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The deep sea (water depth of >2,000 m) represents the largest biome on Earth. Yet relatively little is known
about its microbial community’s structure, function, and adaptation to the cold and deep biosphere. To provide
further genomic insights into deep-sea planktonic microbes, we sequenced a total of ~200 Mbp of a random
whole-genome shotgun (WGS) library from a microbial community residing at a depth of 4,000 m at Station
ALOHA in the Pacific Ocean and compared it to other available WGS sequence data from surface and deep
waters. Our analyses indicated that the deep-sea lifestyle is likely facilitated by a collection of very subtle
adaptations, as opposed to dramatic alterations of gene content or structure. These adaptations appear to
include higher metabolic versatility and genomic plasticity to cope with the sparse and sporadic energy
resources available, a preference for hydrophobic and smaller-volume amino acids in protein sequences,
unique proteins not found in surface-dwelling species, and adaptations at the gene expression level. The
deep-sea community is also characterized by a larger average genome size and a higher content of “selfish”
genetic elements, such as transposases and prophages, whose propagation is apparently favored by more
relaxed purifying (negative) selection in deeper waters.

The oceans cover over two-thirds of our planet, with an
average depth of ~3,800 m. Microbes dominate the oceans’
interior (42) and thus drive the biochemical cycles that sustain
life in this habitat. Yet our knowledge of deep-sea bacteria and
archaea has been severely impeded by the difficulties in isolat-
ing naturally important organisms and in simulating the in situ
conditions of high pressure, low temperature, and low energy
availability in the laboratory (45). Most of the deep-sea mi-
crobes studied to date either represent allochthonous and pi-
ezotolerant bacteria or are copiotrophic piezophiles isolated in
rich media. There are very few isolates (with the possible
exception of some relatively abundant Alteromonas species)
that appear to be truly representative of predominant deep-sea
planktonic microbes (9, 23). Therefore, the common charac-
teristics that typify free-living planktonic deep-sea microbes
remain largely unknown.

Some initial insights into microbial adaptations to the cold
and high-pressure environment have started to emerge from
recently completed genomic projects (recently reviewed in ref-
erence 23). For example, the genome of Photobacterium pro-
fundum, an organism isolated from a depth of 2,500 m, indi-
cated that metabolic versatility encoded in a rather large
genome (6.4 Mbp) (39) and flagellum-based motility (11)
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might be essential for survival in the deep-sea environment.
Colwellia psychrerythraea, a psychrophilic marine bacterium liv-
ing in ambient atmospheric pressure, employs several mecha-
nisms to cope with low environmental temperatures, including
changes to membrane fluidity and uptake and synthesis of
compounds conferring cryotolerance (26). This and other stud-
ies (41, 43) have also implied that gene regulation and expres-
sion may constitute an important strategy for adaptation to
cold and high-pressure conditions, although it is unlikely that
differential expression of the same genes alone distinguishes
piezotolerant from piezophilic organisms.

Metagenomics approaches can complement culture-based
approaches and sidestep some of their limitations, providing
new perspectives on life’s adaptations to the deep-sea environ-
ment. Metagenomic libraries of planktonic microbes from
seven different depths of the North Pacific Subtropical Gyre
have recently revealed depth-specific trends in carbon and
energy metabolism, gene mobility, host-viral interactions, and
phylogenetic composition of microbial assemblages, among
others (10). Several of these depth-stratified genomic features
were further corroborated by another recent study that ana-
lyzed end sequences recovered from a microbial community re-
siding at a depth of 3,000 m in the Mediterranean Sea (25).
Nonetheless, the relatively shallow sequence coverage of the in-
digenous communities (~10 Mbp per library) (10, 25) limited the
resolution and depth of the phylogenetic and gene content anal-
yses performed in these previous studies.

To provide more information on the qualitative and quan-
titative attributes of deep-sea microbial populations, we ana-
lyzed ~200 Mbp of a random whole-genome shotgun (WGS)
DNA sequence data library recovered from a microbial com-
munity residing at a depth of 4,000 m in the Pacific Ocean and
compared it to similar WGS data from surface waters. Al-
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though an exhaustive comparison against many available sur-
face WGS data sets was performed, we report here on com-
parisons against five representative samples of the Global
Ocean Survey (GOS) project (31), since the results obtained
for the remaining data sets were similar (data not shown).
Surface water comparisons included samples 3 and 4 of the
Sargasso Sea metagenome (38) (SAR3 and SAR4; also iden-
tified as GS000_S03 and GS000_S13, respectively, in the more-
recent GOS study [31]), samples from the Caribbean open
ocean (GS018), the Eastern Tropical Pacific open ocean
(GS023), and the coastal Eastern Tropical Pacific (GS034, off
the Galapagos islands). Comparisons between each of these
data sets and our 4,000-m-depth sample provided very similar
results (see, for instance, Fig. 1 and 5), suggesting the existence
of specific trends that differentiated surface water microbial
assemblages from those found at bathypelagic depths in the
cold deep ocean.

MATERIALS AND METHODS

Sequencing, gene annotation, and nonredundant gene list. Fosmid and WGS
libraries were constructed and fully sequenced as described previously, using
Sanger sequencing technology (10, 17). The deep-sea WGS library originated
from the same sample and the same DNA preparation as the 4,000-m-depth
fosmid library (the 4,000-m-depth Hawaii fosmid [HF] library), whose end se-
quences were published previously (10) (seawater samples were prefiltered
through a 1.6-um prefilter and collected on a 0.22-pum collection filter). Fosmid
and untrimmed WGS sequences were annotated with the FGENESB pipeline for
automatic annotation of bacterial genomes from Softberry, using the following
parameters and cutoffs: general parameter file; open reading frame size, 90
nucleotide bases; expectation e-value, 1 X 107!'°. Automated FGENESB anno-
tations were manually refined and corrected, when necessary, by searching the
annotated proteins against the GenBank (4), Pfam (12), and Clusters of Or-
thologous Genes (COG) (35) databases. tRNAs were identified using
tRNAscan-SE 1.21 (http://selab.janelia.org/software.html).

To directly compare gene distributions in the surface water libraries of the
GOS project with those of the deep-sea Pacific Ocean library, it was first impor-
tant to determine the total unique sequence space sampled in each correspond-
ing library. For this, the average insert size of each library was determined by
searching the sister reads of a clone against each other using the BLASTN
(nucleotide-level) algorithm, version 2.2.12 (2) (collection filters and library
construction were otherwise very similar between the GOS and our WGS librar-
ies). Of the total 101,176 clones, 61,057 in the Pacific library were found to have
overlapping sister reads, by an average of ~500 bp, suggesting an average insert
size of ~1.5 kbp for these clones; 30,528 had no overlapping sister reads, sug-
gesting an average insert size larger than 2 kbp; and 10,176 had only one read per
clone, e.g., the sister read sequencing reaction failed. Therefore, although the
total sequence space for the 4,000-m-depth Pacific Ocean library was ~194,517
kbp (average read length for untrimmed WGS reads was ~1 kbp), the total
unique sequence space was ~162,817 kbp. The sister reads for Sargasso Sea
samples 3 and 4 (SAR3 and SAR4) were rarely overlapping, suggesting an
average insert size larger than 2 kbp, which is consistent with that reported in the
original study (38), while the remaining GOS libraries had typically smaller
inserts, similar to those of our 4,000-m-depth library. Raw gene counts within
each data set were normalized to the size of the data set by dividing with either
the total unique sequence space or the total number of nonredundant proteins
(see below) of the data set, in order to make gene counts directly comparable
between different data sets (see Table 1 for an example).

To get a nonredundant protein list for the gene distribution analyses from the
typically overlapping WGS reads of the 4,000-m-depth Pacific Ocean data set,
the following procedure was followed. All protein sequences annotated by the
FGENESB pipeline were clustered using the BLASTCLUST algorithm (2) with
the following parameters: —S 90 (similarity threshold), —L 0.5 (minimum length
coverage), and —b F (require coverage on only one sequence of a pair); the
remaining parameters were at the default settings. This procedure resulted in
165,986 clusters (from 223,464 original protein sequences), and the largest pro-
tein from each cluster was extracted to compile the nonredundant protein list.
For consistency purposes, the same clustering approach was applied to the GOS
samples as well. For instance, the total 434,156 proteins annotated in SAR4 by
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the FGENESB pipeline clustered in 259,297 unique clusters. The clustering
approach also reduced the effect of uneven species abundance when comparing
gene stoichiometries (see also below) between the surface water and deep-sea
microbial assemblages, since overlapping sequences originating from the same
species would cluster together at the cutoffs used.

Nonredundant proteins from each WGS library were assigned to the functional
categories of the COG database (Fig. 1) essentially as described previously (22),
requiring as a minimum cutoff for a match 30% amino acid identity over at least 70%
of the length of the top-matching COG protein. The same cutoff was used in the
analysis that aimed to identify the BLASTP top matches of WGS proteins against
GenBank’s nonredundant database. Transposase counts (e.g., see Fig. 3) were based
on counts of the number of annotated protein sequences in the FGENESB pipeline
that contained in their annotation the word “transposase” or “insertion sequence,”
typically with no further refinement of the annotation.

Gene stoichiometry based on the Pfam database. All nonredundant proteins in
a library were searched against the Pfam database (February 2006 release; 8,296
models in total; available at www.sanger.ac.uk/Software/Pfam/) using the hmmpfam
algorithm (part of the Hmmer package, which is distributed by the author, Sean
Eddy, through the website http:/hmmer.janelia.org/#contrib). The number of
significant matches, i.e., e-value lower than 0.1 according to the recommenda-
tions of the author, for each Pfam model was counted and normalized for the size
of the WGS data set, used as described above. Query proteins were allowed to
match more than one Pfam model. Proteins were searched first against the
full-length models of Pfam; proteins with no significant match at the 0.1 e-value
cutoff were subsequently searched against the fragment models of Pfam for
significant matches. Proteins with no significant matches against the fragment
Pfam models were denoted as hypothetical.

Genome size estimation. The estimates of the relative genome size difference
between the deep-sea and surface water communities were based on the distri-
bution of single-copy genes in the corresponding WGS metagenomic data sets. In
particular, all proteins annotated in a data set were searched against the Pfam
database, as described above, for significant matches against Pfam models of
ribosomal proteins, DNA polymerase subunits, and tRNA synthetases. The
matches were counted and normalized for the difference in size between the data
sets, and their normalized ratio (deep-sea versus surface water normalized
counts) provided an estimate of the relative genome size difference, indepen-
dently for each of the three protein families evaluated. Raes and colleagues (28)
have recently developed a similar approach for calculating average genome size
in WGS data that is based on the relative distribution of a selected subset of
proteins from the String database (40) and the BLAST algorithm (2). Using the
same approach and protein set, we found a protein ratio (i.e., 1.3 to 1.4) that was
very comparable to the ratio of our Pfam-based approach (all results are re-
ported in Table 1). Raes and colleagues have estimated the average genome size
for SAR3 and SAR4 to be ~1.5 to 1.6 Mbp (28); by extrapolation, our estimate
based on the method of Raes and colleagues for the 4,000-m-depth microbial
community was 2.2 to 2.4 Mbp. Raes et al. performed a kingdom assignment of
the WGS read prior to the estimation of the bacteria/archaea-specific average
genome size; we have not performed a kingdom assignment. However, the
deep-sea library contained no detectable eukaryotic DNA, while small amounts
(<5%) of eukaryotic DNA were detectable in the GOS surface water libraries
based on the COG sequences (Fig. 1) and rRNA gene counts (see Fig. S1 in the
supplemental material). Hence, our extrapolation based on the Raes et al.
estimate in surface water communities is reliable, although it likely represents a
slight underestimation of the deep-sea community average genome size due to
the higher abundance of eukaryotic DNA (eukaryotes typically have larger ge-
nome sizes) in the surface water libraries.

Dn/Ds ratio calculation. In order to perform accurate estimations of the non-
synonymous versus synonymous substitution (Dn/Ds) ratios, it was first necessary to
normalize for the variation in the sequencing error rate among the WGS and fosmid
end sequence data sets used in this study. For this, all raw sequences were cleaned
and trimmed using the same Q15 quality cutoff for base calling and the Phrap-Phred
package (P. Green, Genome Sciences Department, University of Washington, Se-
attle, WA [distributed by the author]). Trimmed WGS sequences were similar in
length, regardless of the data set considered, averaging ~840 bp.

(i) HF libraries. The sequences (about 10 Mbp per library) of the previously
published end sequences from the HF libraries (10) were annotated with the
FGENESB pipeline, using identical settings as described above for WGS librar-
ies for consistency purposes. Annotated proteins, when larger than 100 amino
acids long, were searched against the nonredundant proteins from the 4,000-m-
depth Pacific Ocean WGS library using BLASTP (protein level; default settings)
for matches of 80% to 95% amino acid identity that covered at least 90% of the
length of the query protein. HF proteins and 4,000-m-depth WGS proteins
related at this identity cutoff were subsequently aligned, in a pair-wise fashion
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FIG. 1. Differential abundance of genes in surface waters versus those at Station ALOHA at a depth of 4,000 m, based on COG functional
categories. All nonredundant proteins predicted in the GOS surface water and the Pacific Ocean 4,000-m-depth WGS data sets were searched
against the COG database to assign each protein to a major gene functional category. The differential abundance (y axis) of proteins assignable
to each category (x axis) is shown. GOS samples shown are as follows: SAR3 and SAR4 (also identified as GS000_S03 and GS000_S13,
respectively), Sargasso Sea (38); GS018, Caribbean open ocean; GS023, Eastern Tropical Pacific open ocean; and GS034, Eastern Tropical Pacific
coastal (off the Galapagos islands) (31). COG categories are as follows (adapted from http://www.ncbi.nlm.nih.gov/COG/): A, eukaryotic RNA
processing and modification; B, eukaryotic chromatin structure and dynamics; C, energy production and conversion; D, cell division, chromosome
partitioning; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; G, carbohydrate transport and metabolism; H,
coenzyme transport and metabolism; I, lipid transport and metabolism; J, translation and biogenesis; K, transcription; L, replication, recombi-
nation, and repair; M, cell wall/membrane/envelope; N, cell motility; O, protein turnover, chaperones; P, inorganic ion transport and metabolism;
Q, secondary metabolism; R, general function prediction only; S, function unknown; T, signal transduction mechanisms; U, intracellular trafficking

and secretion; and V, defense mechanisms.

(i.e., one 4,000-m-depth protein per HF protein) using the CLUSTAL W algo-
rithm (36). The corresponding nucleotide sequences of the aligned protein se-
quences were subsequently aligned, codon by codon, using the pal2nal script,
with “remove mismatched codons” enabled and the protein alignment as the
guide (34). The Dn/Ds ratio for each pair of proteins was calculated with the
nucleotide codon-based alignments using the codeml module of the PAML
package (44). Dn/Ds ratios for all query protein sequences that originated from
a single library (and hence depth) were averaged to provide the mean Dn/Ds
ratio for the microbial community at the corresponding depth relative to the
4,000-m-depth (reference) microbial community. Dn/Ds ratios were plotted
against the Ds value (Fig. 2) or were derived only from protein pairs that showed
a Ds value of >1 (Fig. 3), to provide a time-independent assessment of the
strength of selection as proposed previously (29). Protein sequences shorter
than 100 amino acids long were excluded from the analysis to avoid short
spurious open reading frames called by the annotation pipeline, which pre-
sumably do not represent genuine protein-coding regions of the genome (24,
27). The high-stringency cutoff on sequence identity ensured that only highly
related (homologous) proteins triggered a match; using the same cutoffs for
a match for all depths sampled ensured that Dn/Ds results for proteins that
originated from different depths were directly comparable. On average, ~173
protein pairs per depth (minimum, 64; maximum, 323) met the above criteria
and hence were used in the calculation of the average Dn/Ds ratio of the
corresponding library.

(ii) GOS and 4,000-m-depth WGS libraries. Protein sequences in the nonre-
dundant protein list of a WGS library, when larger than 100 amino acid long,
were searched against all protein sequences within the same library for matches
of 80% to 95% amino acid identity that covered at least 90% of the length of the
query protein. Approximately 25,000 to 35,000 proteins per library had one or
more significant matches (in addition to the self-match) at this cutoff. These
proteins were subsequently aligned against their matching sequence (pair-wise
fashion), and the Dn/Ds ratios for each protein pair were calculated as described
above for HF proteins. The average Dn/Ds ratio for each shotgun library was

based on the Dn/Ds ratios of ~30,000 protein pairs. All protein sequences used
in the average Dn/Ds ratio calculation originated from the same shotgun library,
as opposed to the HF libraries above, where one protein originated from the HF
library and the other was always from the 4,000-m-depth shotgun (reference)
library.

Amino acid substitution analysis. To study the preferential usage of specific
amino acids in deep-sea proteins relative to their homologs from surface waters,
the following approach was undertaken: nonredundant protein sequences from a
GOS WGS data set were searched, using the BLASTP algorithm, against the
nonredundant proteins from the 4,000-m-depth WGS data set for matches of at
least 50% amino acid identity over at least 70% of the length of the query
protein. The amino acids at all positions in the alignment of matching proteins,
which were different but were scored with a positive score by BLAST (i.e., similar
amino acid substitutions), were counted for both aligned protein sequences (i.c.,
one from the GOS and the other from the 4,000-m-depth shotgun library). The
amino acids that differed but were scored with a negative score by BLAST
(i.e., different amino acids substitutions) were also counted separately. For
each of the 20 common amino acids, the total number of times they were
encountered in all substitution positions in the sequences of all query surface
proteins were compared to the same number for all matching deep-sea
proteins to provide the preferential usage of the amino acid in the surface
water versus deep-sea proteins (see Fig. S3 in the supplemental material,
which shows a graphical illustration of the method). Three estimates were
performed, i.e., similar substitution positions only, different positions only,
and similar and different combined. The high-stringency cutoff on sequence
identity ensured that only homologous proteins (either orthologous or
paralogous) triggered a match (30, 32).

Nucleotide sequence accession numbers. All fully sequenced fosmids and the
WGS data from the 4,000-m-depth sample are available in GenBank under
accession numbers EU016559 to EU016674 and ABEF(00000000, respec-
tively.
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TABLE 1. Comparisons between the SAR4 and 4,000-m-depth
Pacific Ocean WGS data sets”

Sample
Characteristic Pacific Ocean  Ratio
SAR4 (4,000 m)

Total unique sequence 278.1 165 1.68
(Mbp)

Avg read length (after 837 850
Q15 trim)

G+C content (%) 36.3 521

Total proteins annotated 434,156 223,464

Unique protein clusters 259,297 165,986

Clusters with Pfam 116,503 (44.9%)  72.327 (43.6%)
matches

Total matches against 143,265 93,075
Pfam

Clusters assignable to 112,523 (43.4%) 68,093 (41.0%)
COG

Avg aa identity against 44.8 46.4
COG (%)

Total matches against 109,631 (66%)
Sargasso

Matches for ribosomal 2,775 1,228 1.35°
proteins

Matches for DNA 648 293 1.32°
polymerase

Matches for tRNA 2,194 966 135"
synthetases

Genes from Raes et al. 14,993 6,593 1.35°

(28) (total matches)

“ “Total matches against Sargasso” refers to BLASTP searches against the
combined sample 3 and 4 protein sequences, using the exact same cutoff for a
match as in the COG search. The cutoff in the COG search was 30% amino acid
(aa) identity over at least 70% of the length of the COG matching protein.

® These ratios have been normalized for the difference in size (1.68-fold, top
row) between the two data sets compared. For example, for DNA polymerases,
the ratio is (648/293)/1.68 = 1.32.
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FIG. 3. Correspondence between transposase gene content and average
Dn/Ds ratio with depth as revealed by fosmid libraries. The average Dn/Ds
ratio of a fosmid library (10) relative to the 4,000-m-depth (reference) WGS
library (black points, primary x axis) is plotted against the depth that the
fosmid library originated from (y axis). Note that the transposase content of
the HF libraries (secondary x axis) correlates well to the Dn/Ds ratio of the
libraries, particularly from a depth of 10 m to 770 m.

RESULTS

Uniqueness of the deep-sea metagenome. The majority
(~55%) of the nonredundant proteins annotated in the 4,000-
m-depth microbial library did not share a significant match
against common protein databases such as Pfam (12) and

5 5 55 6

Ds value

FIG. 2. Codon substitution patterns between proteins from surface waters versus proteins from a depth of 4,000 m. The average Dn/Ds ratio
(v axis) for the 4,000-m-depth Pacific Ocean microbial community (filled bars) and the community sampled in the Sargasso Sea sample 4
metagenome (open bars) is plotted against the synonymous substitution rate (Ds) (x axis). Error bars represent one standard deviation of the mean;
most means are statistically different by Student’s ¢ test. Note that the Dn/Ds ratio is always two to three times higher in the former community,
regardless of the time since divergence of the protein sequences under scrutiny (represented by Ds) (29), revealing more relaxed purifying selection
at a depth of 4,000 m. Abundant populations of planktonic group I Crenarchaea and Pelagibacter at a depth of 4,000 m also showed two to three
times higher Dn/Ds ratios, on average, compared to their surface water counterparts in the Sargasso Sea (inset).
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FIG. 4. Differential abundance of genes in surface waters versus those at Station ALOHA at a depth of 4,000 m, based on the Pfam database. All
nonredundant proteins predicted in the Sargasso Sea sample 4 (SAR4) and the 4,000-m-depth Pacific Ocean WGS data sets were searched against the Pfam
database to assign each protein to a Pfam model. The differential abundance (y axis) of proteins assignable to 1,868 Pfam models (x axis), which had at least one
significant match in both data sets, is shown. Several important models (discussed in the text) have been annotated. All underlying data of the Pfam analysis,
including Pfam models that found significant matches in only one of the data sets, are provided in Table S1 in the supplemental material. Dashed lines represent

the log 2 boundary in relative abundance.

COG (395), revealing that most of the deep-sea microorganisms
had genetic makeups very different from those of the cultured
organisms available in the public databases. This fraction of
hypothetical proteins, however, was not substantially different
from the fraction of hypothetical proteins in the surface water
microbial populations sampled in the GOS metagenomes. For
instance, the SAR4 and 4,000-m-depth data sets had a very
similar number of proteins assignable to Pfam (44.9% versus
43.6%, Sargasso versus deep-Pacific data, respectively), and
these proteins showed an average amino acid identities similar
to their COG top matches (44.8% versus 46.4%). Therefore,
the deep-sea microbial genome content was not substantially
more novel than that of the surface waters. In addition, the
surface water and deep-sea microbial assemblages were related in
terms of gene content, since ~60% of the hypothetical proteins
(i.e., no significant match against the public databases) from the
deep sea shared a significant match of 52.2% amino acid identity,
on average, with the Sargasso Sea proteins (Table 1).

The great majority of the organisms sampled in the deep-sea
WGS library were planktonic bacteria and archaea, as indi-
cated by the absence of eukaryotic TRNA genes (see Fig. S1 in
the supplemental material) and the low number (<50) of an-
notated proteins that had their top matches in a eukaryotic-
specific COG gene category (Fig. 1). Bacteria appeared to

dominate the deep-sea microbial library, with ~70% of the
total rRNA genes derived from bacteria versus ~10% from
archaea (see Fig. S1 in the supplemental material). About 20%
of the rRNA genes recovered could not be assigned with high
confidence to the bacterial or the archaeal domain due to their
very short sequence lengths and/or because they were repre-
sentative of uncharacterized deep-branching taxa. The major-
ity of these unassigned rRNA gene sequences, however, were
presumably bacterial, given that analysis of the top matches of
all annotated proteins against all microbial genomes in GenBank
revealed that only ~7% of the top matches were archaeal.
Eukaryotic rRNA genes or protein sequences with top matches
in the eukaryotic sequences of GenBank were virtually unde-
tectable in the 4,000-m-depth data set (Fig. 1; also see Fig. S1
in the supplemental material).

Adaptations at the gene content level. Analysis of differential
gene abundance in the deep-sea WGS data relative to the
surface water WGS data has the potential to reveal important
biochemical and functional adaptations specific to each envi-
ronment. The majority of genes, however, appeared evenly
distributed, e.g., 1,176 out of a total of 1,868 (63%) Pfam
families evaluated showed less than a twofold difference in
abundance between the surface water versus deep-sea normal-
ized data sets (Fig. 4), indicating that fundamental physiology
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and metabolism do not differ greatly between the surface and
the abyss. Several genes previously implicated in high-pressure
and/or cold adaptation, such as cold-shock domains and fatty
acid desaturases (26, 39), did not appear to be greatly enriched
in the deep-sea metagenome, indicating that these adaptations
might be controlled at the expression or the posttranslation
level. Although energy sources differ greatly between the pho-
tic zone and the deep sea, genes for autotrophic CO, assimi-
lation showed comparable abundances between these habitats,
whereas representative genes of the nitrogen cycle were two- to
threefold more abundant in the surface water data sets (with
the exception of the nitrite reductase, NirK [see Table S2 in the
supplemental material]).

Several significant differences in gene content were, how-
ever, observed. As anticipated and noted previously (10), genes
related to photosynthesis, such as chlorophyll A-B binding
proteins and rhodopsin photoproteins (3), as well as to pro-
cesses accessory to photosynthesis, such as pigmentation pro-
teins (e.g., coproporphyrinogen production) and heme export-
ers, were among the most abundant genes in the surface
samples, in contrast to the deep-sea microbial plankton (>10-
fold difference) (Fig. 4). Additionally, genes involved in repair-
ing UV-induced DNA damage (e.g., DNA photolyase) and in
oxidative stress response (e.g., sarcosine oxidase) were also
more enriched in the surface water WGS data than in the
deep-sea community. In contrast, transposases, phage inte-
grases, plasmids, recombinases, and hypothetical proteins (see
Table S3 in the supplemental material) predominated in the
deep sea, compared to the surface water samples (>10-fold
difference). These results corroborate the high abundance of
transposases in the subphotic zone, as reported previously,
based on a shallower sequencing coverage of large DNA frag-
ment fosmid libraries (10). Regulatory proteins, including tran-
scription factors and signal transduction systems, as well as
metabolic genes, were also encountered more frequently in the
4,000-m-depth data set than in the surface water set, regardless
of the location of the surface water data set used in the analysis
(e.g., open versus coastal ocean, or Caribbean Sea versus Pa-
cific Ocean [Fig. 1]). The latter genes reflected several presum-
ably prevalent modes of carbon and energy metabolism in the
bathypelagic microbial communities. Among the most notable
examples, threefold more luciferase oxygenase homologs (bi-
oluminescence production) and dockerin type I repeats (in-
volved in cellulose degradation) were found in the normalized
deep-sea data set than in the surface water WGS data set.

Phylogenetic analysis and sequence comparisons indicated
that the majority of differences involving abundant protein
families were, most often, representative of community-wide
signatures, as opposed to the differential distribution of one or
a few specific microbial groups. For example, the 658 deep-sea
sequences (versus 28 in SAR4) belonging to the most abundant
transposase family (COG2801) showed a distribution of G+C
content from 40% to 70% (the community average is ~52%).
About 295 of these (45%) did not match any other transposase
at a 97% nucleotide identity cutoff (see Fig. S2 in the supple-
mental material). (The transposase sequences originated from
untrimmed WGS sequencing reads, which had an estimated
maximum sequencing error of 2%; hence, the 97% cutoff was
used to group together only recently duplicated transposase
gene copies.) If these 658 sequences belonged mainly to a
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single (or a few) close phylogenetic group(s) or represented
the recent expansion (duplication) of a few invasive trans-
posase variants, many more similar sequences would have been
observed. Further, the sister reads of many of the transposase-
containing WGS sequences were phylogenetically affiliated
(based on best-match analysis against all available sequenced
genomes at the end of 2007) with many different taxa, as well
as different phyla (see Table S4 in the supplemental material).
A few cases where the gene content differences were presum-
ably due to the presence (or absence) of a specific group were
also noted. Most notably, cytochromes that appeared to orig-
inate from Planctomycetes representatives based on phyloge-
netic analyses were relatively more abundant in the deep-sea
sample (Fig. 4), a signature corroborated by the apparent ab-
sence of this phylum in the surface water samples, as indicated
by rRNA gene counts (see Fig. S1 in the supplemental mate-
rial).

Relaxed selection in the deep sea appears to explain some
gene content differences. The increased content of mobile el-
ements in the deep-sea versus the surface water metagenome,
clearly the most profound signature of the deep-sea commu-
nity, raised the question of whether relaxed purifying (nega-
tive) selection or positive selection for the functions associated
with these mobile elements has fostered their expansion. Anal-
ysis of the Dn/Ds ratio can provide some clues about the
strength of selection, with lower Dn/Ds values being indicative
of stronger negative selection on protein sequences. Homolo-
gous proteins within the 4,000-m-depth data set showed two to
three times higher Dn/Ds ratios than their surface water coun-
terparts (Fig. 2). Similar results were noted when proteins of
two abundant and phylogenetically unrelated autochthonous
populations, as opposed to randomly selected WGS proteins,
were examined. Proteins encoded in deep-sea Crenarchaea
(20) and Pelagibacter (Alphaproteobacteria) (15) genomes showed
average Dn/Ds values of 0.035 and 0.04 versus 0.01 and 0.02 for
their shallow-water relatives, respectively (Fig. 2, inset). Nota-
bly, Dn/Ds analysis on a small number of available protein
sequences from seven different depths of the Pacific Ocean
(10) indicated that Dn/Ds ratios increased with depth, which
corresponded with increased transposase content at greater
depths (Fig. 3).

Although it is possible that some of the transposase se-
quences may have been under positive selection, the results
generally indicated that relaxed selection promoted the expan-
sion of the majority of mobile elements in the deep-sea ge-
nomes. The identification of several instances where trans-
posases truncated evolutionarily conserved (hence, presumably
essential) genes or were in close proximity with other trans-
posases and/or prophage integrases (see Table S4 in the sup-
plemental material for an example) is also consistent with the
latter hypothesis. Relaxed selection might be due to the slower
growth rates and/or smaller population sizes that typify deep-
sea microbial communities.

Protein amino acid adaptations. To provide insights into
deep-sea adaptations at the protein level, the protein se-
quences recovered in the surface water WGS data sets (31)
were aligned and compared against their orthologs in the
4,000-m-depth WGS data set. In particular, the preferential
usage of an amino acid at positions that differed in the align-
ment of orthologs was calculated, essentially as performed
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FIG. 5. Differential usage of amino acids in protein sequences from surface versus deep waters. Homologs between a surface water WGS library
(figure key) and the 4,000-m-depth WGS library were identified and aligned, in a pair-wise fashion, i.e., one sequence from a surface water library
against a sequence from the 4000-m-depth library, based on a BLAST approach. The amino acid substitutions at similar (A) and different
(B) substitution positions in the pair-wise alignments were compared to provide the differential usage of each amino acid in proteins from a depth
of 4000 m relative to ones sampled by each surface water library. Bars represent the n-fold difference (y axes) in the usage of each corresponding
amino acid (x axes). The black dotted line represents the fraction of the total amino acid substitution positions evaluated (secondary y axis) for
each corresponding amino acid (x axis). For instance, alanine (Ala) constituted the largest fraction of the total substitution positions evaluated
among all amino acids (~10%), whereas tryptophan (Trp) and cysteine (Cys) represented the smallest fraction (constituting ~1%). Amino acid
usage trends were based on a total of about 800,000 substitution positions evaluated for each surface water WGS library. GAP represents the
relative abundance of gaps in the alignments of homologous protein sequences.

previously (16, 46) (see Fig. S3 in the supplemental material
and Materials and Methods for details). In general, amino acid
usage patterns showed only subtle differences between the
surface water and deep-sea proteins, e.g., no greater than a
0.3-fold difference was observed between any of the samples
analyzed. Nonetheless, several noteworthy trends became evi-
dent. The most prevalent trend was an increased content of
nonpolar and hydrophobic residues, i.e., alanine (Ala), glycine
(Gly), proline (Pro), and valine (Val), in proteins from the
deep waters, at the expense of polar residues, such as aspar-
agines (Asn) and serine (Ser), and charged residues, such as
lysine (Lys) (Fig. 5). On average, the deep-sea protein se-
quences contained ~10% more nonpolar and hydrophobic
amino acids and showed a preference for lower-volume amino
acid residues than their surface water analogs (see Fig S6 in the
supplemental material). Comparable results were obtained
when similar amino acid substitution positions (the substituted
amino acid is biochemically related) were evaluated separately
from different amino acid substitution positions (the substi-
tuted amino acid is not related), which underlines the robust-
ness of the trends observed. Furthermore, gaps in the align-
ments of orthologous proteins were more abundant in the
proteins from the surface water, suggesting that proteins from
deep-sea microbes are larger in size, potentially a consequence
of less “streamlining” (relaxed purifying selection) in deeper
waters (Fig. 5).

Variations in average G+C content also accounted for some
of the differences observed in amino acid usage patterns be-
tween the surface water and deep-sea proteins. For instance,
the preferential usage of lysine and asparagine, which are en-
coded by AT-rich codons, in surface water proteins from the
Sargasso and Caribbean Seas relative to their counterparts
from 4,000 m deep in the Pacific Ocean might be attributable

to the lower G+C contents of the former metagenomes
(36.3% versus 52.1%). However, the influence of G+C content
or other site-specific environmental parameter variations on
the derived results should be rather minor. For instance, the
coastal Tropical Pacific Ocean metagenome (GS034) had a
significantly higher G+C content (40.2%) than the other GOS
data sets used in our study; yet, it showed amino acid usage
trends very comparable to those observed with the other GOS
data sets (Fig. 5). Further, amino acid usage patterns analo-
gous to those reported for the surface water WGS data sets
were observed for proteins recovered in the end sequences of
seven fosmid libraries constructed from samples from different
depths in the Pacific Ocean (10) (see Fig. S4 and S5 in the
supplemental material). The latter comparisons also revealed,
as expected, that amino acid usage patterns for sequences from
deeper samples (i.e., 500 and 770 m) and the 4,000-m-depth
reference sequences were more similar than sequences from
130 m (chlorophyll maximum depth) and 200 m (lower eu-
photic zone). (Some of the variation observed may be due to
the shallow sequencing obtained in the previous study [10] and
the unique physicochemical properties characterizing each
depth sampled.) The congruence in the results obtained with
different surface water WGS data sets and the fosmid libraries
suggests that the trends in amino acid usage patterns revealed
by our analyses are real, reproducible, and relatively indepen-
dent of the sampling site or the library used.

Species composition of the deep-sea microbial communities.
(i) Taxa distribution and community complexity. rRNA gene
counts in the WGS data (normalized for library size) suggested
that the deep-sea and surface water communities were in some
respects similar in terms of phyla representation (see Fig. S1 in
the supplemental material). Alpha- and gammaproteobacteria
appeared to dominate both communities, together comprising
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TABLE 2. Statistics of the assemblies of the SAR4 and 4,000-m-
depth Pacific Ocean WGS data sets”

APPL. ENVIRON. MICROBIOL.

TABLE 3. Crenarchaeal nitrogen metabolism gene presence in
WGS data sets”

Sample No. in sample
Characteristic - Gene Length® . Ratio
Pacific Ocean Pacific Ocean
SARY (4,000 m) SAR3 (4,000 m)

No. of reads used 102,000 102,297 amoA 588 7 2 35
No. of singlets 82,866 (81.2%) 80,965 (79.2%) amoB 573 7 2 35
No. of contigs 7,124 ,450 amoC 568 5 2 2.5
Avg contig length 1,190 1,241 Ammonia permease 1,866 15 6 2.5
Avg read length 830 818 16S rRNA 1,473 13 7 1.9

235 rRNA 2,995 24 13 1.8

“ For consistency purposes, a subset of the SAR4 data set that was comparable
in size and was trimmed with the same quality criteria for base calling as the
4,000-m-depth Pacific Ocean data set was used. Sequences were selected at
random, provided that sister reads of the same clone did not overlap, in which
case only one of the sister reads was used in the assembly. Assemblies were
performed with the Phrap-Phred package (P. Green, Genome Sciences Depart-
ment, University of Washington, Seattle, WA [distributed by the author]) using
identical parameters for both data sets.

50 to 70% of the total rRNA genes identified, with alphapro-
teobacteria representing a relatively higher fraction of the sur-
face water community rRNA genes than the deep-sea ones
(~40% versus 25%). Several phyla were, however, differen-
tially abundant. The most obvious examples were the presence
of photosynthetic Cyanobacteria only in the shallow waters and
the higher proportions of Crenarchaea, Deltaproteobacteria,
Planctomycetes, and Chloroflexi at a depth of 4,000 m. With the
exception of the Deltaproteobacteria, which comprised ~12%
of the deep-sea rRNA genes, none of the differentially abun-
dant phyla constituted more than about 5% of total rRNAs
within a community.

To provide a high-resolution comparison of the complexity
(species richness and evenness) of the deep-sea microbial com-
munity relative to the community of the surface waters of the
Sargasso Sea, we evaluated the assemblies of comparable sub-
sets of the WGS data sets. Analysis showed that the number of
unassembled (singletons) WGS reads and the number and
average length of assembled contigs were comparable between
the deep-sea and the surface water assemblies (Table 2). Thus,
these results are not supportive of large differences in the
complexity of the surface water and the deep-sea microbial
communities. The high similarity between the two communi-
ties based on rRNA gene counts (see Fig. S1 in the supple-
mental material) is also consistent with these interpretations.
A high number of species and/or rare species constituting a
large fraction of the communities probably accounts for the
very short contigs assembled from both the deep-sea and sur-
face water metagenomes.

(ii) Genes for chemolithotrophic ammonia oxidation in
deep-sea Crenarchaea. Queries of available genomic sequences
in GenBank against the 4,000-m-depth WGS metagenome re-
vealed that planktonic Crenarchaea represented the most
abundant population, constituting about ~3% of the total
WGS reads available (21). This relatively high in situ abun-
dance allowed the assembly of a large genomic scaffold repre-
senting the deep-sea Crenarchaea from crenarchaeal fosmid
clones from the same 4,000-m-depth sample (21). These se-
quences, together with the crenarchaeal WGS sequences iden-
tified in this study, allowed a sequence-based assessment of
crenarchaeal ammonia monooxygenase subunit genes, which

“ Selected Cenarchaeum symbiosum genes (first column) were queried against
the unassembled WGS data sets using TBLASTN (protein level) or BLASTN
(nucleotide level for rRNA) algorithms. The resulting alignments, when longer
than 100 aligned nucleotides (33 amino acids), were visually inspected to deter-
mine the number of WGS sequences per data set that contained crenarchaeal
homologs (third and fourth columns). In general, the distinction of crenarchaeal
homologs from homologs of unrelated organisms or spurious matches was
greatly facilitated by the fact that the former homologs typically showed much
higher identity to the C. symbiosum query proteins (>80% for proteins and
>90% for rRNAs versus <50% and <70%, respectively).

® Gene length in bp.

were recently reported to be substantially depleted, by at least
one to two orders of magnitude in the genomes of deep-sea
versus surface water Crenarchaea (1, 8). Our genomic assess-
ment revealed that all the known crenarchaeal genes associ-
ated with nitrification (18) were present in the 4,000-m-depth
crenarchaeal genomic scaffold, including ammonia monooxy-
genase subunit genes (amoA, amoB, and amoC), the urease
operon, and the ammonia permease gene. The ratio of indi-
vidual crenarchaeal ammonia monooxygenase sequence reads
to crenarchaeal 16S rRNA sequence reads in the unassembled
4,000-m-depth WGS library was 1 to ~3 (1 to ~5 for 23S
rRNA). This stoichiometry is consistent with a 1:1 ratio of
amoA genes to 16S rRNA genes, since the length of the amo
genes (~600 bp) is approximately one-third of that of the 16S
rRNA gene, and planktonic Crenarchaea genomes contain only
one rRNA operon (17). Using an identical approach, we found
a similar stoichiometry between crenarchaeal amo and rRNA
genes in winter samples of the Sargasso Sea, where Crenar-
chaea were present in substantial abundance (Table 3; note
that the slightly higher abundance of the amo genes in the
surface water data set is within the sampling error of the
metagenomic libraries). We conclude that most if not all cren-
archael cells at a depth of 4,000 m in the North Pacific Sub-
tropical Gyre contain genes associated with ammonia oxida-
tion. The discrepancy of our findings with the quantitative
PCR results reported previously (1, 8) may be due to the
failure of quantitative PCR primers to amplify the amoA genes
of some deep-sea Crenarchaea. Consistent with this hypothesis,
the reverse amoA oligonucleotide primer sequence used in
prior studies has three mismatches with the deep-sea crenar-
chael amoA sequences reported here, with one occurring to-
ward the 3’ end of the sequence, a critical region for primer
annealing and extension (see Fig. S7 in the supplemental ma-
terial). These data do not support well the hypothesis of
Agogue et al. (1) that most deep-sea Crenarchaea lack amoA
genes and therefore are heterotrophic.
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DISCUSSION

Our analyses identified several key genomic features that
together may facilitate microbial survival and growth in the
deep-sea environment, such as metabolic tuning toward the
energy sources available in the deep sea (Fig. 1 and 4),
genomic plasticity (see Fig. S2 in the supplemental material),
and protein alterations potentially important for function in
the cold, high-pressure environment (Fig. 5). Although these
adaptations are subtle (excluding genomic plasticity and abun-
dance of mobile elements) compared to the major features
observed in surface water communities (e.g., photosynthesis,
UV damage repair, and streamlining, to name a few examples)
(Fig. 4), they do reflect the divergence and isolation of the
deep-sea microorganisms and their genes from their surface
water counterparts. Consistent with these interpretations,
abundant planktonic microbial populations, such as Crenar-
chaea and Pelagibacter, are genomically distinct between dif-
ferent depths (Fig. 2; amino acid identities are shown in Table
1 and in our previous study [21]). The high similarity in the
results obtained from comparisons with different surface water
metagenomes, including those from the North and Eastern
Tropical Pacific Ocean, the Sargasso Sea, and the Caribbean
Sea (Fig. 1 and 5), also suggests that the differences between
the deep sea and the surface are robust and reproducible and
probably independent of the specific site sampled. Although
there is a constant rain of biological material from shallow to
deep waters, resulting in a largely unidirectional material and
genetic transfer, the selective pressures at greater depths seem
to ameliorate most of this potential surface water signature in
the deep.

If dramatic adaptations specific to the deep-sea microbial
assemblages are to be found, our analysis indicates that these
likely occur at levels not detectable solely by sequence data.
More likely, these adaptations will be manifested as changes in
gene expression, posttranslational modifications, or coordi-
nated enzymatic and physiological responses, as has been sug-
gested previously (23, 41, 43). Several (>50) hypothetical or
conserved hypothetical protein families (clusters) were found
to be among the most differentially abundant genes in the
surface waters versus the deep sea (see Table S3 in the sup-
plemental material), in patterns similar to the enrichment of
mobile genes in the deep-sea microbial assemblage or photo-
synthetic genes in the surface waters. Therefore, it also seems
plausible that some dramatic differences in gene content can
be found in deep-sea-adapted microorganisms but remain ob-
scured within uncharacterized hypothetical genes. Given that
about half of the protein sequences recovered in the deep-sea
metagenome were hypothetical or conserved hypothetical (Ta-
ble 1), these findings underscore our limited knowledge of the
genetic and physiological mechanisms important for living in
the bathypelagic habitat (23, 41, 43).

The higher proportions of regulatory, mobile, and metabolic
genes relative to genes included in information processing
(e.g., ribosomal proteins and polymerase subunits) (Fig. 4)
suggested the importance of metabolic diversity and genome
plasticity in the deep-sea microbial assemblages. This pattern
resembles the gene content shifts with (larger) genome size
observed through the comparative analysis of whole-genome
sequences of cultivars (22, 37), implying that the genome size
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of many deep-sea-adapted microorganisms is significantly
larger than that of their surface water-adapted counterparts.
Using a recently developed method for genome size estimation
in WGS data (28), we estimated a 1.35- = 0.25-fold increase in
genome size in bethypelagic versus shallow-water microbial
genomes, with an average genome size of 2 to 2.2 Mbp in the
deep-water community (Table 1). Table 1 may represent a
slight underestimation, given that eukaryotic DNA is more
abundant in the surface water than in the deep-sea library,
based on ribosomal rRNA gene (see Fig. S1 in the supplemen-
tal material) and COG homolog (Fig. 1) counts. It has been
previously hypothesized that larger-genome-sized species may
dominate in environments where resources are scarce but di-
verse, and where there is little penalty (e.g., reduced purifying
selection) for slow growth, such as soil (22). Our results (Fig. 1
and 2) provide some evidence in support of this hypothesis,
since resource scarcity and heterogeneity, and relaxed selec-
tion, appear to characterize the deep versus the shallow waters,
and the average microbial genome size appeared significantly
larger in the deep sea (Table 1). Some of these ecological
trends in gene content appear therefore to apply across habi-
tats as diverse as soils and the deep sea.

Several previous studies have suggested that more charged
(ionized and/or polar) and higher-volume residues are pre-
ferred in organisms living at higher temperatures (5, 19, 26),
consistent with the opposite trend (more neutral and nonpolar
residues) observed here for microbial assemblages of the deep
and cold deep sea (Fig. 5; also see Fig. S6 in the supplemental
material). Zeldovich and colleagues (46), based on the analysis
of 204 complete bacterial and archaeal genomes, suggested a
universal set of amino acids, namely isoleucine, valine, trypto-
phan, arginine, glutamic acid, and leucine (Ile, Val, Tyr, Arg,
Glu, and Leu), that highly correlated with the optimum tem-
perature for growth of every organism. From this universal set,
only isoleucine, valine, and arginine were found to differ mod-
erately in abundance in our surface water versus deep-sea
comparisons. Lysine, asparagine, and serine (Lys, Asn, and
Ser) constituted a much more important fraction of the total
amino acid substitutions than did the latter three residues (Fig.
5). Further, Grzymski and colleagues recently noted decreased
proline and arginine (Pro and Arg) content in six cold-adapted
fosmid clone sequences from Antarctica (16), whereas these
residues were among the most differentially abundant residues
in the deep-sea microbial proteins according to our evalua-
tions. This discrepancy may be due to the combined effects of
high pressure and low temperature in the deep sea, and the
smaller sample sizes of previous studies, which may not be as
representative. Interestingly, hydrophobicity, which appears
important for the thermostability of proteins at high temper-
atures (19, 46), was also important in the deep-sea proteins in
our metagenomic comparisons. Enzyme adaptation to low
temperatures is conferred, in part, by weaker intramolecular
interactions that favor greater molecular flexibility and higher
catalytic efficiencies (6, 33). In the deep sea, preserving protein
conformation and stability represents an additional challenge.
Thus, deep-sea protein adaptations likely reflect the balance
for maintaining the added flexibility required at low tempera-
tures and stability in the face of high pressure (6, 33). Clearly,
protein adaptation to the deep-sea physicochemical conditions
is complex and requires further investigations of many param-
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eters, including buried versus exposed amino acid residues,
physical and structural interactions among amino acid resi-
dues, and the kinetics and volume changes associated with the
different reactions (7, 14).

Microbial metagenomic data sets such as the 4,000-m-depth
genomic sample described here represent useful resources for
future investigations. These data sets, coupled with future cul-
tivation-dependent and cultivation-independent studies, should
help to better refine our understanding of the specific genetic,
biochemical, physiological, and metabolic properties of deep-
sea-adapted microbes and microbial communities. Transcrip-
tomic approaches (13), functional protein characterization,
and time series measurements can complement these efforts
and bring a deeper perspective on the biology and ecology of
the most abundant inhabitants in Earth’s largest biome.
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