydrothermal vent clone pMC2A17, AB019747  Methanobactertales
J
hydrothermal vent clone pISA35, AB019748
hydrothermal vent clone pMC2A384, AB019734 k‘ Methanosarcinales
hydrothermal vent clone pISA18, AB019749 Methanomicrobiales

hydrothermal vent clone pISA1, AB019751
0.10

Thermoplasmata

Euryarchaeota



FISH (fluorescent in situ hybridization) analyses of ARMAN groups

» They are present in low abundance,
but seen in ALL samples in the mine

» MUCH smaller than other cells in the
mine

A drift Slump

ARMAN-groups (pink)

A drift Streamer

Since the are smaller than other cells we should be able to
concentrate them by filtration...



Concentration of ARMAN groups

UBA biofilm sample

ARMAN-groups (red)
Archaea (Arc915, green)

Bacteria (EUB338, blue)

Filtrate Filtration

(450 nm pore-size filters)

16S rRNA gene PCR of filtrate

The ARMAN groups are highly
enriched in the filtrate.
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TEM characterization of the 450 nm filtrate

e The cells range in size from 170nm
to 240nm (averaging 200 nm)

e The cell walls contain an S-layer
e The cytoplasm is densely packed

e 1 to 2 protrusions on each cell

Baker, B.J, Tyson, G.W. et al. Science



Metagenomics provides:

» insight into the metabolism of organisms and
overall community function

» sequences of co-habiting / co-evolving
populations for comparative analyses

> possibility to detect organisms missed in 16S
surveys

» clues for cultivating uncultured organisms




Leptospirilfum group I

CHP CHP CHP nifH nifD nifk nifE nifN nifX CHP nifd deNm : CHP  CHP
S|
T T O T e S S, hans T e e
L , 4 i I

T T T 1

l
41% 27% 94% 94% 82% 90% 3% 83% 86% 90% 82% 56%
| :
W) B AR CORAROREBLR RS G FR R O | SR

o B
Lfe188p2 Lfe199p1
Uei23p2  Lfe123p3 nifH nifd nifk nitE nitN nifx nifs hes8

Leptospirillum ferrooxidans

Mesorhizobium loti
Sinorhizobium meliloti
Rhizobium leguminosarum
Rhizobium gallicum
Mesorhizobium mediterraneum

Azospirill

Rhodobacter capsulatus
Rhodobacter sphaeroides
Rhodospirillum rubrum
Rhodopseudomonas palustris

_|13urkholden’a tuberum
Acidithiobacillus ferrooxidans
—:Bmdymizobium Jjaponicum
Azorhizobium caulinodans [} "
IR Environmental nifH

[ Leptospirillum ferrooxidans

Leptospirillum group Il

Mastigocladus laminosus l i b r a r i eS C On ﬁr m e d t h e

Anabaenopsis circularis

Nostoc punctiforme
RO et

= resence of only one
Paenibacillus durus
Azotobacter vinelandii
_‘—: Klebsiella pneumoniae . ol
Wolinella succinogenes n I r O g e n Ixe r

Desulfitob ium hafniense

- " Clostridium beijerinckii

Chlorobium tepidum

0.10




Genome-directed isolation

Screened samples .. 45 days at 37°C
using FISHp —» Serial diluted ——® Subcultured

EUB338 LF655
All Bacteria Leptospirillum groups
I, I and I

LF1252 . ‘] Combined image showing
Leptospirillum S e SR all three probes
group lll only N ¢ o

“Genome-directed isolation of Leptospirillum ferridiazotrophum, the key nitrogen fixer
in acid mine drainage communities”
Gene W. Tyson, lan Lo, Brett J. Baker, Eric E. Allen, Philip Hugenholtz & Jillian F. Banfield (AEM)




16S rRNA analysis of
Leptospirillum group lll culture

Leptospirillum sp. NOen1, AF376016
AMD clone TRA110, AF047641 e
AMD clone TRB16, AF047634 Leptospirillum group |
IM AMD clone BA39, AF543510
Leptospirillum ferrooxidans strain L15, X86776

cobaltiferous bioreactor clone K16, AF460983
acidic clone OS7, X86773
colbaltiferous bioreactor clone KO1, AF460981
IM AMD clone BA24, AF225449
Leptospirillum group Il (community genome) e
Leptospirillum ferriphilum strain Lf30A, X72852 Leptospirillum group Il
acidic clone 0S4, X86770
Leptospirillum ferriphilum strain BU1, M79383
acidic clone OS17, X86772
coal refuse clone RCP241, AF523926
Leptospirillum ferriphilum LA, AJ237902

—4 IM AMD clone ASL9, AF544226
Leptospirillum group Il (community genome)
Leptospirillum ferrodiazotrophum UBA1

coal refuse clone RCP170, AF523924

s L IM AMD clone AS9, AF543497 Leptospirillum group Il
| IM AMD clone BA29, AF225448

—— IM AMD clone AW5, AF543502
IM AMD clone AW1, AF542500
IM AMD clone AW4, AF543501

“Genome-directed isolation of Leptospirillum ferridiazotrophum, the key nitrogen fixer
in acid mine drainage communities”
G.W. Tyson et al., (AEM)




Community genomics provides:

» insight into the metabolism of organisms and
overall community function

» sequences of co-habiting / co-evolving
populations for comparative analyses

> possibility to detect organisms missed in 16S
surveys

» clues for cultivating uncultured organisms

» basis for proteomic analyses of ‘whole’
communities
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. Genome Proteome

75% 83% Leptospirillum group Il
1 10% 9% Leptospirillum group llI
10% 8%

1%




Protein Extraction for Mass
Spectrometry

Biofilm Sample

A~ 1 Wash in H,SO,, pH 1.1
2 Low speed centrifugation

N

Cellular Fraction
l 1. Sonicate to lyse

2. Low speed spin (remove sediment/unbroken cells)

Q‘h speed centrifugation

I
Membrane Soluble



Community Proteomics: 2D LC-MS/MS

Trypsin proteolysis of proteins in fractions

v

Differential LC

l457.

203 4373

107 352-2384.2‘ J
1 283.1

et L]
T T T T Tt
200 300 400

oaat 123 l “4901.3

958310131
L L Ll s |20t s
i L L L
50 600 700

mass/charge

Biofilm_Prep1_SampleA_1DLCMSMS_Full_041204

Full MS Spectra
4717 p
643.2
644.1
8217
503.1
6115
4117 64507387
528.4 747.6 |8227
Ee 7315 9419
893.7 12846
7613 L 9438 10546
© 1143.411995 12879
MM ¥ IMM Lk J Ju.L. Db oo [1287.91306.81420.2

CoMMUNITY GENOME DATABASE

Leptoll_scaffold_14_GENE_20
MNKWAGAVLGTVTLGLLSATAYSAELDILKPN
RVPADQIAAAKAMKPPFPVTAAVIAKGKEVFN
GAGTCYTCHGVGGKGDGPGAAGMDPSPRFTNH
QFDQVRTAGEMVWVVSNGSPLQPAMVGFVSAG
ITDKQAWEAVMYERSLGCGGDMDCVTGSADWVY
GKQPVHEEAASSLKPEYIGVASAH




Proteins detected in the natural community

SLRSATAYSAELKILKPKVWVVSNGKPLGSATAYSAELDILKPNSPLTAYSREL 1 pe ptide 5,994
Increasing T vy
1 GLRSATAYSAELKILKPKVWVVSNGKPLGSATAYSAELDILKPNSPLTAYSREL 2 pe ptide 2 033
confidence | S ’
v GLRSATAYSAELKILKPKVWVVSNGKPLGSATAYSAELDILKPNSPLTAYSREL 3 pe ptide 1 ,435

D

- 17% of predicted genes in the community

- 48% of proteins predicted from the Leptospirillum group |l
(1362 proteins)

- validation of 572 hypothetical proteins

Ram et al. Science (2005)



Functional Category Analysis
of Expressed Proteins
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Importance of hypothetical proteins

31% of detected proteins are hypothetical

212 operons encoding proteins of ascribable function
and expressed hypothetical proteins

e.g.: operon encoding 8 flagellar proteins also
encodes 4 detected hypothetical proteins

Detected complete operons of hypothetical proteins

e.g.: 3 gene operon that is Leptospirillum group Il



Most abundant proteins overall

(compiled top 50 from each fraction)

17% hypothetical

13% ribosomal

11% chaperones
9% thioredoxins

8% radical defense

Protein folding
and radical defense
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-: - 60 ] efflux transporter

D 1-10 cg efflux transporter
10-20 S8 sulfurtransferase
20-30 £7 |l alcohol dehydrogenase
30-40 & S6 unique hypothetical
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— © 0-60 & c4 unique hypothetical
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37 L-proline 4-hydroxylase
36 ectoine synthase
35 4-aminobutyrate aminotransferase
24 |1 2 4diaminobutyric acid acetyltransferase
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Soil

Sargasso Sea

Acid mine drainage
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% Sequence
of Reads
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Environmental Sample (Complexity)



Environmental Gene Tags (EGT)

Identify genes in sequence data (contigs to
unassembled reads) from multiple
environmental samples

Assign genes to their gene family, or higher
level groupings

Compare relative abundance of different gene
families according to habitat



Primary challenges for metagenomics
in more complex environments

] Cost

technology <
Sequencing efficiency

—

Improved assembly algorithms/heuristics ] learn from
>~ simple
Resolution of strain heterogeneity | communities
- Post-genomic databases
- Molecular evolution




454 pyrosequencer

400 Mbp per run
400 bp reads
0.003 ¢ per base




Metagenomics projects

16S rRNA

surverys
Pace et al.

|

|
1985 1 990 1 995 2000 2005 201 0
Haemophilus
influenzae genome

Smith et al. O n Virome

mb r 2006
A ngly etal.

{7 shot gun sequencing
-Lg sert library sequencing

S -

23 completed and 130 ongoing metagenomic projects



JGI metagenomic projects
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Metagenomics is just the first level

protein proteome proteome proteome
RNA  transcriptome transcriptome transcriptome
DNA genome genome
viruses bacteria & archaea  eukaryotes
" _

microbial communities



Bioinformatic tools for metagenomic
data analysis

MEGAN

- blast-based tool for exploring taxonomic content

MG-RAST (SEED, FIG)

- rapid annotation of metagenomic data, phylogenetic
classification and metabolic reconstruction

CAMERA (JCVI, Calit2, UCSD)

- metagenomic data repository and blast server



Getting started

http://urkaryote.mit.edu/files/

Download MEGAN and metagenomic datasets BLAST
files:

e 06 Index of /files
(\4& ) *E' '\_' 'ir ([ | hup://urkaryote.mit.edu/files/

Most Visited ~

Gougle 14} Cosearch v {5 @ T v Erv M f9 Bookmarks v PageRanky .\ Autolink
Index of /files

Name Last modified Size Description

a Parent Director 04-Aug-2006 10:57 -

41B09 PR.fna 25-Jun~2008 14:09 1k

MEGAN macos 2betall.dmg 13-Jun-2008 14:21 15.5M

C
MEGANmanual.pdf 13-Jun-2008 14:21 815k

@ OMZ 20m allDNA.fna.5..> 15-Jun-2008 23:29 30.1M

@ OMZ 20m allDNA.fna.5..> 24-Jun-2008 17:57 31.8M

@ OMZ 45m allDNA.fna.5..> 15-Jun-2008 23:27 30.0M

@ OMZ 60m allDNA.fna.5..> 15-Jun-2008 23:58 34.7M

Apachell.3 41 Server at urkaryote.mit.edu Port 16080



