




Abundant and evolutionarily diverse populations of microbes dramatically shape the ecology of every

marine environment on Earth. While it is straightforward to detect and classify members of these natural

communities using molecular methods, the vast majority remain inaccessible to laboratory investigation

of their physiology and genetic potential, due to the difficulty of predicting and replicating the conditions

they may require for growth. This is doubly true for viruses, where to isolate and study a given virus, a

susceptible host organism must first be brought into laboratory culture.

Metagenomics has developed as an alternative approach, revealing genetic information about entire

microbial communities at once. With rapid technological improvements placing metagenome-scale DNA

sequencing within reach of individual researchers, the challenge has shifted to the analysis and interpre-

tation of the enormous resulting datasets. This work describes the development and use of new computa-

tional tools to investigate and assemble two metagenomes sampled from Puget Sound during autumn and

spring. Community taxonomic classification and quantification revealed a diverse and changing assem-

blage of Bacteria and Archaea, including enigmatic members of the uncultured marine Euryarchaeota.

Targeted metagenomic assembly produced the first genome representing the marine group II Eury-

archaeota, describing a motile, photoheterotrophic lifestyle, and clarifying the evolutionary origin of the

proteorhodopsin gene found in numerous marine Bacteria. This genome further enabled identification and

metagenomic assembly of five genomes describing the first reported non-extremophilic archaeal viruses.

These genomes reveal a dramatic evolutionary arms race between the viruses and their hosts over control

of essential archaeal protein folding machinery in the euryarchaeal host cell. Whether marine Euryarch-

aeota will ever be isolated into culture remains unknown, but through the use of metagenomic genome

assembly, key details about how they survive—and perish—in the world’s oceans have been revealed.





































Ecosystems are shaped by complex communities of mostly unculturable microbes. Metagen-

omes provide a fragmented view of such communities, but the ecosystem functions of major groups

of organisms remain mysterious. To better characterize members of these communities, we de-

veloped methods to reconstruct genomes directly from mate-paired short-read metagenomes. We

closed a genome representing the as-yet uncultured marine group II Euryarchaeota; assembled de

novo from 1.7% of a metagenome sequenced from surface seawater. The genome describes a motile,

photo-heterotrophic cell focused on degradation of protein and lipids, and clarifies the origin of pro-

teorhodopsin. It also demonstrates that high-coverage mate-paired sequence can overcome assem-

bly difficulties caused by inter-strain variation in complex microbial communities, enabling inference

of ecosystem functions for uncultured members.



Table 2.1: Metagenome sequencing, analysis, alignment and de novo assembly statistics.
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Figure 2.1: Relative abundance of tax-
onomic groups of Bacteria and Ar-
chaea for the October and May sam-
ples, based on analysis of metagen-
omic reads recruited to sequences
in the RDP 16S rDNA database.
Stacked bars correspond to relative
16S abundance at the domain, class
and family taxonomic levels (or ap-
proximate equivalent for environmen-
tal clades). Colors correspond to the
same groups in each sample. White
bars represent classes (and their fami-
lies) that are < 1% relative abundance.
Grey bars represent families within a
class that are < 1%. Grey lines in the
center encompass families collapsed
into white or grey bars in one sample
or the other.
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Figure 2.2: Mate-pair connection graph illustrating the May 2009 metagenome de novo assembly.
Lines represent contigs with mate-pair connections scoring greater than 750 bits (n = 30,945). Long
strands represent prokaryote genome sequences, and small circular strands show likely virus or
plasmid sequences. Contigs aligning with the MG-II genome assembly are indicated (black arrow,
gray shading).
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Figure 2.3: (A) Alignment of environmental sequences with the MG-II genome. Mean amino acid
identity and position indicated for aligned Genbank environmental clones (blue lines) and assembled
metagenomic contigs (brown lines). Blue and brown vertical lines (right) summarize tiled coverage
in plot area; accession numbers for aligned Genbank sequences are noted. Shaded regions corre-
spond to alignments detailed in (B) (yellow) and Figure A.16 (grey).
(B) Comparison of homologous proteins between environmental clones and two regions of MG-II
(yellow backgrounds); breaks between segments indicated by //. Homologous genes connected by
shaded regions indicate reciprocal (blue) and unidirectional (red) best hits. Black-shaded gene mod-
els (pointed boxes) indicate no blast hits, blue-shaded indicate a reciprocal best hit to an undepicted
location in MG-II, and beige otherwise. Genes encoding proteorhodopsin are highlighted in green.
Clone identifiers and accession numbers are shown for environmental sequences; those marked
[rev] are reversed.
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Figure 2.4: Unrooted cladogram depicting Bayesian phylogeny of selected rhodopsin proteins. Ma-
jor clades are labeled taxonomically, with “Proteo-rhodopsins” denoting those found in marine Pro-
teobacteria (genomes and environmental clones). Out groups include bacterial and archaeal “bacte-
riorhodopsins,” archaeal halorhodopsins and sensory rhodopsins. The MG-II rhodopsin (pop), and
four proteins from marine group II Euryarchaeota environmental clones (pop-1 to pop-4) are identi-
fied.



n = 22



Table 2.2: Marine group II Euryarchaeote genome statistics in comparison with Aciduliprofundum
boonei and Nitrosopumilus maritimus.
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Figure 2.5: Comparison of the marine group II Eury-
archaeote genome (MG-II) to other sequenced Ar-
chaea.
(A) Maximum likelihood phylogeny of ten selected
Euryarchaeota with available genomes, based on
the concatenated amino acid sequences of 31 con-
served archaeal proteins. The tree is rooted with
Nitrosopumilus maritimus ( ), a member
of the Thaumarchaeota. Branch lengths are propor-
tional to the number of substitutions per site. Boot-
straps are shown for 100 replicate trees. The gen-
omes of N. maritimus and Aciduliprofundum boonei
( ) are selected for comparison with MG-
II.
(B) Venn diagram depicting protein homologs
shared among A. boonei, N. maritimus and MG-
II. Homologous proteins were defined by reciprocal
blast hits (RBHs) with an e-value cutoff of 10-5. Ar-
eas are proportional to the number of proteins indi-
cated.
(C) Taxonomic assignment of proteins without
shared homologs from A. boonei, N. maritimus and
MG-II, based on classification of blast hits to a Ref-
Seq protein database. The tree represents NCBI
taxonomic hierarchy, to the level of phyla. The pie
chart at each node represents the number of pro-
teins from each genome assigned to that level, with
total pie area scaling as the log of the (noted) to-
tal number of proteins in each pie. The “root” node
represents all non-homologous proteins in the com-
parison genomes. The “no hits” node represents
proteins without blast hits to the database. All other
nodes represent the number of proteins classifiable
to that taxonomic level or below (Table B.11).
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Viruses are the most numerous predators on Earth and significantly impact the ecology of their

largest habitat, the oceans. Thousands of bacterial viruses have been identified, but only around

one hundred archaeal viruses have been described; all of which infect extremophiles. Here we report

five marine euryarchaeal virus genomes, representing the first known non-extremophilic archaeal

viruses. They form three groups with circular genomes of ~65, 105 and 130 Kbp, assembled from

metagenomes we previously used to construct the first mesophilic marine Euryarchaeote genome.

All three viral groups possess signature euryarchaeal DNA processing genes, and the smaller two

are related and encode viral head-tail genes. Interestingly, each genome contains a gene encoding

an HSP60-family protein chaperonin subunit, either bacterial or archaeal, the latter of which appear

to have provoked an evolutionary arms race for control of the archaeal thermosome protein folding

complex of marine group II Euryarchaeota.
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Figure 3.1: Zoomed regions from (A) October and (B) May mate-pair connection graphs showing
small circular putative virus genomes and plasmids. These are analogous to regions of Figures A.9
and A.10, although they depict new de novo metagenome assemblies (see methods).





Table 3.1: Summary statistics for assemblies of archaeal virus genomes (MEV1-MEV5) and addi-
tional linear scaffolds. Groups are clustered based on similar genome sizes and homologous proteins
conserved among group members. The October sample was collected on 10-Oct-08, the May sam-
ple on 9-May-09. Size is the genome/scaffold length in thousands of nucleotides. Coverage denotes
fold-coverage of the scaffold by metagenome sequence reads. Annotated indicates the number of
genes with predicted functions (percent of total genes). Conserved is the number of genes that have
homologs within other genomes or scaffolds in the same group (percent of total genes).
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Figure 3.2: Comparison of homologous proteins between genomes and scaffolds of members of
the three virus groups. Homologous genes are connected by shaded regions; blue and red indicate
reciprocal and unidirectional best hits, and the depth of shading indicates percent amino acid identity
on the scale shown. Gene models, depicted as pointed boxes, are shaded black for genes with no
blast hits and beige otherwise. Genome and scaffold identifiers are shown for this study, and NCBI
accession number shown for environmental fosmid sequence. (A) Virus Group 1. (B) Virus Group 2.
(C) Virus Group 3 and fosmid ( ).





Table 3.2: Homologous proteins with non-hypothetical annotations shared among the three virus
groups. Based on pairwise reciprocal BLAST hits found with an e-value cutoff of 10-5. MG-II is
the marine group II Euryarchaeote genome ( ). Italicized products denote core archaeal
genes. Symbols: “X” – Found in all genomes and scaffolds in group; “%” – Found in all genomes,
but not additional scaffold; “#” – Found in some genomes and scaffold; “&” – Found only in additional
scaffold. Table B.15 is a full version with hypotheical proteins and locus information for each genome
and scaffold.
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Figure 3.3: Comparison of homologous proteins between selected members of each of the three virus
groups (Group 1: MEV1, Group 2: MEV3, Group 3: MEV4, repeated at top and bottom). Homologous
genes are connected by shaded regions; blue and red indicate reciprocal and unidirectional best hits,
and the depth of shading indicates percent amino acid identity on the scale shown. Gene models,
depicted as pointed boxes, are shaded black for genes with no blast hits and beige otherwise. Genes
with non-hypothetical annotations are noted.
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8-way symmetry are common among Archaea. 8-way homo-oligimer complexes also occur. Rapidly
evolving virus and host β- and γ-gamma subunits may be explained for this case by the depicted
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Figure 3.5: Unrooted cladogram depicting Bayesian phylogeny of selected thermosome (HSP60)
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subunit proteins. groEL chaperonin proteins from selected Bacteria, Archaea and bacterial and ar-
chaea viruses are also shown. Branches containing virus proteins from this study are colored in
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Figure A.1: Illustration of reference selection, fractional coverage allocation, and relative abundance
estimation using sequence read alignments to a reference database. The examples in this figure use
a simple database with only two reference sequences (“Ref. 1” and “Ref. 2”). These two sequences
differ by only two nucleotides (red). Aligned reads are shown located between the two references,
and are shaded by information content relative to the reference database. Informative reads (green)
each provide 1 bit of information, because they align equally well with one of the two references
(− log2

(1/2
)

= 1 bit). Uninformative reads (purple) each provide 0 bits of information, because they
align equally well with both of the references (− log2

(2/2
)

= 0 bits).
(A) In this example, Ref. 1 is selected from the database because reads scoring 2 bits have best
alignments with it. Ref. 2 is not selected because no informative reads have a best alignment with
it. All coverage from aligned reads (shown on graphs) goes to Ref. 1 because it is the only selected
reference. Its relative abundance is 100% because its mean coverage equals the total coverage
from all reads.
(B) This example is identical to (A) above, except that an additional informative read (arrow) is added
with a best alignment to Ref. 2. Ref. 1 is selected from the database first because 2 bits of reads
best align with it, and that is the maximum for all reference sequences. Ref. 2 is selected next from
the database because it has 1 bit of (residual) information after reads that have best alignments
with previously selected references are removed from consideration (e.g. if Ref 1. and Ref 2. were
identical, only one of them could be selected). Coverage for reads with unique best alignments is
allocated first (shown on graphs in green), and coverage for reads aligning equivalently with the
two references is allocated fractionally (i.e. shared) with weighting determined by the relative mean
amount of previously accumulated coverage (in this case 2/3 for Ref. 1 and 1/3 for Ref. 2, shown on
graphs in purple). Once the coverage for all reads is allocated, the relative abundance for the selected
sequences is calculated from the mean coverage values relative to total coverage allocated: Ref. 1
~66.7%, Ref. 2 ~33.3%.
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Figure A.2: Taxonomic cladogram showing the Bayesian classification of all 16S rDNA clones gen-
erated from the October 2008 sample. Taxonomic groups, labeled on branches, are from the RDP
taxonomy extended with marine environmental clades (see Methods). Clone identifiers are noted at
the leaves. Bayesian classification p-values for the clone sequences are shown to the left of the clone
identifiers. Percentages noted on each branch and leaf represent the abundance of that taxonomic
unit as a fraction of total clones generated from the October 2008 sample, with the fraction of bacte-
rial and archaeal clones fixed as 85.49% and 14.51% of the population respectively, as determined
from aligning metagenomic reads to the October 16S clone sequences (Fig. A.8). Clones identified
in bold-italic type were excluded from abundance analysis simulations.
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Figure A.3: Taxonomic cladogram of environmental 16S rDNA sequences added to the training set
of the RDP Bayesian classifier. Branches in black denote pre-existing RDP taxonomy. Red branches
denote environmental clades added to the RDP taxonomy for this study. Leaves of the tree show
accession numbers of the sequences added to the training set.
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Figure A.4: Neighbor-joining phylogeny of alpha-Proteobacterial 16S rDNA sequences, showing a
novel clade of marine alpha-Proteobacteria designated as “PS1”. The tree is rooted with Escherichia
coli, a member of the gamma-Proteobacteria. Branch lengths are proportional to the number of
substitutions per site. Bootstraps are shown for 100 replicate trees. The PS1 clade is boxed in pink.
A sub-clade of sequences isolated from the vicinity of Puget Sound, WA, USA and the Straights of
Georgia, BC, Canada are noted as “Salish Sea clones”. The taxon in bold type was sequenced from
Puget Sound in a previous study. Taxa in italic type are clones sequenced in this study.



1.00         S001590801   0.38%

1.00         S000406827   0.26%

1.00   GG101008Clone162   1.34%

1.00         S001136173   0.33%

1.00         S000651295   0.27%

1.00   GG101008Clone141   4.96%

0.80         S000661193   0.13%

1.00    GG101008Clone79   0.47%

1.00 S000498962 8.07%

1.00         S002038561   0.14%

1.00         S000894881   0.15%

1.00         S002345541   3.77%

0.95   GG101008Clone107   0.45%

0.36         S002345506   0.14%

1.00         S002286763   0.24%

0.14         S002345462   0.14%

1.00         S002289960   0.28%

1.00         S002324462   0.35%

0.25         S002292445   0.13%

0.56         S001180648   0.13%

1.00         S002284813   0.34%

1.00         S002036095   0.16%

1.00         S001678422   0.21%

0.98         S001103712   0.71%

1.00         S000502236   0.13%

1.00         S001133900   0.41%

1.00         S000741987   1.05%

1.00         S001677754   0.23%

1.00         S002287290   0.19%

0.94         S001133289   4.76%

1.00    GG101008Clone21   0.28%

1.00    GG101008Clone24   0.27%

1.00         S001678234   0.96%

1.00         S002345431   0.34%

1.00         S000599459   0.61%

1.00         S001677575   0.38%

0.92         S002345564   0.36%

1.00    GG101008Clone85   0.16%

1.00         S000866177   0.18%

0.42         S002285931   0.16%

1.00         S000320440   2.17%

1.00     GG101008Arch66   0.49%

1.00         S001680096   0.49%

1.00     GG101008Arch13   0.63%

0.87         S002285058   0.15%

0.83     GG101008Clone8   0.56%

1.00         S000529104   0.41%

0.96         S002324461   0.41%

0.16         S002284639   0.21%

0.38         S001133819   0.23%

1.00         S000660939   0.26%

1.00         S001254570   4.79%

1.00         S002285277   0.21%

0.99         S001133387   0.43%

1.00         S001677357   0.18%

1.00         S001142988   2.30%

1.00         S002046424   0.50%

1.00         S002290878   6.44%

0.78         S002015542   0.22%

1.00    GG101008Clone55   0.55%

1.00         S002345345   1.96%

1.00         S002286068   0.12%

1.00         S001679513   0.24%

1.00         S001677559   0.41%

1.00         S001806756   0.55%

1.00         S001679378   0.97%

1.00    GG101008Clone84   1.62%

1.00         S000775938   0.46%

1.00         S000690337   0.65%

0.97         S001679582   0.19%

0.39         S001190873   0.31%

1.00         S001679190   0.13%

1.00   GG101008Clone115   0.51%

0.52         S001323839   0.12%

1.00         S002286740   0.33%

1.00   GG101008Clone142   0.38%

0.30         S000880017   0.31%

1.00         S002198713   0.12%

1.00         S001340715   2.03%

1.00         S000634233   0.32%

0.93         S001133833   0.19%

1.00   GG101008Clone152   0.62%

0.74         S000353282   0.14%

1.00         S002285326   0.49%

1.00     GG101008Arch29   0.27%

1.00         S001678205   0.23%

1.00     GG101008Arch95   5.46%

0.22         S000661338   0.17%

0.33         S001133997   0.10%

0.84         S001678141   0.10%

1.00         S001052490   0.11%

1.00         S002046372   0.84%

1.00   GG101008Clone123   0.88%

1.00         S001254576   0.32%

0.85         S001103716   1.22%

1.00         S001134438   0.37%

1.00         S001679410   0.42%

1.00         S001254586   0.77%

1.00         S001806802   0.45%

0.10         S000753913   0.11%

1.00     GG101008Arch41   0.50%

1.00         S001679508   0.24%

1.00         S000897684   0.62%

0.17         S001103689   0.37%

1.00         S001134012   0.48%

1.00         S002287524   0.27%

0.49         S002046428   0.14%

0.80         S000380128   6.33%

1.00         S002284820   2.49%

0.63         S001676637   0.17%

1.00     GG101008Arch88   0.80%

0.24         S001095184   0.12%

1.00         S002284419   0.30%

1.00         S002345479   0.63%

1.00         S001678351   0.26%

1.00         S001561747   0.40%

0.99         S001103707   1.02%

0.98         S000368410   0.11%

0.47         S001254469   0.34%

1.00         S000641797   0.15%

1.00         S000499450   3.49%

0.23         S000921069   0.11%

Bacillariophyta  0.15%

Flavobacteriales  11.62%

SAR406  1.08%

Gammaproteobacteria incertae sedis  0.14%

Desulfobulbaceae  0.23%

Tistrella  0.37%

SAR11 clade II  7.79%

Ant4D3 clade  2.49%

Burkholderiaceae  0.40%

Actinobacteria  2.24%
Actinomycetales  0.17%

Nitrosopumilales  10.37%

Rhodobacterales  9.92%

Humicoccus  0.17%

marine archaeal group II  3.01%

Spirochaetes  0.11%

SAR116  2.03%

Enterobacteriaceae  0.41%

marine group II  3.01%

Fibrobacteria  1.08%

Planctomycetes  0.16%

Methylophilales  4.76%

Cyanobacteria  0.27%

Sedimenticola  0.14%

PS1  0.38%

Candidatus Ruthia  0.19%

Oceanospirillales  13.51%

Bdellovibrionales  0.28%

Nitrosomonadaceae  0.13%

Desulfobacterales  0.23%

Ilumatobacter  0.11%

Methylocystaceae  0.13%

OMG group  8.69%

Campylobacteraceae  0.30%

Rhodocyclales  0.21%

OM182  1.36%

Planctomycetacia  0.16%

Chloroflexi  0.10% SAR202  0.10%

Glaciecola  0.12%

SAR86 clade III  3.00%

Planctomycetaceae  0.16%

Thalassobacter  6.33%

Methylophilus  4.76%

Sphingobacteriales  1.51%

Rhodospirillaceae  0.51%

Flavobacteria  11.62%

Puniceicoccaceae  0.70%

Gammaproteobacteria  28.75%

Geobacteraceae  0.31%

Sphingobacteria  1.51%

marine archaeal group I  10.37%

Rickettsiales  18.76%

Kordiimonas  0.11%

Verrucomicrobia  0.70%

OM60 clade  0.74%

Bacteriovorax  0.28%

Spirochaeta  0.11%

Bacteroidetes  13.12%

NS7  0.24%

Escherichia/Shigella  0.41%

Campylobacterales  0.30%

SAR86  12.97%

SAR406  1.08%marine group A  1.08%

Paracoccus  0.26%

SAR86 clade II  9.69%

Bacteriovoracaceae  0.28%

Geopsychrobacter  0.31%

Chromatiales  0.27%

Planctomycetales  0.16%

AGG58 clade 1  1.96%

Rickettsiaceae  0.12%

Fluviicola  0.19%

Pirellula  0.16%

Alphaproteobacteria  32.30%

NS4  1.32%

SAR324  0.86%

Family IV  0.12%

Rhizobiales  0.30%

Thaumarchaeota  10.37%

Roseovarius  0.39%

Incertae sedis PS1  0.38%

Marinomonas  0.54%

OCS116 clade  0.28%

Terasakiella  0.13%

Polaribacter  1.43%

Alteromonadaceae  0.12%

GpIV  0.12%

Coraliomargarita  0.11%
Opitutae  0.70%

Chloroflexi  0.10%

Acidimicrobidae_incertae_sedis  0.11%

Deltaproteobacteria  2.00%

KI89A  0.24%

GSO477 group  5.61%

Ectothiorhodospiraceae  0.27%

Euryarchaeota  3.01%

AGG58 clade 2  0.83%

Methylophilaceae  4.76%

Nitrosopumilus  10.37%

ARCTIC96BD-19 clade  5.42%

Burkholderiales  0.40%

SAR324 clade II  0.86%

Puniceicoccus  0.59%

Spirochaetaceae  0.11%

Actinobacteridae  0.17%

Nitrosospira  0.13%

SAR202  0.10%

SAR11  18.64%

NS5  1.82%

RCA  2.63%

Flammeovirgaceae  1.51%

SAR116  2.03%

Ant4D3  2.49%

CHAB-I-5  0.32%

Desulfopila  0.23%

Flavobacteriaceae  7.99%

OCS116  0.28%

marine Actinobacteria  1.96%

Chloroplast  0.15%

Prosthecomicrobium  0.17%

Puniceicoccales  0.70%

Orientia  0.12%

Alkalispirillum  0.14%

Archaea  13.38%

Nakamurellaceae  0.17%

Proteobacteria  68.83%

NS8  0.41%

Ectothiorhodosinus  0.13%

SAR92  3.86%

marine Actinobacteria  1.96%

marine group B  0.86%

ARCTIC96BD-19  5.42%

Fibrobacteres  1.08%

SAR11 clade III  0.12%

SAR92  3.86%

Oceanibaculum  0.14%

Spirochaetales  0.11%

Kordiimonadaceae  0.11%

Tenacibaculum  1.78%

Ulvibacter  1.02%

Oceanospirillaceae  0.54%

Epsilonproteobacteria  0.30% Arcobacter  0.30%

Cryomorphaceae  3.63%

Incertae sedis OCS116  0.28%

Rhodospirillales  2.55%

SUP05 clade  0.19%

Nitrosomonadales  0.13%

Frankineae  0.17%

NS3  0.21%

Azovibrio  0.21%

marine Actinobacteria group  1.96%

Bacteria  86.62%

Betaproteobacteria  5.49%

Alteromonadales  0.12%

Actinobacteria  2.24%

Pelagibacter  10.59%

OM60  0.74%

Desulfuromonadales  0.31%

Enterobacteriales  0.41%

Burkholderia  0.40%

Kordiimonadales  0.11%

Spirochaetes  0.11%

Rhodocyclaceae  0.21%

Nitrosopumilaceae  10.37%

Rhodobacteraceae  9.92%

OM182 clade  1.36%

Root  100.00%

Syntrophaceae  0.31%Syntrophobacterales  0.31%

Hyphomicrobiaceae  0.17%

SAR11 clade IV  0.14%

SAR86 clade I  0.28%

Marinoscillum  1.51%

Acidimicrobidae  0.11%

KI89A clade  0.24%

PS1 clade  0.38%

Chloroflexi  0.10%

NS2  0.41%

Desulfobacca  0.31%

marine archaeal group II  3.01%

Cyanobacteria  0.27%

marine archaeal group II  3.01%

Figure A.5: Taxonomic cladogram detailing all 16S rDNA sequences selected for the October 2008
sample. Taxonomic groups, labeled on branches, are from the extended RDP taxonomy. RDP
identifiers for selected sequences are noted at the leaves, except for those prefaced with “GG” which
denote clones generated in this study. Bayesian classification p-values for the selected sequences
are shown to the left of the clone identifiers. Percentages noted on each branch and leaf represent
the estimated abundance of that taxonomic unit as a fraction of total 16S rDNA in the sample.
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Figure A.6: Relative abundance of Bacterial and Archaeal taxonomic groups for the October sample,
a comparison of four different estimation methods. Stacked bars correspond to the relative prokary-
otic 16S abundance for hierarchical groups at the domain, class and family taxonomic levels (or the
approximate equivalent for environmental clades). The abundance estimation methods are: October
2008 16S rDNA clone counts (cl.cnt) as shown in Figure A.2; and metagenomic read alignments to
October 16S clones only (cl), October 16S clones added to the RDP 16S database (cl+RDP) and the
RDP 16S database only (RDP). Colors correspond to the same groups for each estimation method.
White bars contain classes (and their families) that are < 1% relative abundance. Grey bars contain
families within a class that are < 1%.
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Figure A.7: Results of abundance estimation for synthetic metagenomic datasets generated from
simulated populations of 16S rDNA sequences. This figure depicts simulation results from the analy-
sis of twenty synthetic metagenomic datasets, each constructed by randomly drawing a fixed number
of reads from significantly larger pools generated from randomly selected 16S sequences in fixed pro-
portions, shown on the y-axis. The x-axis shows the four classes of simulated taxa abundances that
were successfully recovered and classified to the family taxonomic level. A fifth category (false pos)
on the x-axis contains taxa that were detected, but which did not correspond (at the family level) to
one of the taxa used to generate that simulated population. There were no false negatives detected
(i.e. all taxa in all trial populations were recovered in the simulations). The three columns within
each x-axis category are for analysis using different reference databases (left to right): October 16S
clones only (yellow), October 16S clones added to the RDP 16S database (green), and the RDP 16S
database only (blue). The y-axis shows the estimated abundance of recovered family-level taxa on
a log scale. The box-and-whiskers plotted show the median value (black bar), the interquartile (filled
box), range of values (whiskers), and outliers beyond 1.5-times the range of the interquartile (open
circles). Grey horizontal lines show the simulated initial populations of the four abundance classes.
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Figure A.8: Taxonomic cladogram detailing all 16S rDNA sequences selected for the May 2009
sample. Taxonomic groups, labeled on branches, are from the extended RDP taxonomy. RDP
identifiers for selected sequences are noted at the leaves, except for those prefaced with “GG” which
denote clones generated in this study. Bayesian classification p-values for the selected sequences
are shown to the left of the clone identifiers. Percentages noted on each branch and leaf represent
the estimated abundance of that taxonomic unit as a fraction of total 16S rDNA in the sample.



30.0% 52.5%% GC

Figure A.9: Mate-pair connection graph illustrating the October 2008 metagenome de novo assem-
bly. Lines represent contigs with mate-pair connections scoring greater than 400 bits (~75% of
the assembly). Long strands represent prokaryote genome sequences and small circular strands
show likely virus/plasmid sequences. Contigs in the candidate genome assembly related to alpha-
Proteobacterium str. HTCC2255 are indicated (shaded in gray).



30.0% 52.5%% GC

Figure A.10: Mate-pair connection graph illustrating the May 2009 metagenome de novo assem-
bly. Lines represent contigs with mate-pair connections scoring greater than 750 bits (~60% of the
assembly). Long strands represent prokaryote genome sequences and small circular strands show
likely virus/plasmid sequences. Contigs aligning with the MG-II genome assembly are indicated (gray
shading). This figure is a full-resolution representation of Figure 2.2.
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Figure A.11: Comparison of an October 2008 statistical cluster of assembled scaffolds to the genome
of alpha-Proteobacterium str. HTCC2255. The x-axis represents coordinates of the HTCC2255 ref-
erence genome ( ). The y-axis of the upper plot shows coordinates of the 41 scaffolds
automatically clustered together using tetra-nucleotide statistics (Figure A.9, shaded in gray), sorted
and reversed as necessary to produce the most parsimonious alignment. Grey horizontal lines show
scaffold boundaries. Diagonal lines in the upper plot show the extent of NUCMER nucleotide align-
ments between scaffolds and the reference genome, with red lines showing direct alignments and
blue lines showing alignments of scaffold regions that were reversed relative to the primary scaffold
alignment. The y-axis of the lower plot shows mean coverage (averaged over 1000bp segments) of
the HTCC2255 reference genome by aligned October 2008 metagenomic reads.
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Figure A.12: Pairwise tetra-nucleotide usage anomaly correlations between scaffolds of the marine
group II Euryarchaeote genome assembly. The eleven assembly scaffolds (S1 – S11) and the repeat
region (RPR) and hyper-variable region (HVR) are shown on the matrix diagonal, with nucleotide
sequence lengths noted. The upper half of the matrix shows pair-wise linear-regression plots of the
tetra-nucleotide usage anomaly Z-statistics (x and y-axes, black dots, n = 256), with the pink-lines
indicating the best linear model fits. The lower half of the matrix shows the correlation coefficients of
the corresponding pair-wise regressions shown in the upper half.



May 2009 Estimated Mean Mate-pair Insert Length of Marine Group-II Euryarchaeote Genome

Coordinate

In
se

rt
 l
e
n
g
th

0 500000 1000000 1500000 2000000
0

500
1000
1500
2000
2500
3000
3500

%
G

C

%GC of Marine Group-II Euryarchaeote Genome

0 500000 1000000 1500000 2000000
20

30

40

50

60

70

80

May 2009 Mapped Read Coverage of Marine Group-II Euryarchaeote Genome

Fo
ld

 C
o
v
e
ra

g
e

0 500000 1000000 1500000 2000000
0

50

100

150

200

May 2009 Mate-pair Physical Coverage of Marine Group-II Euryarchaeote Genome

Fo
ld

 C
o
v
e
ra

g
e

0 500000 1000000 1500000 2000000
0

500

1000

1500

2000

2500

A

B

C

D



Figure A.13: Sequence statistics for the marine group II Euryarchaeote genome (MG-II). For all
plots the x-axis corresponds to coordinates of MG-II, and values shown are averaged over 1000bp
segments. Purple vertical lines denote scaffold boundaries, and the yellow and orange regions show
the repeat region (RPR) and hyper-variable region (HVR), respectively. Horizontal grey lines show
the genome-wide mean value for the plotted statistic.
(A) Mean %GC content of MG-II.
(B) Mean coverage of MG-II by aligned May 2009 metagenomic reads.
(C) Mean physical coverage of MG-II by aligned mate- paired reads from the May 2009 metagenome.
(D) Estimated mean mate-pair insert length for mate-pair alignments spanning positions along MG-II.
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Figure A.14: Schematic representation of the assembled circular marine group II Euryarchaeote
genome. From the outside inwards the rings show: Genome coordinates, scaffold regions, “Core”
gene models, “Bacterial” gene models, and ncRNA genes. RPR (yellow) and HVR (orange) denote
the repeat and hyper-variable regions respectively. “Core” gene models (magenta) code for pro-
teins homologous with proteins in both Aciduliprofundum boonei ( ) and Nitrosopumilus
maritimus ( ) – based on reciprocal best blast hits – that are classified taxonomically, by
MEGAN, within the phylum Euryarchaeota. “Bacterial” gene models (green) code for proteins without
homologs in either A. boonei or N. maritimus that classify taxonomically within the domain Bacteria.
Non-coding RNA genes include tRNAs (blue), rRNA (red), other ncRNAs (brown).



MG2_GG3, uncultured marine group II euryarchaeote, whole genome (this study)

 S001271947, unidentified archaeon OARB (U11042)

 S001809625, uncultured marine group II euryarchaeote; B1103_H12A (GQ387914)

 S001288778, uncultured marine group II euryarchaeote; SI021806_10FA (FJ615090) 

 GG101008Arch41 (this study)  [0.50% / 4.11%]

 S001039444, uncultured archaeon; 1_A04 (EU734085)

 GG101008Arch13 (this study)  [0.63% / 1.09%]

 S000797778, uncultured archaeon; Ca303s.44 (EF014631) 

 S000658083, uncultured marine group II euryarchaeote; A13B3 (DQ299287)

 GG101008Arch66 (this study)  [0.49% / 0.31%]

 S000634244, uncultured marine group II euryarchaeote HF10_36B02 (DQ156391)

 GG101008Arch88 (this study)  [0.80% / 0.62%] 

 S000943820, uncultured archaeon; KAB187-13 (AB366594)

 S000634253, uncultured marine group II euryarchaeote HF10_90C09 (DQ156400)

 S000328877, uncultured marine euryarchaeote; VIDSA-25 (AY380705) 

 S001271939, unidentified archaeon; SBAR16 (M88077)
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 S000954873, uncultured marine group II euryarchaeote EF100_57A08 (EU221238)

 S000930248, uncultured euryarchaeote; KM3-201-B9 (EF597698)

 S000634329, uncultured marine group II euryarchaeote HF70_91G08 (DQ156476)

 S001114166, uncultured marine group II euryarchaeote KM3-85-F5 (EU686616)

S000341032, uncultured marine archaeon AEGEAN_59 (AF290530)

 S001158831, uncultured marine group II euryarchaeote KM3-130-D10 (EU686639)

 S001114161, uncultured marine group II euryarchaeote SAT1000-15-B12 (EU686610)

 S001114191, uncultured marine group II euryarchaeote AD1000-18-D2 (EU686643)

 S001158821, uncultured marine group II euryarchaeote KM3-72-G3 (EU686618)

 S001112946, uncultured marine group II euryarchaeote DeepAnt-15E7 (EU556724) 

 GG101008Arch29 (this study)  [0.27% / 0.21%]

 S000797738, uncultured archaeon Ca303s.04 (EF14591)

 S000341021, uncultured marine archaeon AEGEAN_53 (AF290519)

 S001271940, unidentified archaeon WHARN (M88078)

 S000403058, uncultured archaeon AFRICA_3/13-2 (AY225433)

 S002165404, Aciduliprofundum boonei T469 (CP001941)

 S000634332, uncultured marine group III euryarchaeote HF10_21C05 (DQ156479)

 S001158827, uncultured marine group III euryarchaeote SAT1000-53-B3 (EU686632)

 S000634233, uncultured marine group II euryarchaeote HF10_15F05 (DQ156380)  [0.32% / 1.20%]
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Figure A.15: Maximum likelihood phylogeny of full-length marine group II Euryarchaeote 16S rRNA
sequences. The tree is rooted with Aciduliprofundum boonei. Branch lengths are proportional to the
number of substitutions per site. Bootstraps are shown for 100 replicate trees. All taxa are identified
by RDP ID, except those prefaced with “GG”, which are October 2008 clones from this study, and
the sequence for the marine group II Euryarchaeote genome (MG2_GG3) which is shown in black
bold type. Taxa in blue type are from fully sequenced large-insert environmental clones, and those
in bold blue type are shown in Figure 2.3B. Taxa in red type were selected from the October 16S
clones + RDP database by the method used to estimate abundance from aligned metagenomic reads,
and the estimated relative abundances attributed to each taxa for the October and May samples,
respectively, are shown in square brackets. The red and blue regions show taxa that group within the
two previously identified major 16S environmental clades within the marine group II Euryarchaeota
(Groups II.a and II.b).
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Figure A.16: Comparison of homologous proteins between environmental clones and two additional
regions of the marine group II Euryarchaeote genome (MG-II). MG-II regions correspond to grey
shaded regions shown on Figure 2.3A. Homologous genes are connected by shaded regions; blue
and red indicate reciprocal and unidirectional best hits, and the depth of shading indicates percent
amino acid identity on the scale shown. Gene models, depicted as pointed boxes, are shaded black
for genes with no blast hits, blue for environmental genes with a reciprocal best hit to an undepicted
location in MG-II, and beige otherwise. rRNA and tRNA genes are shown in orange and magenta,
respectively. Clone identifiers and accession numbers are shown for environmental sequences, and
those marked “[rev]” are depicted reversed relative to the deposited sequence.
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 YP_325981, halorhodopsin [Natronomonas pharaonis DSM 2160] 
 NP_487205, bacteriorhodopsin [Nostoc sp. PCC 7120] 

 YP_137680, sensory rhodopsin I [Haloarcula marismortui ATCC 43049] 
 BAA01800, bacteriorhodopsin [Halobacterium salinarum] 
 YP_136594, bacteriorhodopsin [Haloarcula marismortui ATCC 43049] 

 ZP_01551538, hypothetical protein MB2181_00945 [Methylophilales bacterium HTCC2181] 
 NP_923144, bacterioopsin [Gloeobacter violaceus PCC 7421] 

 YP_001813902, rhodopsin [Exiguobacterium sibiricum 255-15] 

 ZP_01117885, bacteriorhodopsin [Polaribacter irgensii 23-P] 
 YP_003386489, rhodopsin [Spirosoma linguale DSM 74] 
 YP_004054869, rhodopsin [Marivirga tractuosa DSM 4126] 

 EBK49372, hypothetical protein GOS_8723453 [marine metagenome] 

 ABL97630, pop proteorhodopsin [uncultured marine bacterium EB0_39H12] 

 EBK60072, hypothetical protein GOS_8705719 [marine metagenome] 

 ECT64541, hypothetical protein GOS_5136229 [marine metagenome] 

 EDF48909, hypothetical protein GOS_946297 [marine metagenome] 

 EDG61234, hypothetical protein GOS_751944 [marine metagenome] 
 EBN67579, hypothetical protein GOS_8206723 [marine metagenome] 

 EBS91509, hypothetical protein GOS_7359651 [marine metagenome] 

 ZP_03560325, hypothetical protein GHTCC_03749 [Glaciecola sp. HTCC2999] 
 Q9F7P4, Green-light absorbing proteorhodopsin [uncultured marine gamma proteobacterium EBAC31A08]
 Q9AFF7, Blue-light absorbing proteorhodopsin [gamma proteobacterium Hot 75m4]

 ZP_01253360, bacteriorhodopsin [Psychroflexus torquis ATCC 700755] 
 ZP_01734914, bacteriorhodopsin [Flavobacteria bacterium BAL38] 
 ZP_01054176, bacteriorhodopsin [Tenacibaculum sp. MED152] 
 ZP_01049273, rhodopsin [Dokdonia donghaensis MED134] 

 ECL97071, hypothetical protein GOS_4750752 [marine metagenome] 

 EBU11049, hypothetical protein GOS_7164882 [marine metagenome] 
 ECX13737, hypothetical protein GOS_2592342 [marine metagenome] 

 EDC37311, hypothetical protein GOS_1487538 [marine metagenome] 

 ABB82977, proteorhodopsin [uncultured organism HF70_19B12] 
 EDG64402, hypothetical protein GOS_746358 [marine metagenome] 
 EDG78384, hypothetical protein GOS_722096 [marine metagenome] 
 ABA61391, proteorhodopsin [uncultured marine group II euryarchaeote HF70_59C08] 
 ABA61407, proteorhodopsin [uncultured marine group II euryarchaeote HF70_39H11] 

 ZP_01223638, bacteriorhodopsin [marine gamma proteobacterium HTCC2207] 
 ABO88139, proteorhodopsin [gamma proteobacterium HTCC6216] 
 EAR55132, bacteriorhodopsin [Photobacterium sp. SKA34] 
 EAS63552, bacteriorhodopsin [Vibrio angustum S14] 

 EBD81354, hypothetical protein GOS_9868009 [marine metagenome] 

 ADD93192, proteorhodopsin [uncultured archaeon MedDCM-OCT-S08-C16] 
 EDH03900, hypothetical protein GOS_676784 [marine metagenome] 
 EDB45990, hypothetical protein GOS_1820628 [marine metagenome] 

 EBD88760, hypothetical protein GOS_9856119 [marine metagenome] 

 ECC31768, hypothetical protein GOS_4363236 [marine metagenome] 

 EDD42806, hypothetical protein GOS_1306457 [marine metagenome] 

 AAY68042, proteorhodopsin [uncultured bacterium] 
 AAY82778, predicted proteorhodopsin [uncultured bacterium eBACred22E04] 

 EBL78915, hypothetical protein GOS_8514054 [marine metagenome] 
 EDC06870, hypothetical protein GOS_1542025 [marine metagenome] 

 ECX42026, hypothetical protein GOS_2541521 [marine metagenome] 
 MG2_0182, proteorhodopsin [uncultured marine group II euryarchaeote GG3_MG2]

 EBQ13417, hypothetical protein GOS_7797857 [marine metagenome] 
 EDH82399, hypothetical protein GOS_535798 [marine metagenome] 

 EBW42088, hypothetical protein GOS_6749619 [marine metagenome] 
 ABB82983, proteorhodopsin [uncultured organism HF10_3D09] 

 ECB94624, hypothetical protein GOS_5855710 [marine metagenome] 
 ECM10776, hypothetical protein GOS_4209173 [marine metagenome] 
 ECX10507, hypothetical protein GOS_2598303 [marine metagenome] 

 EBA68454, hypothetical protein GOS_360066 [marine metagenome] 
 EBY85961, hypothetical protein GOS_4153014 [marine metagenome] 

 ECX69674, hypothetical protein GOS_2492500 [marine metagenome] 

 EDZ60346, bacteriorhodopsin [Candidatus Pelagibacter sp. HTCC7211] 

 ABU71125, hypothetical protein VIBHAR_02160 [Vibrio harveyi ATCC BAA-1116] 

 EDE00125, hypothetical protein GOS_1207385 [marine metagenome] 
 ECJ42223, hypothetical protein GOS_4382195 [marine metagenome] 

 ECV30662, hypothetical protein GOS_2924225 [marine metagenome] 

 EBC13785, hypothetical protein GOS_117999 [marine metagenome] 
 EDD49584, hypothetical protein GOS_1294743 [marine metagenome] 

 ABV58577, putative proteorhodopsin [bacterium HTCC8046] 

 ZP_01447408, bacteriorhodopsin [alpha proteobacterium HTCC2255] 
 YP_003552453, hypothetical protein SAR116_2126 [Candidatus Puniceispirillum marinum IMCC1322] 

 ECH02163, hypothetical protein GOS_3435040 [marine metagenome] 
 ECX31501, hypothetical protein GOS_2560761 [marine metagenome] 

 ECJ24823, hypothetical protein GOS_5078661 [marine metagenome] 
 ECZ81093, hypothetical protein GOS_2116498 [marine metagenome] 
 ECZ41168, hypothetical protein GOS_2188620 [marine metagenome] 
 EBT90797, hypothetical protein GOS_7196260 [marine metagenome] 

 AAZ21446, bacteriorhodopsin [Candidatus Pelagibacter ubique HTCC1062] 
 EAS84692, bacteriorhodopsin [Candidatus Pelagibacter ubique HTCC1002] 
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Figure A.17: Bayesian phylogeny of rhodopsin protein sequences. The tree is rooted with sequence
, the halorhodopsin from Natronomonas pharaonis. Branch lengths are proportional to

the number of substitutions per site. Bayesian p-values are shown for each branch. All taxa are
identified by NCBI accession number, except “ ”, which is the locus id for the rhodopsin
found in the marine group II Euryarchaeote genome (MG-II). Taxa in bold type and prefaced by
a “pop” identifier correspond with those labeled in Figure 2.4. The two clades of marine group II
Euryarchaeote rhodopsin proteins noted in Figure 2.4 are shown with grey shading. Red branches
and leaves on the tree show marine group II Euryarchaeote rhodopsins of both types that appear in
a syntenic context consistent with that seen in MG-II. The gene model schematic for each red taxa
shows which shared neighboring gene models are present in the corresponding nucleotide sequence.
Gene models omitted from a schematic indicate missing nucleotide sequence.
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Figure A.18: Details of the taxonomic assignment of Archaeal proteins, based on analysis of blast
hits to the RefSeq protein database using MEGAN.
(A) Comparison of the taxonomic assignments of proteins from the marine group II Euryarchaeote
genome, Aciduliprofundum boonei ( ) and Nitrosopumilus maritimus ( ). The
y-axis shows a count of genes. Colored bars correspond to taxonomic classification of proteins by
MEGAN. “No hit” indicates proteins with no blast homologs in the RefSeq database, and “Unclassi-
fied” indicates proteins that MEGAN could not place within a specific taxonomic domain.
(B) Comparison of the taxonomic assignments of proteins from the three reference genomes, further
categorized into one of three groups via reciprocal best hit (RBH) blast analysis as shown in Figure
2.5B. Core proteins are those with symmetrical RBHs among all three genomes. Single RBH are
those proteins that have RBH homologs within only two of the genomes, and No RBH are those
without shared homologs.
(C) Relative comparison of the taxonomically assigned proteins from the three comparison genomes.
The y-axis shows the percentage of all proteins coded by a genome that MEGAN could place within
a specific taxonomic domain, as indicated by the colored bars.
(D) Relative comparison of the taxonomically assigned proteins from the three comparison genomes,
further categorized into one of three groups as described for (B).
(E) Comparison of the effect of taxonomic filtering of the RefSeq database on taxonomic assignments.
The x-axis categories “FALSE” and “TRUE”, indicate whether blast hits to selected RefSeq taxa (other
than the reference genome itself, which is always removed) were excluded from the MEGAN analy-
sis. Bold type indicates the setting selected for use for all other MEGAN analyses in this study. See
Methods for a list of RefSeq taxa excluded for each reference genome.
(F) Comparison of the effect of varying the “Top Percent” parameter of MEGAN’s lowest common
ancestor (LCA) algorithm. The x-axis categories 5%, 10% and 20% show the three parameter val-
ues evaluated. Bold type indicates the setting selected for use for all other MEGAN analyses in this
study.
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Figure A.19: Circular scaffolds assembled from the October 2008 sample. Mate-pair connection
graph illustrating the resulting 59 scaffolds (see Table B.13). Small filled circles represent individual
contigs, with GC content on the color scale shown, and area proportional to contig length. Marine
Euryarchaeal viruses are labeled (MEV1–4).
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Figure A.20: Circular scaffolds assembled from the May 2009 sample. Mate-pair connection graph
illustrating the resulting 91 scaffolds (see Table B.14). Small filled circles represent individual con-
tigs, with GC content on the color scale shown, and area proportional to contig length. A marine
Euryarchaeal virus is labeled (MEV5).
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Figure A.21: Schematic representation of the assembled Group 1 virus genome MEV1. From the
outside inwards the rings show: Genome coordinates, predicted genes (light green), genes with
orthologs in the marine group II Euryarchaeote genome ( , red), genes with orthologs in
virus genomes in the NCBI RefSeq database (yellow), genes with orthologs in the NCBI “env-nr”
protein database (blue, primarily from the Global Ocean Sampling project), and genes with non-
hypothetical annotations assigned, as noted (dark green, see Table B.16). Orthologous genes were
determined from BLAST hits to the indicated databases with e-values greater than 10-5.
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Figure A.22: Schematic representation of the assembled Group 2 virus genome MEV3. From the
outside inwards the rings show: Genome coordinates, predicted genes (light green), genes with
orthologs in the marine group II Euryarchaeote genome ( , red), genes with orthologs in
virus genomes in the NCBI RefSeq database (yellow), genes with orthologs in the NCBI “env-nr”
protein database (blue, primarily from the Global Ocean Sampling project), and genes with non-
hypothetical annotations assigned, as noted (dark green, see Table B.17). Orthologous genes were
determined from BLAST hits to the indicated databases with e-values greater than 10-5.
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Figure A.23: Schematic representation of the assembled Group 3 virus genome MEV4. From the
outside inwards the rings show: Genome coordinates, predicted genes (light green), genes with
orthologs in the marine group II Euryarchaeote genome ( , red), genes with orthologs in
virus genomes in the NCBI RefSeq database (yellow), genes with orthologs in the NCBI “env-nr”
protein database (blue, primarily from the Global Ocean Sampling project), and genes with non-
hypothetical annotations assigned, as noted (dark green, see Table B.18). Orthologous genes were
determined from BLAST hits to the indicated databases with e-values greater than 10-5.
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Figure A.24: Phylogeny of selected archaeal and virus DNA Polymerase elongation protein se-
quences. Highlighted are: Halovirus and selected Haloarchaeal sequences (blue), MEV Group 1
and 2 genome and scaffold sequences (yellow) and marine group II Euryarchaeote genomic se-
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type) which show locus identifiers. FastTree support values are shown for each branch. Branch
lengths represent estimated substitutions per site with the scale shown.
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Figure A.25: Phylogeny of selected archaeal and virus DNA sliding clamp subunit protein sequences.
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Figure A.27: Comparison of homologous proteins between the marine group II Euryarchaeote gen-
ome (MG-II, ) and six scaffolds (A)–(F) containing thermosome subunit genes, assembled
from the October and May metagenomes (see Table B.19). Homologous genes are connected by
shaded regions; blue and red indicate reciprocal and unidirectional best hits, and the depth of shad-
ing indicates percent amino acid identity on the scale shown. Gene models, depicted as pointed
boxes, are shaded black for genes with no blast hits, blue-shaded indicate a reciprocal best hit to an
undepicted location in MG-II, green for thermosome genes and beige otherwise. MG-II sequences
marked “[rev]” are reversed relative to the reference.
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red indicate reciprocal and unidirectional best hits, and the depth of shading indicates percent amino
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Figure A.29: Bayesian phylogeny of selected thermosome and groEL (HSP60) chaperonin proteins.
Major clades are labeled taxonomically, with α, β and γ denoting paralogous subunits. Tree is rooted
with the groEL subtree. NCBI Protein accessions are shown except for bold type which show locus_-
ids (this study). Bayesian p-values are shown for each branch. Branch lengths represent estimated
substitutions per site with the scale shown. See Figure 3.5.





Table B.1: Metagenome sample statistics and environmental measurements.



Table B.2: Summary of October 2008 metagenomic read alignment with the RefSeq (version 46)
genome database. All genomes with mean read coverage >= 1-fold are listed. Read coverage as
reported is competitive and shared coverage is allocated to the best alignment position(s) in the
database, and coverage from reads aligning equally well to more than one position in the database
is divided among those positions.



Table B.3: Summary of May 2009 metagenomic read alignment with the RefSeq (version 46) genome
database. All genomes with mean read coverage >= 1-fold are listed. Enterobacteria phage lambda
DNA (yellow) was spiked into the May sample DNA as a control. Read coverage as reported is
competitive and shared coverage is allocated to the best alignment position(s) in the database, and
coverage from reads aligning equally well to more than one position in the database is divided among
those positions.



Table B.4: Conserved Archaeal proteins (n=31) used in the generation of the euryarchaeal phylogeny
shown in Figure 2.5A.



Table B.5: Genome Locus IDs of proteins used in the generation of the euryarchaeal phylogeny
shown in Figure 2.5A.



Table B.6: Ribosomal proteins found in the marine group II Euryarchaeote and Aciduliprofundum
boonei (NC_013926) genomes. Blue and green shading alternates and denotes groups of syntenic
genes.



Table B.7: Putative peptidase genes and non-peptidase homologs identified in the marine group
II Euryarchaeote genome. MEGAN classifications indicate the most specific taxonomic group with
which the protein identified. Archaeal classifications are shaded for visibility.



Table B.8: Putative non-peptidase homologs identified in the marine group II Euryarchaeote genome.
MEGAN classifications indicate the most specific taxonomic group with which the protein identified.
Archaeal classifications are shaded for visibility.



Table B.9: Putative lipid metabolism genes in the marine group II Euryarchaeote genome. MEGAN
classifications indicate the most specific taxonomic group with which the protein identified. Archaeal
classifications are shaded for visibility.



Table B.10: Results of pairwise reciprocal blast analyses between proteins coded in seven archaeal
genomes. Counts of homologous proteins shared between each pair of genomes| as determined
by reciprocal best hits (RBHs)| are shown above the diagonal. Below the diagonal is the fraction of
proteins shared between each pair of genomes| calculated as percentage of shared homologs for the
genome with the smallest number of total proteins. Percentages are shaded by decile for visibility.



Table B.11: Assignment of non-homologous proteins among three comparison genomes to NCBI
taxonomic groups. The table background is shaded by domain level classification (corresponding
with the color scheme of Figure A.18). Top sub-domain groups are shown underlined and taxonomic
groups within them that received classified proteins are shown below| within the same box. Counts
represent the number of proteins classified by MEGAN at that taxonomic level. Sums are calculated
for each domain and sub-domain. Totaled sums in bold type correspond with the counts shown
on Figure 2.5C. The genomes used are: marine group II Euryarchaeote, Aciduliprofundum boonei
(NC_013926) and Nitrosopumilus maritimus (NC_010085). See Methods for details of the analysis.





Table B.12: Metagenome de novo assembly statistics for October and May samples for each k-mer
length used.



Table B.13: October circular scaffold reassembly statistics. Coverage denotes fold-coverage of each
scaffold by metagenome sequence reads. Marine euryarchaeal virus genomes are noted (MEV1–4).
See Figure A.19 for a visualization of these 59 scaffolds.





Table B.14: May circular scaffold reassembly statistics. Coverage denotes fold-coverage of each
scaffold by metagenome sequence reads. A marine euryarchaeal virus genome is noted (MEV5).
See Figure A.20 for a visualization of these 91 scaffolds.





Table B.15: Inter-group protein homologs. Based on pairwise reciprocal BLAST hits found with an
e-value cutoff of 10-5. MG2 is the marine group II Euryarchaeote genome ( ). Table entries
are locus_id values, so in the “MG2” column the value “ ” corresponds to the gene with locus_id
of “ ”. See Table 3.2 for a condensed version.



Table B.16: Protein homologs and predicted products for Group 1 virus sequences: MEV1, MEV2
and GG3SC144. Homology based on pairwise reciprocal BLAST hits found with an e-value cutoff of
10-5. Numbers in first 3 columns correspond to the suffix of the locus_id of the predicted gene coding
for the homolog (e.g. ). See methods for annotation details.











Table B.17: Protein homologs and predicted products for Group 2 virus sequences: MEV3 and
GG2SC877. Homology based on pairwise reciprocal BLAST hits found with an e-value cutoff of
10-5. Numbers in first 2 columns correspond to the suffix of the locus_id of the predicted gene coding
for the homolog (e.g. ). See methods for annotation details.







Table B.18: Protein homologs and predicted products for Group 3 virus sequences: ME4, MEV5 and
GG2SC16. Homology based on pairwise reciprocal BLAST hits found with an e-value cutoff of 10-5.
Numbers in first 3 columns correspond to the suffix of the locus_id of the predicted gene coding for
the homolog (e.g. ). See methods for annotation details.













Table B.19: Marine group II Euryarchaeota scaffolds assembled from the October and May metagen-
omes that contain genes coding for thermosome proteins. Scaffolds directly corresponding to the
published MG-II genome ( ) are excluded. Subunits reference the marine group II thermo-
some paralogs noted in Figure A.29. Coverage denotes fold-coverage of the scaffold by metagenome
sequence reads. Size is the genome/scaffold length in thousands of nucleotides. Homologs were
determined as genes with pairwise reciprocal BLAST hits to the MG-II genome with an e-value cutoff
of 10-5. For graphical comparison of these scaffolds to the MG-II genome see Figures A.27 and A.28.
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