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Metagenomic analysis of size-fractionated
picoplankton in a marine oxygen minimum zone
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Marine oxygen minimum zones (OMZs) support diverse microbial communities with roles in major
elemental cycles. It is unclear how the taxonomic composition and metabolism of OMZ
microorganisms vary between particle-associated and free-living size fractions. We used amplicon
(16S rRNA gene) and shotgun metagenome sequencing to compare microbial communities from
large (41.6 lm) and small (0.2–1.6 lm) filter size fractions along a depth gradient in the OMZ off
Chile. Despite steep vertical redox gradients, size fraction was a significantly stronger predictor of
community composition compared to depth. Phylogenetic diversity showed contrasting patterns,
decreasing towards the anoxic OMZ core in the small size fraction, but exhibiting maximal values
at these depths within the larger size fraction. Fraction-specific distributions were evident for key
OMZ taxa, including anammox planctomycetes, whose coding sequences were enriched up to
threefold in the 0.2–1.6 lm community. Functional gene composition also differed between
fractions, with the 41.6 lm community significantly enriched in genes mediating social
interactions, including motility, adhesion, cell-to-cell transfer, antibiotic resistance and mobile
element activity. Prokaryotic transposase genes were three to six fold more abundant in this
fraction, comprising up to 2% of protein-coding sequences, suggesting that particle surfaces may
act as hotbeds for transposition-based genome changes in marine microbes. Genes for nitric and
nitrous oxide reduction were also more abundant (three to seven fold) in the larger size fraction,
suggesting microniche partitioning of key denitrification steps. These results highlight an
important role for surface attachment in shaping community metabolic potential and genome
content in OMZ microorganisms.
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Introduction

Marine oxygen minimum zones (OMZs) contain
diverse communities of Bacteria and Archaea whose
metabolisms control key steps in marine biogeo-
chemical cycling. Metagenome and single-gene
surveys have identified marked transitions in
microbial community composition and metabolism
from oxygenated surface waters to the suboxic OMZ
core (Stevens and Ulloa, 2008; Zaikova et al., 2010;
Bryant et al., 2012; Stewart et al., 2012b). These
shifts have been linked to meter-scale vertical
gradients in dissolved oxygen and organic and
inorganic energy substrate availability. However,
heterogeneity in the marine water column also
potentially exists in the form of microscale chemical

gradients, microbial taxa and microbial processes
associated with particles, including aggregates of
decaying organic matter, as well as live phytoplank-
ton or zooplankton cells (Karl et al., 1984;
DeLong et al., 1993; Fenchel, 2002; Stocker, 2012).
These particles support complex surface-attached
microbial communities whose composition and life
history strategies differ substantially from those of
free-living microbes. Although taxonomic surveys
have compared free-living and particle-attached
communities in a variety of marine ecosystems, the
differences in functional gene composition that
distinguish free-living from surface-attached life
histories have been explored only sparingly. For
OMZs in particular, the microscale partitioning of
microbial communities and metabolisms has not
been explored, despite a potentially significant role
for particle-associated microhabitats in these zones
(Whitmire et al., 2009).

OMZs occur where the aerobic respiration
of organic matter combines with water column
stabilization to form a persistent, low-oxygen layer.
The largest and most oxygen-depleted OMZs are
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found in regions of nutrient upwelling, as in the
Eastern Tropical South Pacific off the coasts of Chile
and Peru (ETSP OMZ; Karstensen et al., 2008; Ulloa
and Pantoja, 2009; Ulloa et al., 2012). In the ETSP,
dissolved oxygen declines from near saturation
levels (4250 mM) at the surface to below the
level of detection (o10 nM) at the OMZ core
(B200–300 m; Thamdrup et al., 2012; Ulloa et al.,
2012). This steep drawdown drives changes in the
water column microbial community. Notably, com-
munities along the oxycline are phylogenetically
and metabolically diverse relative to other depths
(Bryant et al., 2012), containing both microaerophi-
lic assemblages, which include ammonia- and
nitrite-oxidizing members, as well as microbes
capable of anaerobic metabolism (Stewart et al.,
2012b). In contrast, community metabolism at the
anoxic OMZ core is dominated by anaerobic auto-
trophic and heterotrophic processes that primarily
utilize oxidized nitrogen compounds as terminal
oxidants (Ulloa and Pantoja, 2009; Ulloa et al., 2012;
Wright et al., 2012). Up to half of oceanic nitrogen
loss occurs in OMZs through the anaerobic pro-
cesses of denitrification and anaerobic ammonium
oxidation (anammox; Thamdrup et al., 2006; Lam
et al., 2009; Zehr and Kudela, 2011). Recent studies
also have identified an important role in OMZs for
chemoautotrophic bacteria that oxidize reduced
sulfur compounds with nitrate, as well as for
sulfate-reducing heterotrophs (Stevens and Ulloa,
2008; Lavik et al., 2009; Walsh et al., 2009; Canfield
et al., 2010; Stewart et al., 2012b). It is unclear,
however, whether these key biochemical processes
are differentially partitioned between free-living
versus particle-associated microbial communities
in suboxic water columns.

In studies of non-OMZ systems, particle-associa-
tion has been shown to be a significant component
of microbial distributions, community composition
and activity (Delong et al., 1993; Hollibaugh et al.,
2000; LaMontagne and Holden, 2003; Eloe et al.,
2010). Most analyses impose a prefiltering step to
separate microbial communities according to parti-
cle size, with typical prefilter and microfilter
(collection filter) pore sizes of 0.8–30 and 0.2 mm,
respectively. Although the microfilter fraction (typi-
cally cells between 0.2 and 1.6–3mm) is presumably
dominated by non-surface-attached (free-living)
prokaryotes (Cho and Azam, 1988), the prefilter
may retain a range of organisms, including larger
free-living prokaryotes (for example, filamentous
cyanobacteria), microbial eukaryotes and zooplank-
ton, but presumably also captures particulate aggre-
gates composed of organic debris and surface-
attached microbial cells (marine snow). Compared
with the open water column, these particles con-
stitute unique microhabitats that are relatively
enriched in nutrients and contain potentially steep
microscale (microns) gradients in pH and redox
substrates, including organic carbon (Alldredge and
Cohen, 1987; Alldredge and Silver, 1988; Stocker,

2012). Relative to free-living bacteria, particle-
associated bacteria are typically larger (Caron
et al., 1982; Lapoussiere et al., 2011), occur at higher
local densities (Simon et al., 2002) and exhibit
higher rates of substrate acquisition, enzymatic
activity, protein production and respiration
(Kirchman and Mitchell, 1982; Karner and Herndl,
1992; Grossart et al., 2003, 2007). Not surprisingly,
free-living and particle-associated communities can
differ significantly in composition at multiple levels
of phylogenetic resolution (DeLong et al., 1993;
Ploug et al., 1999; Grossart et al., 2006; Hunt et al.,
2008; Kellogg and Deming, 2009). Notably,
phytoplankton-derived particle communities tend
to be relatively enriched in members of the Bacter-
oidetes (notably, Cytophaga and Flavobacteria),
Planctomycetes and Deltaproteobacteria (DeLong
et al., 1993; Crump et al., 1999; Smith et al., 2013),
whereas planktonic communities are enriched
in taxa adapted for oligotrophic or autotrophic
free-living lifestyles (for example, Pelagibacter,
picocyanobacteria; Lauro et al., 2009).

Analyses of prokaryotic microbial diversity in
OMZs have focused primarily on the microfilter size
fraction (B0.2–3 mm; Stevens and Ulloa, 2008;
Canfield et al., 2010; Stewart et al., 2012b), with
larger or particle-associated cells being excluded.
However, certain taxonomic groups with important
functional roles in OMZ elemental cycling may
differ in abundance and activity between free-
living versus particle-associated communities.
Recent diversity surveys based on 16S rRNA gene
sequences confirm distinct taxon compositions
among size-fractionated samples (30 mm cutoff) from
the suboxic water column of the Black Sea
(Fuchsman et al., 2011, 2012). Notably, members of
the Alphaproteobacteria (for example, SAR11-like
sequences) and the marine anammox planctomycete
Candidatus Scalindua were significantly enriched
in the smaller size fraction, while key anaerobic
lineages, including members of the sulfate-reducing
Deltaproteobacteria were more abundant in the
larger, particle-associated fraction (430mm). A recent
study that demonstrated sulfate-reduction activity in
the ETSP OMZ also described 16S rRNA and sulfur
metabolism gene (for example, aprA, encoding ade-
nosine-50-phosphosulfate (APS) reductase) sequences
matching sulfate-reducing clades of the Deltaproteo-
bacteria, although these sequences were at relatively
low abundance (Canfield et al., 2010). However,
metagenomic sequencing in this study focused only
on the free-living community (0.2–1.6mm cell size),
and it remains unclear to what extent OMZ processes
such as sulfate reduction may instead be mediated by
particle communities.

Shotgun metagenomics provides a snapshot of the
metabolic functions available in a mixed commu-
nity, while simultaneously allowing for taxonomic
identification of community members (Delong et al.,
2006). Surprisingly, metagenomics has been used
only sparingly to identify differences between
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marine microbial communities separated by size
fraction. Seminal metagenomic studies by Venter
et al. (2004) and Rusch et al. (2007) sampled
different filter size fractions from diverse ocean
sites visited on the Global Ocean Survey expedi-
tions. This work identified important linkages
between gene content and environmental variables,
as well as patterns of metagenomic sequence
similarity representing distinct community types.
However, a direct comparison of protein-coding
gene content between fractions was not presented,
and high-resolution taxonomic surveys from these
analyses are not available. Although such comparisons
identified functional differences in size-fractionated
picoeukaryote (Not et al., 2009) and viral (Williamson
et al., 2012) communities, to the best of our knowledge
only two other studies (Allen et al., 2012; Smith et al.
2013), focusing on temperate sites in the North Pacific,
have directly compared microbial (Bacteria and
Archaea) functional gene content between filter size
fractions. Here, we use metagenome and 16S rRNA
gene amplicon sequencing to compare microbial
communities from two size classes in the ETSP
OMZ. The results identify surface attachment as a
major driver of community composition and genome
diversity, and highlight the potential for key physiolo-
gical processes to be partitioned between free-living
and particle-associated OMZ microbes.

Materials and methods

Sample collection
Microbial community samples were collected from the
ETSP OMZ as part of the Center for Microbial Ecology:
Research and Education (C-MORE) BiG RAPA
(Biogeochemical Gradients: Role in Arranging Plank-
tonic Assemblages) cruise aboard the R/V Melville (18
November–14 December 2010). Seawater was sampled
from 7 depths (5, 32, 70, 110, 200, 320 and 1000 m) at
Station 1 (201 04.999 S, 701 48.001 W) off the coast of
Iquique, Chile on November 19th (5 m), 20th (32 m),
21st (70, 110, 200 and 320 m) and 23rd (1000 m).
Collections were made using Niskin bottles deployed
on a rosette containing a Conductivity-Temperature-
Depth profiler (Sea-Bird SBE 911plus) equipped with
a dissolved Oxygen Sensor, fluorometer and trans-
missometer (see Supplementary Figure S1). Microbial
biomass was collected by sequential in-line filtration
of seawater samples (10 l) through a prefilter (GF/A,
1.6mm pore-size, 47 mm diameter, Whatman, GE
Healthcare, Piscataway, NJ, USA) and a primary
collection filter (Sterivex, 0.22mm pore-size, Millipore,
Billerica, MA, USA) using a peristaltic pump.
Prefilters were transferred to microcentrifuge tubes
containing lysis buffer (B1.8 ml; 50 mM Tris-HCl,
40 mM EDTA and 0.73 M sucrose). Sterivex filters were
filled with lysis buffer (B1.8 ml), and capped at both
ends. Both filter types were stored at � 80 1C until
DNA extraction.

DNA extraction
Genomic DNA was extracted from prefilter disc and
Sterivex cartridge filters using a phenol:chloroform
protocol modified from Frias-Lopez et al. (2008).
Briefly, cells were lysed by adding lysozyme (2 mg in
40ml of lysis buffer per filter) directly to the prefilter-
containing microcentrifuge tube or to the Sterivex
cartridge, sealing the caps/ends and incubating for
45 min at 37 1C. Proteinase K (1 mg in 100ml lysis
buffer, with 100ml 20% SDS) was added, and the tubes
and cartridges were resealed and further incubated for
2 h at 55 1C. Lysate was removed from each filter, and
nucleic acids were extracted once with phenol:chlor-
oform:isoamyl alcohol (25:24:1) and once with chlor-
oform:isoamyl alcohol (24:1). The purified aqueous
phase was concentrated by spin dialysis using
Amicon Ultra-4w/100 kDa MWCO centrifugal filters
(Millipore). Aliquots of purified DNA from each depth
and filter size fraction were used for PCR. Additional
aliquots (5mg) were used to prepare libraries for
shotgun pyrosequencing of microbial metagenomes.

16S rRNA gene PCR
Pyrosequencing of PCR amplicons encompassing
hypervariable regions of the 16S rRNA gene was
used to assess bacterial community composition in
both filter types from all water column depths.
Archaeal 16S rRNA gene diversity was not
evaluated via amplicon analysis. PCR amplicons
were synthesized according to established protocols.
Briefly, a B480-bp fragment of the bacterial 16S
rRNA gene was amplified using barcoded universal
primers targeting the V1–V3 region, as described in
the protocol established for the Human Microbiome
Project by the Broad Institute (Jumpstart Consortium
Human Microbiome Project Data Generation Working
Group, 2012). Briefly, thermal cycling conditions
were: initial denaturation at 95 1C (2 min), followed
by 30 cycles of denaturation at 95 1C (20 s), primer
annealing at 50 1C (30 s) and primer extension at 72 1C
(5 min). 16S rRNA gene PCR was replicated using a
second set of barcoded primers to assess potential
variation introduced during PCR. Amplicons were
analyzed by agarose gel electrophoresis to verify size,
purified using the QIAQuick PCR Clean-Up Kit,
pooled (B200 ng per sample), and used as template
for multiplex amplicon pyrosequencing.

Pyrosequencing
Shotgun pyrosequencing (454 Life Sciences, Roche
Applied Science, Branford, CT, USA) was used to
characterize the community DNA (metagenome)
from two microbial size fractions (prefilter and
Sterivex) from four depths (70, 110, 200 and
1000 m), as well as the multiplexed 16S amplicon
samples (seven depths, two filter types per depth,
two PCR replicates per filter). DNA templates were
used to prepare single-stranded libraries for emul-
sion PCR using established protocols (454 Life
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Sciences, Roche Applied Science). Each metagen-
ome sample was sequenced with a half-plate run
on a Roche Genome Sequencer FLX Instrument
using Titanium chemistry. The multiplexed
amplicon sample was sequenced using a single full-
plate run.

Sequence analysis—16S rRNA gene amplicons
Amplicons were analyzed using the software
pipeline QIIME (Caporaso et al., 2010), according
to standard protocols. Briefly, barcoded 16S data
sets were de-multiplexed and filtered to remove

low quality sequences using default parameters
(minimum quality score¼ 25, minimum sequence
length¼ 200, no ambiguous bases allowed).
De-multiplexed sequences were clustered into
operational taxonomic units (OTUs) at 97%
sequence similarity, with taxonomy assigned to
representative OTUs from each cluster using the
Ribosomal Database Project classifier in QIIME,
trained on the Greengenes database. OTU counts
were rarefied (10 iterations) and alpha diversity was
quantified at a uniform sequencing depth across
samples using the phylogenetic diversity (PD)
metric as described by Faith (1992); (Figure 1a).

Figure 1 OMZ bacterial community diversity revealed by 16S rRNA gene pyrosequencing. (a) PD as a function of water column depth
and dissolved oxygen concentration (left). Data points are mean values based on rarefaction of OTU counts at a standardized sequence
count (n¼ 4996) per sample, with bars indicating 95% confidence intervals for the rarefied measurements. Data from both PCR
duplicates are combined for averaging. (b) Principle component analysis of community taxonomic relatedness, as quantified by the
weighted Unifrac metric. OMZ depths are circled. (c) Relative abundance of major bacterial divisions within the Ribosomal Database
Project (RDP) classification, as a percentage of total identifiable bacterial sequences. Colors and ordering of taxa match those in D.
Samples are labeled by depth and filter type, where p¼prefilter (41.6 mm), s¼Sterivex (0.2–1.6mm). Duplicates in B and C reflect
duplicate PCR reactions. (d) Variation in the relative abundance of bacterial divisions between filter size fractions. Values are the base-10
logarithm of the odds ratio: the ratio of the odds a taxon occurs on the prefilter to the odds it occurs on the Sterivex. Positive values
indicate taxa that are more likely to occur on the prefilter. Values are based on counts pooled from all depths, with corrections for
differences in data set size. Panels c and d exclude divisions present in only one filter type and occupying less than 0.01% of total
bacterial sequences. Stars mark taxa whose relative abundance differed significantly between size fractions (Po0.05).
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To compare community composition between
samples, sequences were aligned using the PyNAST
aligner in QIIME and beta diversity was calculated
using the weighted Unifrac metric. This metric
compares samples based on the phylogenetic related-
ness (branch lengths) of OTUs in a community,
while taking into account relative OTU abundance
(Lozupone and Knight, 2005). Values range from 0 to
1, with 1 indicating the maximum distance between
samples. Sample relatednesss based on Unifrac was
visualized using a two-dimensional Principal Coor-
dinate Analysis (Figure 1b). For all pairs of samples,
a Monte Carlo permutation test (1000 permutations)
was used to determine if the Unifrac distance
between samples was greater than expected by
chance, with a false discovery rate correction
(a¼ 0.05) imposed for multiple tests according to
Benjamini and Hochberg (1995) (see Supplementary
Table S2).

Sequence analysis—metagenomes
Analysis of protein-coding metagenome sequences
followed that of Canfield et al. (2010) and Stewart
et al. (2012b). Duplicate reads sharing 100%
nucleotide similarity and identical lengths, which
may represent artifacts of pyrosequencing, were
identified by clustering in the program CD-HIT
(Li and Godzik, 2006) and removed from each data
set as in Stewart et al. (2010). Metagenome
sequences were compared using BLASTX against
the NCBI-nr database of nonredundant protein
sequences (as of January 2012). BLASTX matches
to prokaryote genes (Bacteria and Archaea) above a
bit score of 50 were retained and classified accord-
ing to functional category based on the SEED
classification of functional roles and subsystems
(Overbeek et al., 2005), using the program
MEtaGenome ANalyzer 4 (MEGAN Version 4;
Huson et al., 2011). The relative abundance of a
SEED subsystem was calculated for each sample as
the number of sequences per subsystem normalized
by the total number of sequences matching
subsystems; these values were then averaged across
the four depths to obtain the SEED abundances
shown in Figure 2. Normalized SEED counts for
individual depths are available in Supplementary
Table S4. The taxonomic composition of protein-
coding sequences was determined based on the
taxonomic annotation of each gene, according to
the NCBI-nr taxonomy in MEGAN4.

Samples were clustered based on SEED subsystem
profiles (Figure 2, inset). For each sample, hit counts
per subsystem were normalized to the proportion of
total prokaryote reads matching SEED. An arcsine
square root transformation was applied to propor-
tions to stabilize variance relative to the mean.
Pearson’s correlation coefficients were calculated for
each pair of transformed data sets and used as
similarity metrics for hierarchical clustering using
the complete-linkage method. The probability of

sample clusters was evaluated via multiscale boot-
strapping (1000 replicates) based on the approxi-
mately unbiased method, implemented using the
program pvclust in the R language. Bray–Curtis
dissimilarities were also calculated from transformed
count data to assess dissimilarity in functional gene
composition (Supplementary Table S3).

To further evaluate genes or gene categories not
represented in SEED, BLASTX results (4bit score
50) were manually parsed via keyword searches
based on NCBI-nr annotations, as in Canfield et al.
(2010). NCBI-nr genes representing top BLASTX
matches were recovered from GenBank, and each
database entry was examined manually to confirm
gene identity. Entries with ambiguous annotations
were further verified by BLASTX. Manual searches
focused on key enzymes of dissimilatory nitrogen and
sulfur metabolism (Lam et al., 2009; Canfield et al.,
2010; Figure 3), including: ammonia monooxygenase
(amoC), nitrite oxidoreductase (nxrB), hydrazine
oxidoreductase (hzo), nitrate reductase (narG), nitrite
reductase, nitric oxide reductase (norB/norZ) and
nitrous oxide reductase (nosZ). Nitrite reductase genes
were further characterized as either nirK or nirS,
encoding the functionally equivalent copper-contain-
ing and cytochrome cd1-containing nitrite reductases,
respectively, or as nrfA, encoding the cytochrome
c nitrite reductase. Sulfur metabolism enzymes
included dissimilatory sulfite reductase (dsrA), APS
reductase (aprA) and sulfate thiol esterase (soxB). We
also present results for key genes involved with
mobile element activity, notably transposases and
integrases, which were highly represented in the data
sets. Genes encoding transposases and integrases from
diverse families were combined into single categories
for presentation.

When possible (Figure 3), gene abundances were
normalized based on best approximate gene length
(kb), estimated based on full-length open reading
frames from sequenced genomes: amoC (750 bp);
nxrB (1500 bp); hzo (1650 bp); narG (3600 bp); nirK
(1140 bp); nirS (1620 bp); nrfA (1440 bp); norB
(1410 bp); nosZ (1950 bp); dsrA (1200 bp); aprA
(1860 bp); soxB (1680 bp). The length of genes
encoding transposases and integrases varies among
gene family type. Here, averages of 900 and 1150 bp
were used for transposases and integrases, respec-
tively, based on averaging randomly selected full-
length transposase and integrase genes (100 each)
identified in our data sets. Sequence counts per
kilobase of target gene were then normalized to
counts of sequences matching the universal, puta-
tively single-copy gene encoding RNA polymerase
subunit B (rpoB, 4020 bp). A value of 1 (Figure 3)
indicates abundance in the metagenome equivalent
to that of rpoB, assuming the gene lengths used in
our calculations.

The proportion of differentially abundant genes
(in metagenomes) or taxa (in 16S amplicon data)
between Sterivex and prefilter samples was esti-
mated via an empirical Bayesian approach in the
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R program baySeq (Hardcastle and Kelly, 2010), as in
the study of Stewart et al. (2012a). As true replicates
at each depth were not available, statistical validation
of depth-specific differences between filter fractions
was not possible. Consequently, all samples (depths)
belonging to each filter type were modeled as
biological replicates. The baySeq method assumes a
negative binomial distribution of the data with prior
distributions derived empirically from the data
(100 000 iterations). Dispersion was estimated via a
quasi-likelihood method, with the sequence count
data normalized by data set size (that is, total number
of prokaryotic protein-coding genes and total number
of bacterial 16S rRNA sequences for the metagenome
and amplicon analyses, respectively). Posterior like-
lihoods per gene category or taxon were calculated
for models (sample groupings) in which genes/taxa
were either predicted to be equivalently abundant in
both prefilter and Sterivex samples or differentially
abundant between filter types. A false discovery rate
threshold of 0.05 was used for detecting differentially
abundant categories.

All sequence data generated in this study are
publicly available in the NCBI database under
BioSample numbers SAMN02317187-SAMN02317
194 (metagenomes) and SAMN02339399-SAMN023
39426 (amplicons).

Results and discussion

Attachment to suspended or sinking particles is a
major life history strategy for marine microorganisms
(Smith et al., 1992; Simon et al., 2002; Grossart, 2010)
and consequently has an important role in structur-
ing community taxonomic composition and bio-
chemical activity (DeLong et al., 1993; Crump et al.,
1999). However, the patterns by which microbial
physiological traits are distributed between particle-
associated and free-living communities are not well
understood for many ocean regions. Characterizing
particle-associated microbes may be especially
important in OMZs, where local particle maxima
have been positively related to both oxygen depletion
(Garfield et al., 1983; Whitmire et al., 2009) and
microbial metabolic activity (Naqvi et al., 1993).

This study presents the first metagenomic com-
parison of microbial size fractions in a marine OMZ,
and one of the first to examine community
metabolic traits between size-fractionated marine

microbes in general. Microbial biomass from envir-
onmentally distinct depth zones spanning the
permanent OMZ off Chile was separated by filtra-
tion into a large size fraction (41.6 mm) and a small
size fraction (0.2–1.6 mm), which for convenience are
referred to here as ‘prefilter’ and ‘Sterivex’, respec-
tively. Although the prefilter fraction is presumably
enriched in particle-associated microorganisms and
cell–cell aggregates, it may also contain larger free-
living cells (for example, bacterial filaments and
protists). Similarly, the small size fraction is likely
dominated by free-living Bacteria and Archaea, but
may also contain surface-associated microorganisms
dislodged from particles during sampling (Hunt
et al., 2008). Consequently, filter size fraction is a
potentially uncertain indicator of microbial life
history strategy (that is, particle-attached versus
free-living). Nonetheless, in comparing the taxo-
nomic and functional gene compositions between
fractions, the following sections highlight a signifi-
cant role of size fraction in structuring microbial
communities and identify physiological and geno-
mic properties suggestive of a partitioning between
surface-associated and free-living microbial strate-
gies, as well as key OMZ processes of dissimilatory
nitrogen and sulfur metabolism.

Oxygen conditions
The ETSP OMZ sample site near Iquique, Chile was
characterized by steep vertical gradients in dissolved
oxygen (Figure 1a), similar to what has been reported
previously for this region (Dalsgaard et al., 2012;
Stewart et al., 2012b; Ulloa et al., 2012).
The base of the photic zone (1% surface PAR)
occurred at B40 m, within the oxycline (B30–70 m).
Dissolved oxygen conditions at the time of sampling
decreased from B250 mM at the surface to below 5mM

through the OMZ core (B100–400 m), before
gradually increasing below 400 m to B60mM at
1000 m. The oxygen sensor used here has resolution
in the micromolar oxygen range. However, recent
measurements with high-resolution (10 nM) switchable
trace oxygen sensors indicated that the ETSP OMZ
core is anoxic, with oxygen below detection through-
out the OMZ core (Thamdrup et al., 2012). Our
amplicon data sets therefore span the oxygenated
photic zone and oxycline (5 and 32 m samples), the
suboxic (o10mM) upper OMZ (70 m), the anoxic OMZ
core (110, 200, 320 m), and the oxic zone beneath the

Figure 2 Differences in the relative abundance of functional gene categories between microbial size fractions (filter type), summarized
across depths. Categories on the left are subsystems in the SEED classification, with the figure showing only subsystems comprising
40.1% of the total sequences matching SEED. Higher level classifications of each subsystem are listed on the right. Filled and unfilled
black bars reflect the relative abundance of prokaryotic sequence reads matching each category, normalized to the total number of
prokaryotic sequences matching SEED. Light gray bars reflect the base-10 logarithm of the odds ratio: the ratio of the odds a gene category
occurs on the prefilter to the odds it occurs on the Sterivex. Positive values indicate categories that are more likely to occur on the
prefilter. Values are based on counts pooled from all depths sampled for metagenomics (70, 110, 200 and 1000 m), with corrections for
differences in data set size. Categories whose relative abundance differed significantly between size fractions (Po0.05; baySeq) are
starred for analyses based on all four depths (filled stars) or only the OMZ depths (70, 110 and 200 m; open stars). Dendrogram (inset)
shows relatedness of individual samples based on SEED subsystem profiles, with samples labeled by depth and filter type (p¼prefilter,
s¼Sterivex). Numbers at nodes are probabilities based on multiscale bootstrap resampling (1000 replicates). X axis¼ correlation
coefficients.
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OMZ (1000 m). The metagenome samples focus on a
subset of depths in the upper OMZ (70 m), OMZ core
(110, 200 m) and beneath the OMZ (1000 m).

These data sets likely also span a gradient in bulk
particle load. Consistent with prior studies reporting
elevated particle concentrations within the ETSP
OMZ (Pak et al., 1980; Whitmire et al., 2009),
particulate load, inferred indirectly here from beam
attenuation measurements, exhibited local maxima
within the upper photic zone (B15 m) and then
again within the OMZ core (B140 m), before
declining to a consistent minimum below the OMZ
(Supplementary Figure S1). However, the size
distribution and composition of particles contribut-
ing to the beam attenuation signal are not character-
ized here. It therefore remains to be determined how
changes in bulk particle load relate to changes in the
abundance of the size-fractionated communities
discussed in detail below.

Taxonomic diversity—16S rRNA gene amplicons
Pyrosequencing of 16S rRNA gene amplicons revealed
a species-rich OMZ bacterial community whose
composition varied over depth and between size
fractions. A total of 17 014 bacterial OTUs
(97% similarity clusters) were recovered across all
samples, with per sample OTU counts ranging from
658 to 2484 based on data set size (Supplementary
Table S1). Despite relatively high numbers of
sequences per sample (mean: 14 527), this analysis
did not capture the total OTU richness in each sample
(that is, no rarefaction curves approached saturation;
Supplementary Figure S2), as anticipated for marine
bacterioplankton assemblages (Huber et al., 2007).

OTU diversity with depth. OTU diversity patterns
varied with both depth and filter size fraction
(Figure 1, Supplementary Figures S2–S4). For both
size fractions, PD, the total branch length connecting
all OTUs in the 16S rRNA gene phylogeny
(Faith, 1992), was shortest at the surface (5 m)
and increased within the oxycline (B30–70 m)
(Figure 1a). However, PD of the two size fractions
differed within the OMZ. PD of Sterivex commu-
nities decreased from the oxycline to the anoxic OMZ
core at 200 m, whereas PD of prefilter communities
increased within the core (Figure 1a). PD trends
closely paralleled those of other alpha diversity
indices, including counts of observed OTUs and
Chao1 estimates (Supplementary Figure S3).

Vertical patterns of OMZ microbial diversity are
not consistent among studies. A decline in PD from
the oxycline to anoxic depths, based on 16S rRNA
gene fragments from metagenomes, was observed
for the 0.2–1.6 mm size fraction across years and
seasons in the ETSP OMZ off Chile (Bryant et al.,
2012), suggesting temporal stability and a consis-
tent decline in diversity within the OMZ free-
living community. Low diversity associated with
suboxia was also reported in a gene fingerprinting

study of the 0.2–2.7 mm fraction from a seasonal
OMZ off British Columbia (Zaikova et al., 2010). In
contrast, Stevens and Ulloa (2008), based on
libraries of cloned 16S sequences, identified a
peak in OTU diversity (multiple indices) at the
ETSP OMZ within the 0.2–3 mm fraction, a pattern
consistent with that observed for the prefilters in
our study. Similarly, elevated OTU richness in the
0.2–1.6 mm fraction has been shown to coincide
with the zone of minimum oxygen concentration at
tropical non-OMZ sites (Brown et al., 2009;
Kembel et al., 2011).

These studies consistently highlight a shift in
microbial community complexity associated with
zones of low oxygen. For the ETSP OMZ, where
oxygen declines to the nanomolar range, increasing
diversity in the OMZ core has been hypothesized to
be linked to the use of a wider range of terminal
oxidants, compared with non-OMZ depths where
oxygen is the dominant electron acceptor (Stevens
and Ulloa, 2008). Conversely, Bryant et al. (2012)
argue that niche diversity declines within the
anoxic OMZ as niches linked with light and labile
organic matter utilization, which are more preva-
lent at the surface and oxycline, are lost. Our data
confirm that taxonomic diversity varies between
size fractions, with diversity elevated in larger size
fractions within the OMZ. Similarly, elevated OTU
richness in particle-associated compared with free-
living communities has been reported for other
marine habitats (for example, Eloe et al., 2010),
suggesting that higher diversity may be linked to an
increase in niche richness associated with micro-
gradients in substrate availability and composition
on particles. However, this pattern is not observed
across all depths or ocean sites (for example,
Figure 1a; Moeseneder et al., 2001; Ghiglione
et al., 2007), suggesting a need for quantifying
niche availability in response to diverse para-
meters, notably the organic composition, abun-
dance, and size distribution of particles,
combined with physical and chemical gradients
of the bulk water column.

Taxonomic composition. Bacterial taxonomic com-
position varied markedly among samples. Vertical
trends in the community composition of free-living
bacteria in the ETSP OMZ have been reported
previously (Stevens and Ulloa, 2008; Bryant et al.,
2012) and agree broadly with those observed here.
We instead focus primarily on comparisons between
size fractions. Figure 1d shows the odds of a given
taxonomic division occurring in the prefilter frac-
tion relative to the Sterivex fraction, based on OTU
counts pooled across depths. Of the 25 major
bacterial divisions identified in the amplicon ana-
lysis, 15 were significantly over- or underrepre-
sented in the prefilter fraction (Po0.05, baySeq).
A subset of these trends is discussed below.

Alphaproteobacteria sequences were abundant in
both filter fractions but were consistently enriched
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in the free-living community, where they consti-
tuted an average of 32% of all sequences (versus
13% in the prefilters) (Figure 1c). Enrichment was
driven primarily by the SAR11 clade (Pelagibacter
sp.), which represented 50–97% (mean: 84%) of
Alphaproteobacteria sequences from Sterivex filters,
and 25–72% (mean: 58%) of those from prefilters.
SAR11 enrichment in the Sterivex fraction is
consistent with these bacteria being free-living
oligotrophs adapted for the efficient use of dissolved
substrates (Giovannoni et al., 2005). In contrast,
SAR11 sequences in the prefilter fraction may
represent unique surface-associated ecotypes, as
proposed for SAR11 detected in larger size fractions
(0.8–3.0 and 3.0–200.0 mm) from an oxic upwelling
zone (Allen et al., 2012). Diversity surveys that do
not examine the prefilter fraction may be excluding
important components of the SAR11 community.
Here, SAR11 were abundant at both oxic and anoxic
depths, as shown previously for the ETSP OMZ
(Stevens and Ulloa, 2008; Stewart et al., 2012a,b).
However, the metabolic adaptations that enable
these putatively aerobic bacteria to grow under low
or no oxygen remain uncharacterized (Wright et al.,
2012). Future analyses at finer levels of taxonomic
resolution may identify SAR11 subclades
unique to both particle-associated and low-oxygen
environments of the ETSP.

Sequences matching high GC gram-positive Acti-
nobacteria (Actinomycetes) were a relatively minor
component of the total amplicon pool (mean: 2%
across all samples), but were significantly more
abundant in Sterivex filters (excluding the 5 m
sample where Actinobacteria were negligible in
both size fractions; Figure 1c). A similar enrichment
was observed recently in the 0.1–0.8 mm bacterio-
plankton fraction from temperate coastal commu-
nities (Smith et al., 2013). Actinobacteria are most
commonly associated with terrestrial soil habitats
but are also regularly cultivated from marine sedi-
ments and, less commonly, from suspended organic
aggregates (Grossart et al., 2004) and pelagic envir-
onments (Rappe et al., 1999; Bull et al., 2005),
including OMZs (Fuchs et al., 2005). Here, the
majority of Actinobacterial sequences (76%) were
unclassified (data not shown), suggesting the
possibility of novel planktonic lineages, potentially
distinct from those associated with particles
(Jensen and Lauro, 2008; Prieto-Davo et al., 2008).

Twelve major bacterial divisions were
significantly enriched in prefilter communities
(Figure 1d). Diverse clades of the Bacteroidetes,
including the Flavobacteria and Sphingobacteria,
were among the most overrepresented groups in this
fraction. As suggested in prior reports from non-
OMZ systems (Crump et al., 1999; Simon et al.,
2002; Allen et al., 2012), elevated numbers of
Bacteroidetes on particles may be linked to the
enhanced capacity of these bacteria to degrade high
molecular weight biopolymers, such as chitin or
proteins (Cottrell and Kirchman, 2000). Members of

the Spirochetes and Mollicutes, though at negligible
overall abundance in our data sets (o0.1%), were
also significantly enriched in the large size fraction.
Spirochetes, which are traditionally associated with
marine sediments or microbial mats, were only
detected at the core OMZ depths (110, 200 m),
consistent with this group being dominated by
strictly or facultatively anaerobic members (Munn,
2011). Marine spirochetes have also been found in
association with eukaryotes (Ruehland et al., 2008;
Demiri et al., 2009), and may therefore be enriched
in the particle fraction via attachment to larger
organisms or sinking fecal matter. Similarly,
sequences matching Mollicutes, which here were
affiliated exclusively with the Mycoplasma (data not
shown), may have originated from eukaryotic mate-
rial, as mycoplasmas have been found in the larval
stages of marine invertebrates and in the intestinal
microflora of several fish species (Zimmer and
Woollacott, 1983; Bano et al., 2007).

Sequences matching eukaryotic chloroplasts or
cyanobacteria were also more abundant on average
on the prefilters. This sequence group was a
substantial component (20–38%) of both filter
fractions at 5 m (Figure 1c), but was confined
primarily to the prefilter beginning at 32 m. This
change in size fraction was accompanied by a shift
in the structure of the eukaryotic phototroph
community, from dominance by Chlorophyta and
Cryptomonadaceae at 5 m to Bacillariophyta
(diatoms) at 32 m and below (data not shown).
Throughout the depth range, cyanobacterial
sequences primarily matched clade GpIIa (for
example, Prochlorococcus and Synechococcus),
with abundance peaking in the prefilters at 32
and 70 m within the photic zone. The presence of
cyanobacterial-like sequences below the photic
zone (Figure 1c) has been reported previously for
the ETSP OMZ (Bryant et al., 2012) and in other
deep-water habitats (Smith et al., 2013) and may
be due to aggregation onto or release from sinking
particles, including fecal pellets. Here, the relative
abundance of these sequences (namely chloroplasts)
increased in the 1000 m prefilter, which could be
due to changes in the turnover rates of different
particle-associated cell fractions (that is, choroplasts
embedded in fecal particles increase in relative
abundance as bacterial activity and cell numbers on
particles decrease).

Consistent with several prior studies of particle-
associated bacteria (DeLong et al., 1993; Fuchsman
et al., 2012), Deltaproteobacteria were significantly
enriched on prefilters. Although this group was a
negligible component of both size fractions at the
surface (o0.1% of total sequences at 5 m), deltapro-
teobacterial sequences increased in relative abun-
dance in both fractions by 70 m, and were 8- to
28-fold more abundant in prefilters from 70 m down
to 1000 m, representing up to 3% of total sequences
in the larger size fraction (Supplementary Figure S8).
Notably, the Myxococcales, a widely distributed
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Order with both terrestrial and marine members
that exist primarily in surface-attached swarms
(Shimkets et al., 2006; Jiang et al., 2010), were up
to 95-fold more abundant on prefilters (relative to
Sterivex) from depths below the oxycline. Marine
myxobacteria have been found in anoxic sediments,
but are associated primarily with oxic habitats
(Brinkhoff et al., 2012), and the Order as a whole is
dominated by strictly aerobic heterotrophs (Shimkets
et al., 2006). Myxobacteria have also been found in
open ocean picoplankton (DeLong et al., 2006; Pham
et al., 2008). It therefore is possible that OMZ
myxobacteria, as well as other particle-associated taxa,
have been transported to anoxic depths after attach-
ment to sinking particles in the oxic zone, but are not
metabolically active in the OMZ.

Deltaproteobacteria clades known to contain
sulfate-reducing members (for example, Desulfobac-
terales) were generally more abundant at core OMZ
depths (110, 200, and 320m; Supplementary Figure S8),
consistent with their low-oxygen requirements.
However, the relative abundance of these groups
did not differ appreciably between prefilter and
Sterivex fractions, except within the 320 and 1000 m
samples where these sequences were barely (or not)
detectable in the free-living fraction (Supplementary
Figure S8). Sulfate reduction in oxic water columns
presumably is localized to reduced microzones
on particles (Shanks and Reeder, 1993). Our data raise
the possibility that sulfate reduction in the OMZ,
which has been demonstrated recently using radi-
olabeling of bulk water samples (Canfield et al., 2010),
may not be confined to particle-associated microhabi-
tats. However, the vast majority (mean: 72%) of
deltaproteobacterial 16S sequences across both filter
fractions were unclassified (Supplementary Figure
S8). Classification at higher levels of phylogenetic
resolution will be necessary to clarify how particle-
attachment in the OMZ affects the distribution of
deltaproteobacterial
subclades, including those with sulfate reducers.

rRNA amplicons matching members of the super-
phylum comprising the Planctomycetes, Verrucomi-
crobia, Lentisphaerae and Chlamydiae (Wagner and
Horn, 2006) were significantly overrepresented
on prefilters (Figure 1d). Notably, on average across
the depths, the relative abundance of Planctomy-
cetes was 15-fold higher in prefilter compared with
Sterivex samples. However, this enrichment was not
uniform throughout the water column. Planctomycete
sequences were either not detectable or a very
minor percentage (0–0.3%) of total amplicons in
the oxic 5 and 32 m samples, even within the prefilter
fraction (Supplementary Figure S7). In contrast,
Planctomycetes represented 1–2% of total sequences
in the prefilter at 70 m and increased to a peak of
B5% at 1000 m (Supplementary Figure S7). A similar
depth-specific increase in relative enrichment was
observed in the Verrucomicrobia and Lentisphaerae.
Presumably, the distribution of these groups, which
predominantly contain anaerobic members, is tied to

the presence of anoxia, which may be scarce on newly
formed particles in the oxic depths, but relatively
common in older, deeper particles where microbial
respiration has created local pockets of oxygen
depletion. It is also possible that the sinking of
particles into the suboxic OMZ facilitates particle-
associated anaerobic metabolisms.

Amplicons matching Planctomycetes provided
limited phylogenetic information, with 63% of all
planctomycete amplicons (both filter fractions)
identified only to the Family Planctomycetaceae.
This pattern was most pronounced at 1000 m, where
84% of Planctomycetaceae sequences were unclas-
sified. Of the sequences assignable to a Genus, 54%
matched the Genus Planctomyces, with the vast
majority of these being detected only in the
prefilters where Planctomyces were enriched on
average 75-fold compared with the Sterivex fraction.
This pattern agrees with genetic and isolation-based
studies identifying surface attachment as a key life
history state for diverse Planctomycete genera,
including Planctomyces (Bauld and Staley, 1976;
Morris et al., 2006; Bengtsson and Øvreås, 2010) and
with a general Planctomycetes enrichment in parti-
cle-associated microbial cell fractions (DeLong et al.,
1993; Fuchsman et al., 2011, 2012). Although the
16S amplicon pool provided limited phylogenetic
resolution for some taxonomic groups discussed
here, additional insight into the composition of key
OMZ clades can be provided by analyzing the
taxonomic identification of protein-coding genes
(see Metagenome data below).

Community relatedness. Sample relatedness based
on community phylogenetic composition (Unifrac
metric) varied with depth. For both the prefilter and
Sterivex sample sets, communities on the periphery
(70 m) and within the OMZ (110, 200 and 320 m)
clustered to the exclusion of those from the surface (5
and 32 m) and beneath the OMZ (1000 m), although
this pattern was most pronounced for the prefilter
communities (Figure 1b and Supplementary Figure
S4B,C). Notably, the communities at 5 m (prefilter
and Sterivex) were highly distinct from those at
deeper depths, due primarily to the high abundance
of cyanobacteria and eukaryotic chloroplasts at the
surface, as well as a shift in the structure of the
proteobacterial community (Figures 1b and c). Of the
OMZ depths, samples from 70, 110 and 200 m were
most closely related (Figure 1b and Supplementary
Figure S4B,C). The 320 m sample was a relative
outlier. Specifically, the 320 m Sterivex community
was enriched in Flavobacteria (primarily ‘unclassi-
fied’ Flavobacteria) compared with the other OMZ
depths (Figure 1c). This shift highlights the potential
for community variation throughout the OMZ core,
despite apparent uniformity in some environmental
conditions, notably oxygen, across these depths
(Figure 1a, Thamdrup et al., 2012).

Filter size fraction also had a major role in
determining community relatedness. Sterivex
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communities clustered to the exclusion of the
corresponding prefilter communities from the same
depth (Figure 1b). Ninety-three percent (182/196) of
the pairwise comparisons between filter types (p
versus s in Supplementary Table S2, top) revealed
significant differences in taxonomic composition
based on phylogenetic relatedness (Po0.05; mean
Unifrac: 0.53). At only one depth, 320 m, did
prefilter and Sterivex communities not differ
significantly (P¼ 0.11–0.13; note similarity in PC1
coordinates in Figure 1b), although even in this
sample clear differences between filters were evident
(Figure 1c). In contrast, in comparisons involving
the same filter type, 54 (49/91) and 26% (24/91)
of prefilter and Sterivex comparisons showed
significant differences (mean Unifrac: 0.39 and
0.35 for prefilters and Sterivex, respectively). Of
the 14 comparisons involving data from duplicate
PCR reactions, two (the 32 m prefilter and 1000 m
Sterivex samples) showed significant compositional
differences, indicating a potential for PCR-induced
variation to influence diversity comparisons.

Even when the outlier surface sample (5 m) was
excluded from the analysis, clustering patterns
indicated that microbial size fraction was a stronger
predictor of community relatedness than was
vertical position in the water column (Figure 1b,
Supplementary Figure S4A). Many prior studies
have confirmed fundamental differences in commu-
nity composition between size fractions (DeLong
et al., 1993; Acinas et al., 1999; Crump et al., 1999;
Ghiglione et al., 2007; Parveen et al., 2011).
However, others show relative similarity between
fractions (Hollibaugh et al., 2000). For example,
communities from three size fractions (3.0–20,
0.8–3.0 and 0.1–0.8 mm) from a surface ocean sample
grouped together based on shared metagenome
sequence, distinct from communities at distant
oceanic sites (Rusch et al., 2007). A similar pattern,
whereby bacterial communities from distinct size
fractions of the same sample are more similar than
communities from other samples, has been shown
for the deep ocean (Eloe et al., 2010) and the anoxic
Black Sea (Fuchsman et al., 2011) based on 16S gene
sequences, and for a coastal hypoxic layer based on
the taxonomic annotations of coding genes from
metagenomes (Smith et al., 2013). Conflicting
patterns of community relatedness are potentially
due to differences in size-fractionation and taxo-
nomic identification methods across studies, as well
as variation in water column conditions among
samples. Indeed, zonation in parameters such as
light, temperature or nutrient availability signifi-
cantly influences taxonomic diversity and metabolic
function across diverse marine habitats (DeLong
et al., 2006; Qian et al., 2011), including the ETSP
OMZ (Stevens and Ulloa, 2008; Bryant et al., 2012;
Stewart et al., 2012b), and is therefore a critical
driver of niche differentiation in ocean microbes
(Rocap et al., 2003; Johnson et al., 2006). None-
theless, in our study, samples from depths

spanning the oxycline and OMZ core clustered
by size fraction despite strong vertical stratification
in environmental parameters such as oxygen
(Figure 1).

These trends suggest that life history mode
associated with size fraction (free-living versus
particle-associated) has a greater role in structuring
OMZ communities than water column oxygen
levels. Although O2 and nutrient concentrations at
the anoxic OMZ core are dramatically different from
those of the overlying oxic layer, the taxonomic
composition of OMZ particles broadly reflects that
of particles from oxic marine habitats (Delong et al.,
1993; Rath et al., 1998), with a relative enrichment
of the Bacteroidetes, Firmicutes, Planctomycetes
and Deltaproteobacteria, and an underrepresenta-
tion of bacteria typically associated with oligo-
trophic conditions (for example, SAR11). Many of
the clades enriched on prefilters also contain
aerobic members (for example, Flavobacteria and
Myxobacteria), raising the question of whether
particle-associated bacteria are metabolically active
within the OMZ, or are quiescent, having been
transported to OMZ depths on particles originating
in the oxic zone. Indeed, size fraction-specific
clustering of samples suggests that passage through
the anoxic OMZ may have a relatively minor effect
on the composition of the particle-associated micro-
bial communities. However, release of microbes
from sinking particles may represent a valuable
conduit of anaerobic bacteria to OMZ depths.

Taxonomic and functional variation among size
fractions—Metagenomics
Shotgun metagenomics was used to examine differ-
ences in taxonomic composition and metabolic
function between free-living and particle-associated
size fractions. Pyrosequencing of eight metagenome
samples (four depths, two filters per depth) gener-
ated 1 660 922 reads (range: 163 987–275 575 per
sample; mean length: 305 bp; Table 1). Of these, 48%
were designated as protein-coding based on
BLASTX matches (bit score 450) to proteins in the
NCBI-nr database, with 10% of these matching
prokaryotic genes in SEED Subsystem categories.
The percentage of identifiable protein-coding
sequences was consistently higher in the Sterivex
fraction (mean: 66% of total sequences matching
NCBI-nr, compared with 24% on prefilters). This
discrepancy was likely due in part to the enrichment
(8–16-fold) of eukaryotic genes on prefilters
(Table 1), which would have increased the propor-
tion of non-coding DNA per metagenome. In addi-
tion, prefilters were enriched threefold in sequences
matching genes annotated as viral in origin. Pre-
sumably, most free-living marine viruses are too
small (o0.2 mm) to have been retained in either filter
fraction. The viral reads in the data therefore likely
originate either from extracellular viruses attached
to the surfaces of cells or particles (for example,
within a biofilm), or from prophage. As we did not
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distinguish between prokaryote and eukaryote-
derived viruses, it is possible that the prefilter
viruses originated from eukaryotes. In the following
sections, we focus on protein-coding sequences of
prokaryotes. We first describe taxonomic patterns
inferred from coding gene annotations in contrast to
those based on amplicon data, and then highlight
functional categories involved with key OMZ
biogeochemical processes, as well as categories that
differed notably between size fractions.

Taxonomic composition—protein-coding genes.
The taxonomic identities of bacterial protein-coding
genes broadly reflected those inferred from 16S
rRNA gene amplicons, with important caveats. For
this comparison, certain phylogenetic groups
detected in the amplicon data sets (Figure 1)
were collapsed to higher taxonomic levels to
match groupings based on protein-coding genes
(Supplementary Figure S5). Analysis of 16S ampli-
cons from the four depths where metagenomes were
sampled (70, 110, 200 and 1000 m; all depths
combined) revealed 10 major bacterial divisions
(out of 20) that were at higher relative abundance on
prefilters. Of these, nine also were enriched in
prefilters based on protein-coding data sets
(Supplementary Figure S5). However, the magni-
tude of this enrichment was markedly higher in
comparisons using amplicon data (Supplementary
Figure S5). For example, in the amplicon analysis,
the odds of detecting a deltaproteobacterial
sequence were 11-fold greater in the prefilter
relative to the Sterivex fraction. In contrast, when
inferred from protein-coding sequences, these odds
were effectively equal between filter fractions (odds
ratio: 1.1). Similar patterns were evident for the
Planctomycetes, Spirochetes, Tenericutes and Epsi-
lon- and Betaproteobacteria (Supplementary Figure
S5C, F). On average, the major bacterial divisions
were more evenly represented in the metagenome
data (Simpson’s E: 0.45 and 0.36 for prefilter and
Sterivex, respectively) compared with the amplicon
data (Simpson’s E: 0.32 and 0.21 for prefilter and
Sterivex) (Supplementary Figure S5). The cause of

this discrepancy between data types is unclear, but
may involve differences in the representation of
taxonomic groups between the Ribosomal Database
Project and NCBI-nr databases, in rRNA operon
copy number among taxa, and in the phylogenetic
resolution between protein-coding and rRNA gene
fragments. Indeed, both the 16S and coding gene
data sets contained large numbers of sequences that
could not be assigned to a bacterial phylum
(Supplementary Figure S5). Additional reference
sequences, including whole genomes of OMZ
microorganisms, will likely increase the probability
and accuracy of read assignment, and potentially
resolve differences between rRNA and coding gene-
based identifications. Until then, however, studies
should account for the chance that community
composition shifts can be underestimated or mis-
interpreted when based on metagenome data.

Protein-coding gene annotations can nonetheless
provide taxonomic insight by identifying groups not
well represented in 16S databases. For example, in
contrast to the amplicon data, which revealed
an overall enrichment of Deltaproteobacteria on
prefilters, coding sequences matching the ubiqui-
tous deltaproteobacterial SAR324 cluster were 2 to
12-fold more abundant on Sterivex filters compared
with prefilters (Supplementary Figure S8). Notably,
SAR324-like reads peaked at 44% of total bacterial
coding reads in the Sterivex fraction at 1000 m,
consistent with reports of the mesopelagic distribu-
tion of this group (Wright et al., 1997). SAR324
enrichment in the free-living fraction contrasts with
recent genomic evidence indicating that this group
is adapted for a particle-associated lifestyle (Swan
et al., 2011). However, this lineage also contains
chemoautotrophic members (Swan et al., 2011),
which presumably would have less of a need to
attach to organic-rich particles.

Coding genes suggested that the archaeal commu-
nity also differs markedly between size fractions
(Supplementary Figure S6). The Sterivex fraction
was enriched up to sixfold (mean 3.3) in reads
matching aerobic ammonia-oxidizing autotrophs of
the Thaumarchaeota, with the highest representation

Table 1 Metagenome sequence statistics and taxonomic (Domain) identities

Sample Reads Coding
readsa

% Of
Bacteria

% Of
Archaea

% Of unidentified
prokaryotes

% Of
eukaryotes

% Of
viruses

% Of
other

SEEDb

70 m pf 163 987 37 841 79.4 5.3 1.6 10.5 2.1 1.1 2823
70 m st 275 575 188 452 87.3 6.4 3.2 1.3 0.7 1.1 20 268
110 m pf 142 140 38 957 84.6 3.0 1.1 8.6 1.7 1.0 3190
110 m st 238 182 151 560 90.5 2.6 4.3 1.1 0.7 0.9 18 104
200 m pf 204 644 65 128 85.5 2.1 1.3 8.3 1.9 1.0 6081
200 m st 253 507 170 856 92.5 1.6 3.8 0.9 0.5 0.7 22 837
1000 m pf 209 778 31 332 72.1 3.4 1.1 21.3 1.4 0.7 2205
1000 m st 173 089 113 693 73.5 20.2 3.7 1.3 0.5 0.9 10 132

Abbreviations: pf, prefilter; st, sterivex.
aNo. of reads matching coding genes in the NCBI-nr database (above bit score 50) %¼percentage of coding reads matching reference genes from
bacteria, archaea, unidentified prokaryotes, eukaryotes, viruses or other (genes lacking a taxonomic annotation, or annotated as ‘unknown’).
bNo. of prokaryote reads assigned to SEED subsystem categories.
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of Thaumarchaea in the suboxic 70 m sample at
the top of the OMZ. A similar enrichment in the
small (0.1–0.8mm) size fraction was reported for
low-oxygen (B20mM) waters in the North Pacific
(Smith et al., 2013), highlighting the free-living
lifestyle of this group, as well as adaptation to
low-oxygen conditions. Similarly, reads matching
Crenarchaeota were 2 to 11-fold (mean 4.2) more
abundant in the free-living size fraction in the ETSP
OMZ, peaking at 15% of total coding reads at 1000 m.
The increase in Crenarchaeota with depth agrees
with patterns from other subtropical and tropical
sites (DeLong, 2003). Indeed, the overwhelming
majority of Crenarchaeota sequences (91%) from
1000 m matched fosmid clones representing Group I
Crenarchaeota collected at 4000 m in the Pacific
Ocean (Konstantinidis and DeLong, 2008). Func-
tional genes on these fosmids indicate a role in
aerobic ammonia oxidation, suggesting the potential
for re-classifying these sequences as Thaumarchaeota
(Brochier-Armanet et al., 2008). In contrast,
sequences matching Euryarchaeota, which peaked
in abundance in the upper OMZ samples (70 m),
were on average 50% more abundant on prefilters. Of
these sequences, those matching uncultured marine
group II (MG-II) constituted the single largest fraction
(mean: 40% of total Euryarchaeota sequences;
Supplementary Figure S6). Recently, sequencing of
a MG-II euryarchaeote genome indicated a motile
heterotrophic lifestyle, with genes for proteins
mediating adhesion, fatty acid metabolism and
protein degradation suggesting adaptations to growth
on marine particles (Iverson et al., 2012). Consistent
with this prediction, MG-II-like sequences were at 26
to 82% higher relative abundance in the prefilter
fraction in the OMZ and oxycline depths (70, 110 and
200 m). Other Euryarchaeota sequences matched
diverse clades, including those with methanogenic
members, which were marginally enriched (15–44%)
on prefilters (Supplementary Figure S6). Methano-
genic and potentially hydrogenotrophic Euryarch-
aeota have previously been detected on marine
particles (van der Maarel et al., 1999; Ditchfield
et al., 2012), suggesting that anoxic microzones on
particles create conditions favorable for these anae-
robic taxa. It also has been hypothesized that
methanogens in OMZs may occur in symbiotic
associations with anaerobic protists (Orsi et al.,
2012), as observed in other diverse reducing habitats
(Nowack and Melkonian, 2010; Edgcomb et al.,
2011). Overall, however, data directly comparing
marine Archaea between free-living and particle-
associated niches remain limited, and conflicting.
Moderate differences in archaeal community compo-
sition have been observed between size fractions at
coastal sites (Crump and Baross, 2000; Galand et al.,
2008, Smith et al., 2013), but not at an open ocean
site (Galand et al., 2008). Our data indicate size
fraction-specific variation, suggesting the need for
more targeted studies exploring potential archaeal
genotype and ecotype variation between microniches.

Protein-coding sequences provided additional
insight into the taxonomic composition of the
OMZ Planctomycete community. In contrast to the
amplicon data, sequences matching Planctomycete
genes were a large component of metagenomes from
the free-living fraction, peaking at a high of 9% of
identifiable coding reads at the 110 m OMZ depth
before declining to 2% beneath the OMZ
(Supplementary Figure S7). This pattern agrees with
prior metagenomic data from the ETSP OMZ
(Stewart et al., 2012b). The taxonomic identities of
Planctomycete-like coding genes differed signifi-
cantly between size fractions and between OMZ
and non-OMZ depths. Notably, Planctomycete
sequences from Sterivex filters predominantly
matched the marine anammox genus Candidatus
Scalindua, whose sequences constituted 59–81%
of Planctomycete reads from OMZ depths
(Supplementary Figure S7). In comparison, Candi-
datus Scalindua represented 14–20% of Planctomy-
cete reads in the prefilters at these depths, which
were instead enriched in the non-anammox genus
Planctomyces, as also indicated by the amplicon
data. Analyses with genus-specific FISH probes
previously showed that a minor fraction of total
Candidatus Scalindua cells in the Namibian and
ETSP OMZs associates directly with particles
(Woebken et al., 2007), consistent with our data. In
contrast, marker gene surveys from the suboxic
Black Sea detected this genus in the 0.2–30 mm
fraction but not in the larger particle-associated
fraction above 30 mm (Fuchsman et al., 2012).
As Candidatus Scalindua is presumed to be the
primary lineage responsible for anammox in OMZs
(Woebken et al., 2008; Galan et al., 2012), these
patterns suggest that the bulk of anammox-capable
cells in OMZs may be spatially separated at the
microscale from potentially linked metabolic trans-
formations on particles, for example, nitrite produc-
tion and ammonia remineralization by heterotrophic
denitrifiers. A shift to a higher proportion of free-
living Candidatus Scalindua may be facilitated in
OMZs where suboxia extends beyond particle
microniches and also by the autotrophic metabolism
of this organism, which may eliminate pressure to
attach to carbon-rich particles.

Trends in SEED subsystems. Classification of
sequences into SEED subsystems highlighted varia-
tion in functional content between filter fractions.
Subsystem abundances were correlated (R40.94)
between samples (Figure 2, inset), and Bray–Curtis
distances between prefilter and Sterivex SEED
profiles (mean: 0.11) did not differ appreciably from
those between samples of the same filter type (mean:
0.10 and 0.07 for Prefilter-only and Sterivex-only
comparisons, respectively; Supplementary Table S3).
This similarity reflects redundancy in house-
keeping gene categories, notably protein biosynthesis,
DNA repair and central carbohydrate metabolism
(Figure 2), which are ubiquitous and abundant across
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even highly divergent taxa (Burke et al., 2011).
However, despite broad similarity in subsystem
profiles, filter fractions clustered independently
of one another based on SEED content (Figure 2,
inset), suggesting functional differences separating
free-living from surface-attached life history
modes.

The prefilter fraction was enriched in genes for
navigating and persisting within a spatially and
chemically heterogeneous environment. Figure 2
(main) shows the odds of a SEED subsystem
occurring in the prefilter relative to the Sterivex
fraction. These trends are based on data pooled
across depths (that is, the four depths are treated as
replicates) and therefore only identify categories
that consistently differed between filter fractions.
Genes mediating motility, chemotaxis and adhesion
were among the most overrepresented on prefilters
(Figure 2, Supplementary Table S4). These functions
are presumably critical for detecting local patches of
nutrients and energy substrates (Fenchel, 2002;
Stocker et al., 2008), colonizing surfaces (Fenchel,
2001), and potentially also for navigating substrate
gradients on particles themselves. Notably, prefilters
contained significantly higher counts of genes
involved in bacterial secretion. Of these, 97%
encoded elements of Type IV secretion systems,
notably Type IV pili (84%) and mannose-sensitive
hemagglutinin Type IV pili (8%). These cell surface
structures mediate diverse functions, including gene
exchange, transfer of effector proteins between cells,
twitching motility and adherence (Christie et al.,
2005; Burrows, 2012), and have been shown to
promote attachment to algal surfaces by marine
bacteria (Dalisay et al., 2006).

Prefilters also were enriched in genes encoding
virulence and antibiotic resistance functions. Life in
particle-associated biofilms would presumably
increase the frequency of cell-to-cell contact, and
therefore the likelihood of antagonistic interactions.
Indeed, the production of antibacterial compounds
is more common in surface-attached bacteria rela-
tive to planktonic cells (Long and Azam, 2001; Long
et al., 2005; Gram et al., 2010) and has been shown
to affect the colonization dynamics of marine
particles (Grossart et al., 2003). Prefilter metagen-
omes also contained high abundances of genes
mediating signaling via the universal secondary
messenger cAMP, which in prokaryotes regulates
functions ranging from virulence, stress response and
energy and carbon metabolism. A high abundance of
cAMP signaling genes was shown recently for soil
metagenomes (Delmont et al., 2012) and may be a
general feature of bacterial communities on surfaces
with fluctuating (spatially, temporally) substrate
conditions and potentially high cell densities.

Compared with prefilter metagenomes, Sterivex
metagenomes were proportionally enriched in
genes for substrate acquisition, energy and nutrient
metabolism, and cell growth. Notably, genes
encoding ATP-binding cassette transporters were at

significantly higher proportions, with enrichment
driven by genes for branched chain amino-acid
transporters (Figure 2), which accounted for 65%
(average) of all sequences in this category and were
two to threefold more abundant in the Sterivex
fraction across depths (Supplementary Table S4).
Consistent with this pattern, Sterivex metagenomes
contained higher fractions of genes encoding the
guanosine 50,30 bispyrophosphate (ppGpp)-controlled
stringent response. Induced under diverse stress
conditions, notably amino-acid starvation, the strin-
gent response regulates a shift from growth-supporting
functions (for example, stable RNA synthesis, transla-
tion and cell division) to those enabling survival
under growth limitation, such as amino-acid
biosynthesis and DNA replication (Cashel et al.,
1996; Durfee et al., 2008; Traxler et al., 2008). The
free-living fraction was also overrepresented in genes
for electron transport and energy generation, notably
components of fermentation and respiration path-
ways. These included formate dehydrogenase, which
in some bacteria is used for respiratory nitrate
reduction (Sawers, 1994), as well as genes for
assimilatory and respiratory nitrogen and sulfur
metabolism (for example, ammonia assimilation,
nitrate and nitrite ammonification; discussed in more
detail below). Genes for biosynthesis and cell division
were also at higher abundance, as were genes for CO2

fixation, suggesting a propensity for autotrophic cells
to be decoupled from organic-rich particles.

Together, these patterns indicate distinct micro-
bial life history strategies. Free-living bacteria
exhibit an overall greater investment in genes
mediating core cellular functions and growth. These
include adaptations for metabolic regulation under
potential substrate limitation and a significant
investment in mechanisms for the uptake of
low-molecular weight compounds (that is, dissolved
organic carbon), a pattern consistent with metagen-
omes from free-living bacteria at other ocean sites,
including members of the SAR11 clade (Kirchman,
2003; Malmstrom et al., 2005; Poretsky et al., 2010),
which were well represented in our OMZ samples.
In contrast, prefilter-associated cells are more likely to
encode functions for signal recognition and cell-to-cell
interactions, presumably key adaptations for detecting
and colonizing organic-rich particles and for life in
close proximity to neighbors. Several of these trends
are broadly consistent with functional genomic
differences separating copiotrophic and oligotrophic
life history strategies (Lauro et al., 2009). These trends
are detected here at the community-level across
multiple depth zones. These patterns indicate that
metagenome-based inferences about the relative
importance of microbial traits in marine environments
will vary depending on the ratio of particle-associated
to free-living bacteria in a sample.

Marker genes of nitrogen and sulfur metabolism.
Analysis of marker genes suggests that key OMZ
metabolic processes may be partitioned between
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particle-associated and free-living microbial com-
munities. Results of BLASTX against the NCBI-nr
database were manually queried to determine the
relative abundances of target genes of nitrogen
and sulfur energy metabolism, some of which are
not well represented in the SEED hierarchy.
Abundances are shown in Figure 3, normalized to
gene length and to the abundance of a universal,
single-copy gene (rpoB).

Genes of dissimilatory nitrogen oxidation (ammo-
nia and nitrite oxidation) exhibited variable abun-
dance but were generally overrepresented in the
small size fraction (Figure 3, inset). Both hzo and
amoC, markers for anammox and aerobic ammonia
oxidation respectively, were enriched on average
approximately fourfold in Sterivex metagenomes.
Hzo sequences were detected only in the OMZ
depths and were closely related to hzo of Candida-
tus Scalindua, consistent with the anaerobic nature
of anammox and the overall distribution of Scalin-
dua-matching protein-coding reads (Figure 3 and
Supplementary Figure S7). Sequences matching
amoC were affiliated exclusively with the Thau-
marchaeota and Crenarcheaota, supporting recent
evidence that nitrification in the OMZ is mediated
primarily by Archaea (Stewart et al., 2012b).

In contrast, the relative abundance of nxrB, a
marker for aerobic nitrite oxidation, did not vary
substantially between size fractions (Figure 3, inset).
However, fraction-specific patterns were evident
when the nxrB pool was evaluated according to
taxonomic affiliation. The majority (55%) of all nxrB
sequences were most closely related to nxrB of Ca.
Nitrospira defluvii, a nitrite oxidizer isolated from
activated sludge (Spieck et al., 2006). Nitrospira
nxrB abundance peaked at the oxycline base (70 m)
in both filter fractions. At the lower depths,
including at the anoxic OMZ core, Nitrospira nxrB
was found exclusively in the free-living fraction
(Figure 3 bottom). Subsequent to our analysis, the
genome of the nitrite oxidizer Nitrospina gracilis
was published (Lücker et al., 2013). Nitrospina is
the dominant nitrite-oxidizer genus in the oceans,
and the N. gracilis genome is closely related
evolutionarily to that of Ca. Nitrospira defluvii
(Lücker et al., 2013), raising the possibility that re-
analysis of our data may instead classify OMZ
Nitrospira-like sequences as belonging to Nitrospina.
Both Nitrospina and Ca. Nitrospira genomes
show adaptations to low-oxygen environments
(Lücker et al., 2010, 2013). This is consistent with
the distribution of related sequences in the ETSP
and other low-oxygen zones (Labrenz et al., 2007;
Jorgensen et al., 2012), and with the recent detection
of nitrite oxidation (by Nitrospina or Nitrococcus
bacteria) under low oxygen (O2 o1 mM) in the OMZ
off Namibia (Fussel et al., 2012). Together, these
studies indicate a role for nitrite oxidation in the
suboxic zones of the upper OMZ, potentially by
diverse bacteria with distributions varying vertically
and at the microscale.

Denitrification genes were also differentially
partitioned between fractions. Sequences encoding
NarG, catalyzing nitrate reduction to nitrite, were
enriched in both fractions at OMZ depths compared
with the oxic 1000 m sample, but were consistently,
albeit marginally, overrepresented in the free-living
fraction (Figure 3). This pattern was reversed at the
oxic 1000 m depth, where narG was 13-fold
more abundant in the prefilter compared with the
Sterivex. A similar pattern was observed in meta-
genomes from the coastal North Pacific, where narG
at a high oxygen site was enriched in larger size
fractions (0.8–300 mm) compared with a 0.1–0.8 mm
fraction, but occurred at relatively uniform abun-
dance across fractions at low-oxygen (B20 mM) sites
(Smith et al., 2013). These studies suggest that
nitrate respiration in oxic water columns is confined
primarily to suboxic microniches on particles, but
under low-oxygen conditions is utilized by both
free-living and surface-attached cells. In both filter
fractions within the ETSP OMZ, a substantial
proportion (42–50%) of the narG pool matched
sequences from an uncultivated bacterium in candi-
date division OP1 isolated from a subsurface
thermophilic microbial mat community (Takami
et al., 2012). Although relatives of the OP1 division
have been detected in OMZs (Stevens and Ulloa,
2008; Wright et al., 2012), their contributions to
OMZ biogeochemistry remain uncharacterized.

Nitrite reductase genes (nirK, nirS and nrfA),
involved in both denitrification and anammox,
exhibited contrasting distributions between size
fractions. In the OMZ depths, nirK genes encoding
the copper-containing enzyme were distributed
relatively evenly among filter fractions at all depths,
excluding the 1000 m sample (Figure 3), whereas
nirS genes for the cytochrome cd1-containing nitrite
reductase were most abundant on prefilters from the
OMZ core (110, 200 m). In contrast, nrfA sequences,
indicators of dissimilatory nitrate reduction to
ammonium (Simon, 2002; Jensen et al., 2011), were
confined almost exclusively to the free-living size
fraction and were affiliated predominantly with
members of the Chlamydiae and Deltaproteobacteria.

Genes involved in the two terminal steps
of denitrification, the reduction of nitric oxide
to nitrous oxide (norB/norZ) and nitrous oxide to
dinitrogen (nosZ), exhibited among the strongest
size fraction-specific patterns, being on average
fourfold more abundant on prefilters. Prefilter
enrichment of these genes is consistent with recent
metagenome data from an estuarine site (Smith
et al., 2013) and with studies linking N2O and N2

production or nor/nos expression with diverse
surface-attached environments (for example,
sediments, soils, algal epibiont communities; Scala
and Kerkhof, 1998; Rösch et al., 2002; Long et al.,
2013), including suspended particles and the epi-
biotic communities of marine algae (Michotey and
Bonin, 1997; Wyman et al., 2013). Here, taxonomic
partitioning between filter fractions was evident,
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notably for the norB/Z pool. The majority (83–93%) of
norB/Z sequences on Sterivex filters were most
closely related to nitric oxide reductase from the
anammox planctomycete Candidatus Scalindua
profunda (scal02135). It has been hypothesized that
in this bacterium NorB may act to relieve oxidative
stress (van de Vossenberg et al., 2012), as opposed to
functioning in energy metabolism. In contrast,
large proportions (47–71%) of particle-associated
norB/Z sequences at the OMZ core (110 and 200 m)
were most closely related to nitric oxide reductases
of Ca. Methylomirabilis oxyfera (CBE69496.1 and
CBE69502.1), a member of the NC10 candidate
division originally enriched from sediment
(Figure 3). Ca. M. oxyfera oxidizes methane under
anaerobic conditions using O2 generated intracellu-
larly through an alternative denitrification pathway
involving the dismutation of nitric oxide into
dinitrogen and O2, potentially via a Nor enzyme
acting as a dismutase (Raghoebarsing et al., 2006;
Ettwig et al., 2010). Here, sequences matching Ca.
M. oxyfera genes were recovered across all
four depths (31–212 distinct genes per sample;
0.11–0.23% of total prokaryotic coding reads),
raising the possibility that Methylomirabilis-like
organisms may contribute to methane cycling in
these waters.

Genes of dissimilatory sulfur metabolism also had
variable distribution patterns. The gene (aprA)
encoding APS reductase, which controls the AMP-
dependent oxidation of sulfite to APS but also acts
reversibly during sulfate reduction, was consistently
enriched (twofold) in the free-living fraction. Other
genes of sulfur metabolism did not show strong
fraction-specific trends. These included the sulfur
oxidation gene soxB, an indicator of thiosulfate
oxidation, as well as the dissimilatory sulfite
reductase gene dsrA, which is present in diverse
sulfate reducers (notably Deltaproteobacteria), as
well as in chemolithotrophic sulfide oxidizers
(Dhillon et al., 2005), in which Dsr operates in the
reverse direction. Here, aprA and dsrA sequences
matching known sulfate-reducing taxa (determined
based on groupings by Canfield et al. (2010)
constituted minor fractions of the total aprA and
dsrA pools (3% and 0%, respectively) and did not
exhibit clear size fraction-specific distributions,
although such patterns could be obscured by the
low representation of these sequences. The majority
of aprA and dsrA sequences instead matched either
known sulfur-oxidizing taxa, or groups for which
the functional role of these genes is uncertain
(for example, aprA in the Alphaproteobacterium
Pelagibacter). However, taxonomic composition
differed between sulfur metabolism genes. For exam-
ple, sequences matching the SUP05 clade, containing
free-living sulfur oxidizers from low-oxygen pelagic
environments as well as thiotrophic deep-sea vent
symbionts (see Gamma_S in Figure 3; Walsh et al.,
2009), were relatively abundant among soxB
sequences (49% of total), but made relatively minor

contributions to the aprA and dsrA pools (14% and
20%, respectively). These patterns suggest a complex
sulfur-oxidizing community, with distinct pathways
of sulfur oxidation mediated by different taxa.

Together, indicator gene distributions highlight
the potential that key metabolic processes are
partitioned spatially between free-living and sur-
face-associated microbial communities. We antici-
pated that genes traditionally associated with
autotrophic processes (for example, anammox,
aerobic nitrification and sulfur oxidation) would be
more prevalent in the free-living fraction, presuming
that other metabolic substrates are not limiting in
the open water column. In contrast, surface attach-
ment would potentially benefit heterotrophic taxa
(for example, heterotrophic denitrifiers) by provid-
ing a localized source of organic substrates. A subset
of the data support this prediction (for example, hzo,
amoC, aprA, norB and nosZ), whereas the distribu-
tion of other genes is less uniform. In one of the only
studies to compare bacterioplankton metagenomes
across size fractions (Smith et al., 2013), genes of
anaerobic metabolism, including nar, nir, nor and
the reductive variant of dsr, were enriched in
particle-associated cell fractions (relative to free-
living fractions) at an oxic site, but not at hypoxic
sites. These data, interpreted alongside our results,
confirm that the distribution of metabolic functions
between particle-associated and free-living niches
varies among sites and is likely driven by the oxygen
and substrate conditions of the surrounding water
column, combined with the composition of the
particles themselves.

Mobile element genes. Prefilter communities
were significantly enriched in genes mediating
mobile element activity via transposition and phage
integration. Many of these genes were not recovered
during functional analysis of BLASTX results using
MEGAN, presumably due to limited representation
in the SEED classification. However, manual parsing
of significant BLASTX matches revealed that genes
encoding transposases, which catalyze the move-
ment of DNA segments (transposons) within gen-
omes, were three to sixfold more abundant in
prefilter compared with Sterivex metagenomes, with
peak abundances at the OMZ core (110 and 200 m;
Figure 3). At these depths, transposase genes were
among the most abundant in the data sets, being
up to 50-fold more abundant than the reference
rpoB and constituting up to 2% of identifiable
coding genes. By 1000 m, transposase abundance
had declined by B80% of peak values. A similar
enrichment on prefilters and at OMZ depths was
observed for genes encoding integrases that mediate
site-specific recombination of phage DNA, typically
via an RNA intermediate. This pattern is consistent
with the observed prefilter enrichment of viral
DNA (Table 1), as well as a 2.5-fold enrichment of
restriction modification systems and restriction
enzymes in prefilters at OMZ depths (70, 110 and
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200 m; Supplementary Table S4), suggesting an
increased need for protection against foreign DNA.
The transposase and integrase gene pools matched
database genes belonging to taxonomically diverse
Bacteria and Archaea (Figure 3, bottom), with
compositions resembling those inferred from all
coding sequences and from 16S gene amplicons
(Figure 1 and Supplementary Figure S5), notably
with large contributions from groups abundant in
both filter fractions (for example, Alpha- and
Gammaproteobacteria, Bacteroidetes). The majority
of prefilter transposable element genes therefore
appear to originate from the bulk community and
not disproportionately from those groups that
appear most strongly overrepresented in this frac-
tion (for example, Planctomycetes), suggesting that
the observed enrichment is a community-wide
phenomenon.

These results reinforce emerging evidence for the
global significance of transposition in diverse
microorganisms. In a survey of over 10 million
annotated genes or gene fragments, transposases
were determined to be the single most abundant
protein-coding genes in sequenced genomes and
environmental metagenomes, and to be ubiquitous
across all domains of life (Aziz et al., 2010). Notably,
transposases constituted up to 8% of all sequences
in a deep-sea hydrothermal vent biofilm (Brazelton
and Baross, 2009) and were overrepresented in an
algal-associated community compared with plank-
tonic bacteria (Burke et al., 2011). In addition,
transposase gene transcription in oral spirochete
bacteria was upregulated during growth as a biofilm
(Mitchell et al., 2010). These patterns, interpreted
alongside our data, indicate a significant potential
for transposase-mediated gene transfer in the
genomes of surface-attached microbial communities.

It is unclear why transposases are enriched in
surface-attached communities. Transposable ele-
ment activity is often considered harmful for
genomes, as transposition can inactivate genes or
alter chromosome structure (Mahillon et al., 1999;
Kidwell and Lisch, 2001). Under this assumption,
prefilter enrichment of transposases suggests a
reduced capacity of particle-associated microbes to
selectively purge mobile elements. This could occur
in taxa with reduced effective population sizes, as
has been hypothesized to explain an increase of
transposase abundance with depth in free-living
marine microbes (Konstantinidis et al., 2009) and to
partly explain mobile element accumulation in
symbiont genomes (McCutcheon and Moran, 2011).
As of yet, however, there is not strong evidence that
particle-associated microorganisms have reduced
population sizes compared with free-living taxa,
although the prefilter fraction presumably is more
likely to contain symbionts (for example, of marine
protists). Here, the taxonomic composition of the
transposase pool was broadly similar between filter
fractions (Figure 3) and included groups both with
and without strong size fraction-specific tendencies.

This raises the possibility that transposase enrich-
ment on prefilters is independent of taxonomic
identity and may instead be a consequence of the
microenvironment itself. (This is similar to the
enrichment of transposes as a function of depth in
the water column, where deep-sea conditions seem
to favor the prevalence of transposons—see below
(DeLong et al., 2006; Konstantinidis et al., 2009)).
Presumably, the spread of transposons and other
mobile elements to new host genomes could be
facilitated by growth in particle-associated biofilms
where cells, relative to those in a planktonic form,
occur in close spatial proximity and have an
increased likelihood of encountering foreign DNA
(for example, via conjugation or via phage or naked
DNA caught in the biofilm matrix; Madsen et al.,
2012). In this scenario, the ubiquity of transposases
in prefilter communities would not preclude the
possibility that transposition is selectively deleter-
ious, and may instead simply reflect an increased
rate of mobile element transfer among and within
genomes (Werren, 2011).

Alternatively, transposition may be beneficial for
particle-associated microbes if it generates genetic
variants that enhance host fitness, or provides raw
genetic material for evolving new functions (Aertsen
and Michiels, 2005; Chou et al., 2009). Marine
particles can contain steep gradients in nutrient or
redox substrate availability, locally high concentra-
tions of bacteriocidal chemicals produced by neigh-
boring microbes, and increased incidences of
antagonism (Alldredge and Cohen, 1987; Long and
Azam, 2001; Long et al., 2005), consistent with the
enrichment of virulence, motility and chemotaxis
genes observed in OMZ prefilter metagenomes
(Figure 2). Unlike free-living bacterial cells, parti-
cles may sink through the water column, exposing
attached microbes to changing physical and biolo-
gical conditions along the depth gradient. Zooplank-
ton feeding on particles also has the potential to
rapidly shift the local environment for particle-
associated microbes. Such spatial and temporal
variability may select for genomes with an elevated
potential for acquiring new functions via lateral
gene movement. Indeed, transposition in bacteria
has been shown to be induced by environmental
change (Ohtsubo et al., 2005; Twiss et al., 2005) and
to facilitate adaptive responses to repeated cycles of
growth and stress (Sleight et al., 2008).

The vertical distribution of transposase genes in
the OMZ, while limited to only four depths,
suggests interesting contrasts to patterns observed
in other oceanic regions. Metagenome analysis of
the free-living microbial fraction revealed a steady
increase in the relative abundance of transposase
genes with depth down to 4000 m in the
oligotrophic North Pacific off Hawaii (DeLong
et al., 2006; Konstantinidis et al., 2009). An increase
in both relative transposase abundance and tran-
scription, similar in magnitude to that recorded off
Hawaii over a 4000 m gradient, has been observed
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previously in the free-living microbial community of
the ETSP OMZ (Stewart et al., 2012b), but over a
much narrower depth range. Indeed, the latter study
sampled to a depth of only 200 m (OMZ core). In the
current study, transposase abundance in both filter
fractions spiked within the OMZ, but then declined
substantially by 1000 m. Given the patterns we
observe in our size fraction analysis, transposase
abundance in the free-living fraction may be
influenced by the relative load of particulate
material in the water column (and therefore the
proportion of the total community that is surface-
attached). This may be possible if sampling causes
the detachment of particle-associated cells, which
are then sampled as part of the free-living fraction.
Indeed, the vertical distribution of transposase
abundance in ETSP metagenomes roughly parallels
that of particulate backscattering, with peaks in the
upper oxycline and suboxic core and a decline with
depth out of the OMZ (Van Mooy et al., 2002;
Whitmire et al., 2009; Supplementary Figure S1).

The enrichment of transposable element genes
within OMZ metagenomes may coincide with
distributions of ETSP OMZ viruses (Table 1).
Cassman et al. (2012) described atypically low ratios
of free-living (non-surface-attached) viruses to
microbes in the Chilean OMZ, compared with
surface waters and to other marine regions. The
authors hypothesized a transition from lytic to
lysogenic viral lifestyles within the anoxic zone,
potentially linked to low microbial division rates.
An enhanced role for lysogeny in the OMZ may be
consistent with the vertical distribution of transpo-
sases and integrases in the particle fraction, notably
if these genes originate from prophage. Alternatively,
it is possible that viral and mobile element genes
detected in the prefilter metagenomes originated from
lysed viral particles entrained within surface-asso-
ciated biofilms. Collectively, our data indicate an
enhanced potential for mobile element activity in
surface-associated OMZ bacterioplankton—it remains
to be clarified how this potential is linked to phage
activity on particles.

Conclusions

Metagenomic comparisons of different bacterio-
plankton size fractions are (surprisingly) rare but
are necessary for clarifying the distribution of
functional traits in marine microbes. OMZ microbial
communities from the particle-associated size frac-
tion were consistently overrepresented in functions
suggesting adaptation to surface attachment and
growth in a biofilm, notably genes mediating
colonization and cell–cell interactions. This pattern
highlights fundamental divisions between particle-
associated and free-living life history modes and
correlates with a strong partitioning of taxonomic
groups between fractions. Indeed, association with
prefilters was a stronger predictor of community

structure than depth-specific environmental varia-
tion (Figure 1). This was unexpected given studies
showing the strong influence of vertical environ-
mental gradients (for example, oxygen, nutrient
availability) in shaping OMZ community structure
(Bryant et al., 2012), but agrees with taxon-specific
(for example, Vibrio) analyses identifying particle-
association as a major driver of ecological niche
diversification in marine bacteria (Hunt et al., 2008).
However, in other ocean regions, microbial biomass
per unit volume has been shown to be substantially
higher for the smallest size fraction (Rosso and
Azam, 1987; Cho and Azam, 1988; Karl et al., 1988),
suggesting that analysis of the bulk OMZ commu-
nity (all size fractions combined) may show patterns
of community clustering resembling those observed
for the small size fraction. Measurements of live cell
abundance and activity among different size frac-
tions in the OMZ are clearly needed.

Particle-associated microbial communities also
were markedly enriched in functions controlling
genetic exchange. This is consistent with experi-
mental analyses of cultured bacteria showing that
life on surfaces (in biofilms) is an important route
for diversification (Boles et al., 2004; Boles and
Singh, 2008). Although the adaptive value for
biofilm-mediated diversification is unclear, our data
suggest that particle-associated communities may be
hotbeds for genome reshuffling, with a strong role
for horizontal gene transfer via transposition. Future
studies should test the hypothesis that rates of
genetic exchange differ between particle-associated
and free-living marine microbes.

Key metabolic pathways mediating OMZ elemental
cycling also were differentially partitioned between
size fractions. This implies that particle abundance,
and by extension the percentage of the total
microbial community attached to surfaces, may
have an important impact on community biogeo-
chemical transformations. For example, genes facil-
itating the last two steps of denitrification were
markedly enriched on particles, raising the possibi-
lity that bulk denitrification rates could be corre-
lated with particle load. However, the relative
abundance of genes and taxa is an imperfect
predictor of functional significance. For example,
Deltaproteobacteria of the genus Desulfosporosinus
constituted 0.006% of microbial cell counts in a
peatland ecosystem but were responsible for the
majority of sulfate reduction in the community
(Pester et al., 2010). Such results highlight the need
to directly couple genetic and process rate char-
acterizations across multiple size fractions to deter-
mine how the activity of particle-associated
communities contributes to OMZ biochemical cycling.

Resolving questions about the role of particle-
associated microbes in OMZs should be a research
priority, but will require standardizations of sam-
pling design and methodology. As our study focused
on a single site, conclusions about partitioning
between fractions are most robust for genes and taxa
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with consistent patterns across depths. However,
these data, and data from other recent metagenome
studies (Smith et al., 2013), also suggest that the
level of partitioning varies with depth and environ-
mental (for example, oxygen) conditions—
additional vertical profiles from diverse low-oxygen
sites will be required to statistically identify such
trends. The potential for sampling to physically
disrupt particles should also be considered. It is
possible that some of the taxa identified in the free-
living fraction originate from particles that are
broken apart during water collection (for example,
during rosette bottle-firing, or pumping during the
filtration step). If this occurs, inferences of commu-
nity metabolism in the free-living fraction may be
especially prone to bias in regions of high particle
load. There is also a critical need to standardize
sample treatment between process rate measure-
ments and genetic characterizations. Rate measure-
ments are often based on incubations (for example,
in exetainers) of the bulk water (for example,
Dalsgaard et al., 2012), whereas the majority of
OMZ molecular studies have focused on microbes
retained after prefiltration (for example, Stevens and
Ulloa, 2008; Stewart et al., 2012a,b). Furthermore,
different studies use different filter pore-size cutoffs,
making direct comparisons challenging. As marine
particles differ significantly in age, size, organic
substrate contents and redox state, conclusions about
particle-associated communities should involve uni-
form comparisons across multiple particle size
fractions. These comparisons should be directly
coupled to measurements of bulk particle load and
to gene expression and process rate characterizations
in order to fully understand how particle-associated
communities contribute to OMZ biochemical cycling.
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