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Community composition
and interactions

Community genomic (metagenomic)
and transcriptomic data

Qi . Ecosystem functions
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Community metabolism



Station ALOHA - North Pacific
Subtropical Gyre

Hawaii Ocean Time-series (HOT) program begun in October 1988

» monthly cruises to measure hydrography, chemistry and
biology of the water column
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http://kela.soest.hawaii.edu/ALOHA/hawaiianislands.html
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Measuring gene expression in stratified
marine microbial communities

Gene content Gene expression
Metabolic potential =P EXxpression dynamics
Genetic variation Regulation



Metatranscriptomic Approach

Sample seawaters from biogeochemically
different environments

Collect microbial biomass
(~0.2um - 1.6um) from each depth

Extract community RNA and l i« —
i . community RNA community genomic
community genomic DNA J .
Amplify community RNA —
(preferentially mRNA), synthesis cDNA /MX//Q_SM
—_—
l Y
Pyrosequencing
~12Mb ~41Mb

Coupled cDNA and DNA samples are necessary for
generating a normalizing expression signal



RNA amplification

Modified Eberwine T7-based bacterial RNA amplification

community RNA

i Wik PAP polyadenylation
5 3
——___/AAAA
TTTT(Bpml)T7
i 1st strand cDNA synthesis
5’/\/:XAAA
TTTT(Bpml)T7
i 2nd strand cDNA synthesis
5’f\/§AAA(Bpm|)T7
TTTT(Bpml)T7
l T7 in vitro transcription (linear amplification)

3/\/UUUU(Bme)
5

/\/UUUU(Bme) /_\/UUUU(Bme)
r\_/uuuu (Bpml)

i PAP polyadenylation

AAAA /\_/U’UUU(Bme)
AAAA /\_/SUUUU(Bme) AAAA /\_/UUUU(Bme)
AAAA /\/UUUU (Bpml)
(Bpm)TTTT i Final cDNA synthesis

B 3
(Bpml)AAAA 5f\//—\AAA(Bme)
—_
(Bpml)TTTT TTTT(Bpml)

i Restriction enzyme digestion
3

i~
- ~—_"

Modified method developed by Jorge
Frias-Lopez and Yanmei Shi

Major challenges:

1)
2)

3)
4)

very short mRNA
half life

low extraction
yields

ribosomal RNAs
bacterial and
archaeal mRNA is
not polyadenylated



Pyrosequencing - 454 GS20 and FLX

OLD:

Genome Sequencer GS20
~ 40 million bases

~ >100bp

~ 400,000 reads

NEW:

Genome Sequencer FLX

~ 100 million bases
~ >200bp
~ 400,000 reads




Pyrosequencing - Library construction

1. DNA Library Construction * 2. emPCR 3. Sequengcing
gDNA Data output
CDNA Z:5:h

B B
* Library is created from any dsDNA = A/B fragments selected using streptavidin-biotin purification
* Genome fragmentation by nebulization = Denaturation to select for sstDNA library with A/B adaptors

= Ligation of adapters A& B = No cloning; no colony picking

1. AB and BB strands bind to
magnetic particles.

AB fragments [ ' $ Ef_{ W;—ﬁr iwji_;:‘

4. AB strands are melted off and recovered.

AA fragments [ [
® | |

BB fragments

. 2. AA products (no biotin) are washed away

BA fragments ® | [ 3. Strands are filled.

Images courtesy of Roche (Technical presentation)



Pyrosequencing - emPCR

Break microreactors
and enrich for DNA-

positive beads

Clonal amplification

occurs inside

Emulsify DNA Capture

Anneal sstDNA to an
excess of 28 um DNA

Capture beads

beads and PCR reagents

in water-in-oil

microreactors

microreactors

> Clonally-amplified sstDNA attached to bead

sstDNA library

DNA Capture Beads



Pyrosequencing - sequencing

= Well diameter average for PicoTiterPlate
IS 44 um

= A single clonally amplified sstDNA bead
is deposited per well.

= A layer of packing and enzyme beads are
deposited

= Plate is loaded into instrument for
sequencing

> Packed PTP

Signal image

polymerase

Sulfurylase

Luciferase
DNA capture bead
containing millions of
copies of a single
clonal fragment

Light + oxy luciferin



Pyrosequencing - imagine processing
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HOT179 - 75m
DNA and cDNA sample statistics

DNA library cDNA library
Number of reads 414,323 128,324
Average length (bp) 110 114
Number of rRNA reads 9877 65,859
Total Base Pairs (Mb) 45.4 14.7

« Smaller than expected number of cDNA reads
- inefficient removal of polyA tails

- short cDNA fragments

* rRNA bearing reads constitutes ~50% of the cDNA
library



HOT179 75m DNA and cDNA versus NCBI NR
database
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HOT179 - 75m DNA and cDNA sample stats

DNA library cDNA library
Number of reads 414,323 128,324
Average length (bp) 110 114
Number of rRNA reads 9877 65,859
Total Base Pairs (Mb) 45.4 14.7
Number of NCBI-nr hits 205,747 (50%) 7;275 (13%)
Number of GOS peptide hits 290,741 (70%) 23,203 (43%)

Significantly more hits to the GOS peptides for both DNA and cDNA reads
- increase is greater for the cDNA library

Large number of unknown cDNA reads

- possible presence of novel, rare genes that contribute to microbial
expression profile and not detected in previous metagenomic surveys

- regulatory RNAs?



Station ALOHA - HOT179 - 75 m
Metatranscriptomic analysis

Shared cDNA-DNA
GOS clusters
(2654 clusters)

W~

cDNA unique GOS clusters
(1722 clusters) DNA unique GOS clusters
(32524 clusters)

Frias-Lopez and Shi et al, in review



Number of reads assigned to cluster
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Station ALOHA - HOT179 - 75 m
Metatranscriptomic analysis

clusters

A Shared cDNA-DNA | GOS-only clusters
L GOS clusters |
| Shared GOS-NR
(2654 clusters) clustars
cDNA unique GOS clusters \ i
(1722 clusters) DNA unique GOS clusters
(32524 clusters) il
< >
cDNA unique DNA unique clusters

Frias-Lopez and Shi et al, in review
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Community Gene Expression
Station ALOHA H179 - 75 m

Cluster based expression ratio =
number of cDNA reads mapped to each GOS protein cluster

number of DNA reads mapped to each GOS protein cluster

A\

o
O OO

B DNA Abundance
Hypothetical O Low
O Medium
O High

DNA repair (DNA methytransferase)
Light harvesting (PufB)

O Extremely High

lon transport (proteorhodopsin)
Protein biosynthesis (ribosomal protein)

Carbon fixation (RuBISCO)
Transport (ammonium transporter)
Electron transport
(photosystem I, Il proteins)

Photosynthetic electron transfer
& (photosystem Il proteins) ABC transporter

(ATP-binding protein)

DNA repair
& (photolyase)

cDNA-DNA shared clusters
Frias-Lopez and Shi et al, in review



Back to the Environment

qRT-PCR/gPCR ratios

Not found in the 454 DNA
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Gene expression in Prochlorococcus
Station ALOHA - H179 - 75m

A 8 Wo core

| - | o flexible

| e ~ 90% of the putative Prochlorococcus
Z 7T psan ot reads mapped to MIT9301, AS9601 and
3 o IBUEE MIT9312 - all high light species.

psbB

\

‘ np

. psbc® © oRNApol
‘ psbD o rpsD
\

\

porin1226° © h(\)/p/ﬂ thioredoxin peroxidase
chyp2917_9Q o

Rl el Highly expressed genes involved
2 4 6 8 o1 14l s 2 ammonium uptake (amtB), carbon fixation
(rbcL) and photosynthesis (psaA,B).

B %
[a)
g DNA - all ‘core’ genes expression at
g - relatively even abundance, ‘flexible’ genes
= 0 600 1200 1800 .
variable.
cg
%
§ cDNA - some ‘flexible’ genes highly
g 8L expressed.
g o 600 1200 1800

gene number along chromosome

Prochlorococcus gene and transcript abundance using strain MIT9301 as a reference genome



HOT179 depth profile - cDNA and DNA read
statistics

0

0 0.1 0.2 0.3

Fluorescence, Seapoint
0.4 0.5 0.6

07 08 09 1.0
[ — | 1 ] | | | 1 | 1 |
LI L L I o o
Temperature, (ITS-90) [deg C]
0 5 10 15 20 25 30
T F T T T T T T T T T (LI s
25m
100+ s 75m
125m
2004
300
—~
D 4004
(0]
L
(0]
ésoe 500m
o
o
@ 600 25
a m
75m
700+
125m
800+ 500m
900+
000t
C 25m
100IIlIIIIlIIIIIIIIIIIlIIIIIIIII
T I | |
34.00 34.25 34.50 34.75 35.00 35.25 35.50 75m
Salinity [PSU
Illll:ll|IIII|J=|IIIlllll|}i[lllll:IIIIIIIIIII!II:I[II{ 125m
0 25 50 75 100 125 150 175 200 225 250
Oxygen [uMol/Kg] 500m

temperature
salinity
fluorescence
oxygen

cDNA
number reads average length total
87,291 105bp 9.2 Mb
126,874 114bp 14.5Mb
115,067 104bp 12.0Mb
122,250 102bp 12.5Mb
DNA
number reads average length total
385,193 108bp 41.6Mb
414,323 110bp 45.6Mb
348,394 108bp 37.6Mb
393,581 106bp 41.7Mb
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HOT179 125m highly expressed genes - based on
NCBI gi number (hypotheticals removed)
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photosynthetic Il protein PsbC

photosystem Il PsbB protein

RNA-binding region RNP-1
light-harvesting complex protein
photosystem || manganese-stabilizing protein
ribulose bisphosphate carboxylase [Prochlorococcus marinus str. MIT 9312]
proteorhodopsin
ribulose 1,5-bisphosphate carboxylase/oxygenase large subunit
methionine sulfoxide reductase A
cytochrome b559 alpha-subunit
ammonia monooxygenase subunit A [Cenarchaeum symbiosum]
photosystem | PsaL protein (subunit XI)
ribulose bisophosphate carboxylase [Synechococcus sp. RS9916]
photosystem | psaA
ribosomal protein L20
possible Photosystem Il reaction center Z protein PsbZ
chlorophyll a/b binding light harvesting protein PcbC
photosystem | PsaL protein (subunit XI)

photosystem | PsaA protein
light-harvesting complex protein

photosystem | protein PsaD

putative oxidoreductase
elongation factor Tu
predicted proteorhodopsin [uncultured bacterium]

TRAP dicarboxylate transporter
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HOT179 125m highly expressed genes - based on
NCBI gi number (hypotheticals removed)
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HOT179 125m highly expressed genes - based on
NCBI gi number (hypotheticals removed)

80

RNA-binding region RNP-1
light-harvesting complex protein

70 photosystem I mang anese-stabilizing protein
ribulose bisphosphate carboxylase [Prochlorococcus marinus str. MIT 9312]
proteorhodopsin

rlbulose 1,5-bisphosphate carboxylase/oxygenase large subunit
methionine sulfoxide reductase A

cytochrome b559 alpha-subunit

ammonia monooxygenase subunit A [Cenarchaeum symbiosum]
photosystem | PsaL protein (subunit

ribulose bisophosphate carboxylase [Synechococcus sp. RS9916]
photosystem | psaA
ribosomal protein L20
possible Photosystem Il reaction center Z protein PsbZ
chlorophyll a/b binding light harvesting protein PcbC

photosystem | PsalL protein (subunit XI)
photosystem | PsaA protein
light-harvesting complex protein
photosynthetic Il protein PsbC
photosystem | protein PsaD
putative oxidoreductase
elongation factor Tu
predicted proteorhodopsin [uncultured bacterium]
photosystem Il PsbB protein
TRAP dicarboxylate transporter

q/DNA_freq
W
o
|

N
o
I

cDMNA_fre

w
o
I

20 -

10
0

10 20 30 40 S0 60 70

Genes



cDNA/DNA
s s & & & 3 8

-
(=]
T

o
[=]

500

HOT179 125m highly expressed genes - based on
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HOT179 500m highly expressed genes - based on
NCBI gi number (hypotheticals removed)
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ammonia monooxygenase subunit C [Cenarchaeum symbiosum]
putative archaeal ammonia monooxygenase subunit C [Candidatus Nitrosopumilus maritimus]
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putative ammonia monooxygenase subunit a [uncultured marine crenarchaeote]
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small nuclear ribonucleoprotein [Cenarchaeum symbiosum]
7 Actin-like ATPase involved in cell morphogenesis [Magnetospirillum magneticum AMB-1]
aldehyde dehydrogenase [Flavobacteria bacterium BBFL7]
oxidoreductase, 2-nitropropane dioxygenase family [uncultured bacterium 311]
[ long-chain fatty-acid-CoA ligase [Mariprofundus ferrooxydans PV-1]
ribosomal protein S30E [Cenarchaeum symbiosum]
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HOT179 500m highly expressed genes - based on
NCBI gi number (hypotheticals removed)
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aldehyde dehydrogenase [Flavobacteria bacterium BBFL7]
oxidoreductase, 2-nitropropane dioxygenase family [uncultured bacterium 311]

gl 200 - long-chain fatty-acid-CoA ligase [Mariprofundus ferrooxydans PV-1]
o ribosomal protein S30E [Cenarchaeum symbiosum]
% Pyrrolo-quinoline quinone [Ralstonia eutropha JMP134]
o 150 DNA-directed RNA polymerase, beta subunit [Chlorobium ferrooxidans DSM 13031]
NAD-dependent epimerase/dehydratase [Desulfovibrio vulgaris subsp. vulgaris DP4]
100 L glutamate-1-semialdehyde-2,1-aminomutase [Chloroflexus aggregans DSM 9485]
peptide ABC transporter, ATP-binding protein [Dehalococcoides sp. CBDB1]
OmpA family protein [Candidatus Pelagibacter ubique HTCC1002]
5ok T4-like head completion protein [Cyanophage P-SSM2]
ring hydroxylating dioxygenase alpha subunit [Sphingopyxis macrogoltabida]
oy | | | | | | | | |
0 10 20 30 40 S0 60 70 80 90

Genes



Taxonomic profile - DNA vs cDNA
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Proteorhodopsin expression through
the depth profile

PR-coding reads relative to size Taxonomic affiliation
of the library (%) of PRs (%)
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HOT179 DNA HOT179 cDNA

. KEGG pathways represented by KEGG pathways represented by
£583 >0.1% of assignable reads >0.1% of assignable reads
™ o e fe>Re N o Yo
il el
Cysteine metacolism [PATH:ko00272] e
Aminoacyl-tRNA biosynthesis [PATH ko00970) o000
Biosynthesis of steroids [PATH ko00100] IIIT

Rinbosome [FATH ko03010]
:megoﬁ/xrﬁgglsm;ﬁm%%%ﬂem Protein export [PATH:ko03060]
Fructose and mannose metabolism [PATH:ko00051)
Fructose and mannoss metabolism [PATH:ke00051] Protein folding and associated proce[ssing
Ribosome [PATH:ko03010]
Photosynthesis [PATH:ko00195]
Carbon fixation [PATH:ko00710]
Glyoxylate and dicarboxylate metabolism [PATH:ko00630]
Two-component system [PATH:ko02020]
Lysine biosynthesis [PATH:ko00300]
Peptidoglycan biosynthesis [PATH:ko00550]
Sulfur metabolism [PATH:ko00920]
Other translation proteins
Methane metabolism [PATH:ko00680]
Reduclive carboxylate cycle (CO2 fixation) [PATH:ko00720]
Citrate cycle (TCA cycle) [PATH:ko00020]
ABC transporters [PATH:ko02010]
Arginine and proline melabolism [PATH:ko00330]
Alanine and aspartate metabolism [PATH:ko00252]
Oxidative phosphorylation [PATH:ko00190]
Fatty acid biosynthesis [PATH:ko00061]
Glycerolipid metabolism [PATH:ko00561)]
Cysleine metabolism [PATH:ko00272]
Pentose phosphate pathway [PATH:ko00030]
Fatty acid metabolism [PATH:ko00071)
Lysine degradation [PATH:ko00310]
Glycolysis / Gluconeogenesis [PATH:ko00010]
Pyruvate metabolism [PATH:ko00620]
Methionine metabolism [PATH:ko00271]
Aminoacyl-tRNA biosynthesis [PATH:ko00970]
"Valine, leucine and isoleucine biosynthesis [PATH:ko00290)"
"Other replication, recombination and repair proteins"
Tryptophan metabolism [PATH:ko00380]
Porphyrin and chlorophyll metabolism [PATH:ko00860]
Selenoamino acid metabolism [PATH:ko00450]
"Glycine, serine and threonine metabolism [PATH:ko00260]"
Purine metabolism [PATH:ko00230]
"Valine, leucine and isoleucine degradation [PATH:ko00280]"
Ascorbate and aldarate metabolism [PATH:ko00053)
3-Chloroacrylic acid degradation [PATH:ko00641]
"Phenylalanine, tyrosine and tryptophan biosynthesis [PATH:ko00400]"
"1,2-Dichloroethane degradation [PATH:ko00631]"
Pantothenate and CoA biosynthesis [PATH:ko00770]
Limonene and pinene degradation [PATH:ko00903]
Bile acid biosynthesis [PATH:ko00120]
Butanoate metabolism [PATH:ko00650]
Cell division
RNA polymerase [PATH:ko03020]
DNA replication [PATH:ko03030]
One carbon pool by folate [PATH:ko00670]
Glutamate metabolism [PATH:ko00251)
beta—Alanine metabolism [PATH:ko00410]
Nitrogen metabolism [PATH:ko00910]
Pyrimidine metabolism [PATH:k0o00240]
Propanoate metabolism [PATH:ko00640]
Urea cycle and metabolism of amino groups [PATH:ko00220]
Histidine metabolism [PATH:ko00340
Other ion-coupled transporters

Glycolysis / Gluconeogenesis [PATH: kooomtzl

Urea cycle and metabolism of amino groups [PATH ko00220)
Pyrimicine metabolism [PAT H:ko00240]

Other lon—coupled transporters

Starch and sucrose metabelism [PATH ko00500]

Protein folding and associated processing =
Pentose phosphate pathway [FATH ko00030]

Base excision repair [PATH k003038 L
Porphyrin and chlorophyll metabolism [PATH ko00860]
"Other replication, recombination and repair proteins” ﬂ

Peptidoglycan biosynthesis [FATH ko00550]

"Phenylalanine, tyrosine and tryptophan biosynthesis [PATH:ko00400]"
Carotenoid blosynthesis [PATH ko00908]

Cell division

Photosynthesis [PATH ko00195)

Lysine biosynthesis [PATH ko00300] =1
DNA replication [PATH ko03020]

Glutathione metabolism [PATH Ko00480)]

Other translation proteins

Sulfur metabolism [PATH:ko00920]

Folate biosynthesis [PATH ko00790]

Purine metabolism [PATH:ko00230]

Nicotinate and nicotinamide metabolism [PATH ko00780)

Thiamine metabolism [PATH:koG0730] ‘ {’

o L L LD L L] ]| HOT179_125m

Methionine metabolism [PATH ko00271]
Lipopelysaccharide biosynthesis [PATH ko00540]
Aminosugars metabolism [PATH ke00530]
Glycerolipid metabolism [PATH ko00561)
Two-component system [PATH:ko02020]

Arginine and proline metabolism [FATH ko00330]
Glutamate metabolism [PATH:ko00251]

One carbon pool by folate [PATH ko00670]
Histidine metabolism [PATH ko00340] L
OCxidative phosphorylation [PATH:ko00190]

Fatty acid biosynthesis [PATH ko00081]

"Valine, leucine and isoleucine bicsynthasis [PATH ko00290]"
Alanine and aspartate metabolism [PATH ko00252)

Carbon fixation [PATH:ko00710]

ABC transporters [PATH:ko02010]

Streptomycin biosynthesis [PATH ko00521]

Selenoamine acid metabelism [PATH:ko00450]

Galactose metabolism [PATH ko00052]

Ubiguinene biosynthesis [PATH ko00130]

Pyruvate metabolism [PATH koC0820]

Nitregen metabolism [PATH ko00810]

"Glycine, serine and threonine metabelism [PATH ko00260]"
Nucleotide sugars metabolism [PATH ko00520)
Phenylalanine metabolism [PATH:ko00360)

Pantothenate and CoA biosynthesis [PATH ko00770]

Fatty acid metabolism [PATH ke00071

"Valine, leucine and isoleucine degradalmn [PATH ko00280)"
beta-Alanine metabolism [FATH ko00410]

Geraniol degradation [PAT H:ko00281)

Propanoate metabolism [PATH ko00640,

Limonene and pinene degradation [PATH k000903]

Bile acid biosynthesis [PATH koC0120]

Benzoate degradation via CoA ligation [PATH ko00632]

1- and 2-Methylnapnthalene degradation [FATH ko00624]
Tryptophan metabolism [FATH ko00380]

Butanoate metabolism [PATH:k0o00650]

Methane metabolism [PATH ko00680]

Tyrosine metabolism [PATH:ko00350]

Reductive carboxylate cycle (CO2 fixation) [PATH ko00720]
Lysine degradation [PATH kc00310]

Citrate cycle (TCA cycle) [PATH ko00020]

Glyoxylate and dicarboxylate metabolism [PATH ko00630]
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HOT179 25m
HOT179 75m

O HOT179 DNA
O HOT179 cDNA
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High light Prochlorococcus
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%)
1) o HF0130_043C02

o (Uncultured marine microorganism)
Candidatus Pelagibacter ubique//
(HTCC7211,1062,1002) \

o HF4000_08N17
o (Deltaproteobacteria ; SAR324 cluster)

Low light Prochlorococcus

o
= 0 , . .
\ o Nitrosopumilus maritus

53 ~

. c W5 HiE) © o Alteromonas macleodii
JATSRE o Deep ecotype
4 ) / p ecotyp
7 HF0130_025G03 HF fosmids g‘o
9 7‘3 HF0130 _060F06 (Uncultured marine archaeum) (770m and 4000m) «,(\
[5) (Uncultured marine microorganism



% amino acid similarity

% amino acid similarity
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Amino acid similarity

Cenarchaeum symbiosum coverage
- depth profile
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Cenarchaeum symbiosum cDNA/DNA ratio
Station ALOHA - H179 - 500m

Cenarchaeum symbiosum
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Number of reads mapping to each region
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Possible small non-coding RNA in

Pelagibacter?

Pelagibacter HTCC7211
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Detecting small non-coding RNA
in the environment
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OMZ metagenomic and metatranscriptomic libraries
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OMZ depth profile 16S rRNA taxonomic classification
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Starch and sucrose metabolism [PATH:ko00500]

Porphyrin and chlorophyll metabolism [PATH:ko00860]
Photosynthesis [PATH:ko00195]

Cell division

Pentose phosphate pathway [PATH k000030]

Thiamine metabolism [PATH:ko00730]

Biosynthesis of steroids [PATH:! k000100J

Glutathione metabolism [PATH:ko00480]

"Other replication, recombination and repair proteins”
Pores ion channels

Ubiquinone biosynthesis [PATH:ko00130]

Arginine and proline metabolism [PATH:ko00330]

Alanine and aspartate metabolism [PATH:ko00252]
Lipopolysaccharide biosynthesis [PATH:ko00540]

Purine metabolism [PATH:ko00230]

Protein folding and associated processing

Oxidative phosphorylation [PATH:ko00190]

Novobiocin biosynthesis [PATH:ko00401]

Nucleotide sugars metabolism [PATH:ko00520]
C5-Branched dibasic acid metabolism [PATH:ko00660]
Fructose and mannose metabolism [PATH:ko00051]
Pantothenate and CoA biosynthesis [PATH:ko00770]
Folate biosynthesis [PATH:ko00790]

Benzoate degradation via hydroxylation [PATH:ko00362]
"Valine, leucine and isoleucine blosynthes|s [PATH:ko00290]"
Cysteine metabolism [PATH:ko0027.

One carbon pool by folate [PATH k000670]

Glycolysis / Gluconeogenesis [PATH:ko00010]
Pyruvate/Oxoglutarate oxidoreductases

Fatty acid biosynthesis [PATH:ko00061]

Glutamate metabolism [PATH:ko00251]

Reductive carboxylate cycle (CO2 fixation) [PATH:ko00720]
Two-component system [PATH:ko02020]
Nitrogen metabolism [PATH:k000910]
Pyruvate metabolism [PATH:ko00620]
ABC transporters [PATH:k002010]
Other transporters

Galactose metabolism [PATH:ko00052]

Glyoxylate and dicarboxylate metabollsm [PATH:ko00630]
Methane metabolism [PATH:ko0O

Selenoamino acid metabolism [PATH ko00450]
Aminophosphonate metabolism [PATH:ko00440]

Histidine metabolism [PATH:ko00340]

"Valine, leucine and isoleucine degradation [PATH:ko00280]"
Androgen and estrogen metabolism [PATH:ko00150]
Limonene and pinene degradation [PATH:ko00903]
beta—Alanine metabolism [PATH:ko00410]

1- and 2-Methylnaphthalene degradation [PATH ko00624]
3-Chloroacrylic acid degradation [PATH:ko00641]

Bile acid biosynthesis [PATH:ko00120]

Phenylalanine metabolism [PATH:ko00360]

Naphthalene and anthracene degradation [PATH:ko00626]
PPAR signaling pathway [PATH:ko03320]

Glycerolipid metabolism [PATH:ko00561]

Ascorbate and aldarate metabolism [PATH:ko00053]
Other ion—coupled transporters

Aminosugars metabolism [PATH:ko00530]
Glycerophospholipid metabolism [PATH:ko00564]
Tryptophan metabolism [PATH:ko00380]

Benzoate degradation via CoA [[ganon [PATH:ko00632]
Geraniol degradation [PATH:koO!

Fatty acid metabolism [PATH:| k000071]

Tyrosine metabolism [PATH:ko00350]

Caprolactam degradation [PATH:ko00930]

Lysine degradation [PATH:ko00310]

Butanoate metabolism [PATH:ko00650]

Propanoate metabolism [PATH:ko00640]

"Glycine, serine and threonine metabolism [PATH:ko00260]"
Cnrale cycle (TCA cycle) [PATH:ko00020]

Cyanoamino acid metabolism [PATH:ko00460]

Protein export [PATH:ko03060!

|| Aminoacyl-tRNA blusynthests [PATH ko00970]

Carbon fixation [PATH:koO!

Methionine metabolism [PATH k000271]

=

enioned [ aepieted

EEg
SBHO
AR
NNN
===
O0O0

Sulfur metabolism [PATH:ko00920]
Urea cycle and metabolism of amino groups [PATH:ko00220]
Type Il secretion system [PATH:ko03090]

Peptidoglycan biosynthesis [PATH:k000550]

Electron transfer carriers

Streptomycin biosynthesis [PATH:ko00521

Lysine biosynthesis [PATH:ko00300]

Ribosome [PATH:ko03010]

Pyrimidine metabolism [PATH:k000240]

Other translation proteins

DNA replication [PATH:ko03030]

Base excision repair [PATH:ko03038]

Nicotinate and nicotinamide metabolism [PATH:ko00760]
RNA polymerase [PATH:ko03020]

"Phenylalanine, tyrosine and tryptophan biosynthesis [PATH:ko00400]"
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Nitrogen metabolism

glutamate synthase (ferredoxin) [EC
ferredoxin-nitrite reductase [EC:1
cyanate lyase [EC:4.2.1.104]
glutamate synthase (NADPH) [EC:1.4.
ferredoxin—nitrate reductase [EC:1.7.7.
NAD+ synthase [EC:6.3.1.5]
carbonic anhydrase [EC:4.2.1.1]
nitrilase [EC:3.5.5.1]

glutamate dehydrogenase (NADP+) [EC:1.4.1.4]

nitrite reductase (NO-forming) [EC:1.7.2.1

2-nitropropane dioxygenase [EC:1.13.11.32]

heme exporter membrane protein CcmC [NA]

L-asparaginase [EC:3.5.1.1

aspartate ammonia-lyase [EC:4.3.1.1]

glutamate synthase (NADPH) large chain [EC:1.4.1.13]

glutamate synthase (NADPH) small chain [EC:1.4.1.13]

D-amino-acid dehydrogenase [EC:1.4.99.1]

glutamate dehydrogenase [EC:1.4.1.2]

glutamine synthetase [EC:6.3.1.2]

asparagine synthase (g[utamlne hydrolysing) [EC:6.3.5.4]

nitrate reductase [EC:1.7.99.4]

" nitrate reductase 1, gamma subunit [EC:1.7.99.4]"

" nitrate reductase 1, delta subunit [EC:1.7.99.4]"

cystathionine beta-lyase [EC:4.4.1.8]

nitrogen fixation protein NifU and related proteins [NA]

" nitrate reductase 1, beta subunit [EC:1.7.99.4]"

" nitrate reductase 1, alpha subunit [EC:1.7.99.4]"

carbamate kinase [EC:2.7.2.2]

nitrite reductase (NAD(P)H) large subunit [EC:1.7.1.4]

ferredoxin-type protein NapG [NA]

cytochrome c-type biogenesis protein CcmE [NA]

heme exporter ATP-binding proteln CcmA [EC:3.6.3.41]
aminomethyltransferase [EC:2.1.2.10]

cytochrome c-type biogenesis protein CcmF [NA]

cystathionine gamma-lyase [EC:4.4.1.1]

carbonic anhydrase [EC:4.2.1.1

" nitrate reductase 2, alpha subunit [EC:1.7.99.4]"

" cytochrome ¢ biogenesis protein Ccm@, thiol disulfide interchange protein DsbE [NA]"
cytochrome c-type biogenesis protem CcmH [NA

glutamate dehydrogenase (NAD(P)+) [EC:1.4.1.3]

nitrate reductase catalytic subunit [EC:1.7.99.4]

tryptophanase [EC:4.1.99.1]

periplasmic nitrate reductase NapA [EC:1.7.99.4]

hydroxylamine oxidase [EC:1.7.3.4

nitrous—oxide reductase [EC:1.7.99.6]

formamidase [EC:3.5.1.49]

Nif-specific regulatory protein [NA]

histidine ammonia-lyase [EC:4.3.1.3]

ferredoxin-type protein NapH [NA]

heme exporter membrane protein CcmB [NA]

nitric—oxide reductase NorQ protein [EC:1.7.99.7]

1.4.71]
771]

1.13]
2]

Sulfur metabolism

sulfite reductase (NADPH) flavoprotein alpha—component [EC:1.8.1.2]
adenylylsulfate kinase [EC:2.7.1.25]

sulfite oxidase [EC:1.8.3.1]

" 3'(2’), 5’-bisphosphate nucleotidase [EC:3.1.3.7]"

sulfite reductase (NADPH) [EC:1.8.1.2]

homoserine O-succinyltransferase [EC:2.3.1.46]

cystathionine gamma-synthase [EC:2.5.1.48]

sulfite reductase (ferredoxin) [EC:1.8.7.1]
cysteine synthase [EC:2.5.1.47]
aryl sulfotransferase [EC:2.8.2.1]

sulfate adenylyltransferase subunit 1 [EC:2.7.7.4]

sulfate adenylyltransferase subunit 2 [EC:2.7.7.4]

sulfite reductase (NADPH) hemoprotein beta—component [EC:1.8.1.2]
homoserine O-acetyltransferase [EC:2.3.1.31]

cystathionine beta-lyase [EC:4.4.1.8]

" adenylylsulfate reductase, subunit A [EC:1.8.99.2]"

" adenylylsulfate reductase, subunit B [EC:1.8.99.2]"

sulfate adenylyltransferase [EC:2.7.7 4]

phosphoadenosine phosphosulfate reductase [EC:1.8.4.8]

serine O-acetyltransferase [EC:2.3.1.30]



Conclusions

* Metatranscriptomic analysis of marine microbial assemblages
reveals discernible patterns of gene expression

* Gene discovery

— ecological importance of hypothetical proteins in the environment

* New era in experimental microbial ecology
— microbial assemblage dynamics

— perturbation experiments

« Comparative genomic and transcriptomic analyses from spatially and
geochemical distinct marine environments
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