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The genetic composition of marine microbial communities varies at the microscale between particle-
associated (PA; >1.6 um) and free-living (FL; 0.2—1.6 pm) niches. It remains unclear, however, how
metabolic activities differ between PA and FL fractions. We combined rate measurements with
metatranscriptomics to quantify PA and FL microbial activity in the oxygen minimum zone (OMZ) of
the Eastern Tropical North Pacific, focusing on dissimilatory processes of the nitrogen (N) cycle.
Bacterial gene counts were 8- to 15-fold higher in the FL compared with the PA fraction. However,
rates of all measured N cycle processes, excluding ammonia oxidation, declined significantly
following particle (>1.6 pm) removal. Without particles, rates of nitrate reduction to nitrite
(1.5-9.4nuNd-") fell to zero and N, production by denitrification (0.5-1.7nmNd-"') and anammox
(0.3-1.9nmN d~") declined by 53—-85%. The proportional representation of major microbial taxa and N
cycle gene transcripts in metatranscriptomes followed fraction-specific trends. Transcripts encoding
nitrate reductase were uniform among PA and FL fractions, whereas anammox-associated transcripts
were proportionately enriched up to 15-fold in the FL fraction. In contrast, transcripts encoding
enzymes for N,O and N, production by denitrification were enriched up to 28-fold in PA samples.
These patterns suggest that the majority of N cycle activity, excluding N,O and N, production by
denitrification, is confined to a FL majority that is critically dependent on access to particles, likely as
a source of organic carbon and inorganic N. Variable particle distributions may drive heterogeneity in

N cycle activity and gene expression in OMZs.
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Introduction

The genetic diversity and activity of pelagic marine
microorganisms vary in complex patterns in
response to environmental conditions and interspe-
cies interactions. Such variation is best understood
at the scale of meters, for example, over depth
gradients of light or over regional (kilometer)
gradients in nutrient availability. Microbial commu-
nities are also structured over much smaller spatial
scales, notably the micron-scale distances separating
free-living (FL) cells from those on the surfaces or
within the diffusive boundary layer of suspended or
sinking organic particles (Stocker, 2012). Extensive
research has identified consistent taxonomic compo-
sitional differences between FL and particle-
associated (PA) bacterial and archaeal communities
(DeLong et al., 1993; Hollibaugh et al., 2000; Ganesh
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et al., 2014), as well as differences in total microbial
abundance, production and enzyme activity (Simon
et al., 2002; Grossart et al., 2003, 2007). Surprisingly,
most studies analyzing microbial genomic or metage-
nomic composition or rates of specific metabolic
processes have either focused on microbes within a
single biomass size fraction (typically the 0.2—3.0-pm
range) or on bulk water samples. Such studies risk
excluding important information about contributions
from PA cells, larger non-PA cells or metabolic
substrates in PA fractions. Furthermore, only a single
study (Satinsky et al., 2014) has examined community
gene expression (metatranscriptomes) in PA versus
FL communities. When coupled to measurements of
metabolic rates, size-fractionated metatranscriptomics
can help identify the drivers, magnitudes and spatial
scales of biogeochemistry in the oceans.

The extent to which microbial metabolisms are
partitioned between PA and FL communities remains
uncharacterized for many ocean regions of impor-
tance to global biogeochemical cycles. These include
the marine oxygen minimum zones (OMZs) where
microbial communities control key steps in nitrogen
(N), carbon and sulfur transformations. OMZs form in
poorly ventilated regions where microbial respiration
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fueled by high productivity in the overlying waters
creates a layer of oxygen depletion. The largest OMZs
occur in areas of persistent nutrient upwelling, as in
the Eastern Tropical North Pacific (ETNP) off Mexico
(Karstensen et al., 2008). Encompassing ~ 12 x 10° km?
of shelf and off-shelf waters south of Baja California,
the ETNP OMZ is the largest of the major permanent
OMZs (41% of total OMZ area; Paulmier and Ruiz,
2009), with dissolved O, concentrations falling
below the detection limit (<0.1pm) at mid-water
depths (~150—750 m; Cline and Richards, 1974; Tiano
et al., 2014).

Oxygen drawdown in OMZs significantly restruc-
tures the pelagic ecosystem, resulting in microbe-
dominated communities expressing diverse micro-
aerophilic or anaerobic metabolisms. These include
the reductive processes of denitrification and anae-
robic ammonia oxidation with nitrite (anammox),
whose combined activity in OMZs contribute up to
half of oceanic N loss as N, or N,O gas (Codispoti
et al., 2001; Gruber, 2004). Research in the eastern
Pacific OMZs, notably in the anoxic OMZ off Chile
and Peru, indicates that anammox and denitrifica-
tion are linked to varying degrees with a diverse set
of other microbial N transformations, including the
production of nitrite and nitrate via nitrification
along the oxycline and dissimilatory nitrate reduc-
tion to ammonium within the OMZ (Lam et al., 2009;
Kalvelage et al., 2013). OMZ N cycle processes also
mediate key steps in other elemental cycles, for
example, the fixation of carbon by anammox and
nitrifying autotrophs, the remineralization of organic
carbon and nutrients by denitrifying heterotrophs,
and the oxidation of reduced sulfur compounds by
chemoautotrophic denitrifiers (Ulloa et al., 2012).

The distributions of these networked metabolic
interactions at multiple spatial scales are becoming
understandable for some OMZs. Surveys combining
marker gene counts and rate measurements have
suggested mesoscale patterns in N cycling along
coastal to offshore gradients in the Eastern Tropical
South Pacific (ETSP) OMZ off Chile and Peru
(Kalvelage et al., 2013), as well as clear depth-
specific variation in N cycle genes, transcripts, and
rates (Thamdrup et al., 2006; Dalsgaard et al., 2012;
Stewart et al., 2012). Recently, analysis of microbial
metagenomes in the ETSP OMZ also identified a
non-uniform distribution of N cycle genes among
filter size fractions (Ganesh et al., 2014). Genes for
aerobic ammonia oxidation at OMZ boundaries and
for anammox at the OMZ core were consistently
overrepresented in the FL fraction (0.2—1.6 um). In
contrast, genes mediating different steps of denitri-
fication showed variable distributions between size
fractions. Genes encoding NarG, part of the enzyme
catalyzing nitrate reduction to nitrite, were abundant
and evenly distributed between PA (>1.6 um) and
FL fractions within the OMZ, whereas genes mediat-
ing the two terminal steps of denitrification, the
reduction of nitric oxide to nitrous oxide (norB) and
nitrous oxide to dinitrogen (nosZ), exhibited a

The ISME Journal

fourfold increase in relative abundance in PA
compared with FL metagenomes. These data high-
light a potential separation of linked metabolic
processes at varying spatial scales, potentially
over micron gradients separating PA and FL
communities.

The proportional contribution of PA N metabolism
to bulk process rates in OMZs remains unclear,
notably for the larger ETNP OMZ. Despite recent
studies describing the diversity and activity of key
functional taxonomic groups in the ETNP (Podlaska
et al., 2012; Rush et al., 2012; Beman et al., 2012,
2013), this region remains under-explored from a
microbiological and molecular perspective. Asses-
sing the actual biochemical significance of micro-
spatial separation of microbial processes in OMZs
requires quantification of metabolic rates and gene
expression among size fractions from diverse OMZ
regions. We combine community transcription pro-
filing and rate measurements to quantify size fraction
partitioning of key steps of the marine N cycle. These
data, coupled with taxonomic analysis of genes and
transcripts and estimates of bacteria abundance
among size fractions, indicate a significant contribu-
tion of particles and PA bacteria to OMZ N cycling.

Materials and methods
Molecular analysis

Sample collection. Samples were collected from the
ETNP OMZ during the OMZ Microbial Biogeochem-
istry Expedition cruise (R/V New Horizon, 13-28 June
2013). Seawater was sampled from six depths span-
ning the upper oxycline (30 m), lower oxycline (85 m)
oxic—nitrite interface (91 m), secondary chlorophyll
maximum (100m), secondary nitrite maximum
(125 m) and OMZ core (300 m) at Station 6 (18° 54.0’
N, 104° 54.0’ W) on 19 June. Collections were
made using Niskin bottles on a rosette containing a
Conductivity Temperature Depth profiler (Sea-Bird
SBE 911plus, Sea-Bird Electronics Inc., Bellevue,
WA, USA) equipped with a Seapoint fluorometer
(Seapoint Sensors Inc., Exeter, NH, USA) and SBE43-
dissolved oxygen sensor (Sea-Bird Electronics Inc.).
High-resolution Switchable Trace amount OXygen
sensors (STOX) were also mounted to the rosette to
quantify oxygen at nanomolar concentrations
(Revsbech et al., 2009; Supplementary Methods).
Samples were also collected from 20, 40, 90, 100, 125
and 300 m during a replicate cast on the same day
and used to count bacterial 16S rRNA genes.
Size-fractionated biomass was collected for RNA
analysis by sequential inline filtration of seawater
(~10-151) through a nylon disk filter (47 mm, 30 pm
pore size, Millipore, Bellerica, MA, USA), a glass
fiber disc filter (GF/A, 47 mm, 1.6 um pore size,
Whatman, GE Healthcare Bio-sciences, Pittsburgh,
PA, USA) and a primary collection filter (Sterivex,
0.22 um pore size, Millipore) via peristaltic pump.
Replicate filters for DNA were collected from



equivalent water volumes following RNA collection.
Water samples (45 ml each) for 16S rRNA gene
counts were filtered through 0.2pm disc filters
(25 mm, cellulose nitrate, Whatman). Disc filters
were transferred to cryovials containing RNA stabi-
lizing buffer (25 mM sodium citrate, 10 mM EDTA
and 70 g ammonium sulfate per 100 ml solution, pH
5.2) for RNA samples or lysis buffer (50 mM Tris-
HCI, 40 mM EDTA and 0.73 M sucrose) for DNA
samples. Sterivex filters were filled with either RNA
stabilizing buffer or lysis buffer, capped and flash-
frozen (RNA samples). Filters were stored at — 80 °C.
Less than 20 min elapsed between sample collection
(water on deck) and fixation in buffer.

DNA and RNA extraction. DNA was extracted from
disc and Sterivex filters using a phenol/chloroform
protocol as in Ganesh et al. (2014). Cells were lysed
by adding lysozyme (2 mg in 40 pl of lysis buffer per
filter) directly to the disc filter containing cryovial or
to the Sterivex cartridge, sealing the caps/ends and
incubating for 45 min at 37 °C. Proteinase K (1 mg in
100 pl lysis buffer with 100 pl 20% SDS) was added,
and cryovials and cartridges were resealed and
incubated for 2h at 55°C. The lysate was removed
and DNA was extracted once with phenol:chloro-
form:isoamyl alcohol (25:24:1) and once with chloro-
form:isoamyl alcohol (24:1), and then concentrated
by spin dialysis using Ultra-4 (100 kDa, Amicon,
Millipore) centrifugal filters.

RNA was extracted from disc and Sterivex filters
using a modification of the mirVana miRNA Isola-
tion kit (Ambion, Life Technologies, Carlsbad, CA,
USA) as in Stewart et al. (2012). Filters were thawed
on ice and RNA stabilizing buffer was removed by
pipette from cryovials or expelled via syringe from
Sterivex cartridges and discarded. Cells were lysed
by adding lysis buffer and miRNA homogenate
additive (Ambion) directly to the cryovial or car-
tridge. Following vortexing and incubation on ice,
lysates were transferred to RNase-free tubes and
processed via acid—phenol/chloroform extraction
according to the kit protocol. The TURBO DNA-
free kit (Ambion) was used to remove DNA and the
extract was purified using the RNeasy MinElute
Cleanup Kit (Qiagen, Hilden, Germany).

16S rRNA gene counts. Quantitative PCR was used
to count bacterial 16S rRNA genes in bulk seawater
(biomass >0.21um) and in 0.2-1.6 and 1.6-30 pm
size fractions. Extracts from the > 30 pm fraction did
not contain measureable DNA (via Qubit) and failed
to yield signals during quantitative PCR with diluted
and undiluted extracts. We were not able to sum
counts from size-fractionated samples to obtain
counts per volume because exact volumes of filtered
seawater were not recorded. We instead used
samples of fixed volume from a replicate cast
(‘Sample collection’ section above) to quantify total
gene copies per ml of seawater. Because equal water
volumes passed through sequential filters during
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size fractionation, counts from size-fractionated
samples were used to quantify the ratio of copies in
the 0.2-1.6-pm fraction to those in the 1.6—-30-pm
fraction (FL/PA ratio); counts from the >30pum
fraction are assumed to be negligible.

Quantitative PCR used TagMan-based reagents
and universal bacterial 16S primers 1055f and
1392r, as in Ritalahti et al. (2006) and Hatt et al.
(2013). Tenfold serial dilutions of DNA from a
plasmid carrying a single copy of the 16S rRNA
gene (from Dehalococcoides mccartyi; Ritalahti
et al., 2006) were included on each quantitative
PCR plate and used to generate standard curves.
Assays were run on a 7500 Fast PCR System and a
StepOnePlus Real-Time PCR System (Applied Bio-
systems, Life Technologies). All samples were run in
triplicate (20l each) and included 1x TagMan
Universal PCR Master Mix (Life Technologies),
300nm of primers, 300nm of TagMan MGB probe
(Life Technologies) and 2pul of template DNA.
Thermal cycling involved incubation at 50°C for
2min to activate uracil-N-glycosylase, followed by
95 °C for 10 min to inactivate uracil-N-glycosylase,
denature template DNA and activate the AmpliTaq
Gold polymerase, followed by 40 cycles of denatura-
tion at 95 °C (15 s) and annealing at 60 °C (1 min).

16S rRNA gene amplicon sequencing. High-
throughput sequencing of dual-indexed PCR ampli-
cons encompassing the V4 region of the 16S rRNA
gene was used to assess bacterial community
composition in all filter fractions. Despite low DNA
yields (above), 16S gene fragments were amplifiable
from the >30-pm fraction. The diversity of ampli-
cons generated using Archaea-specific primers was
not evaluated. Amplicons were synthesized using
Platinum PCR SuperMix (Life Technologies) with
primers F515 and R806 (Caporaso et al., 2011). Both
forward and reverse primers were barcoded and
appended with Illumina-specific adapters according
to Kozich et al. (2013). Thermal cycling involved:
denaturation at 94 °C (3 min), followed by 30 cycles
of denaturation at 94 °C (45 s), primer annealing at
55°C (45s) and primer extension at 72°C (90s),
followed by extension at 72°C for 10 min. Ampli-
cons were analyzed by gel electrophoresis to verify
size (~400 bp) and purified using the QIAQuick PCR
Clean-Up Kit (Qiagen). Amplicons from different
samples were pooled at equimolar concentrations
and sequenced on an Illumina MiSeq (Illumina, San
Diego, CA, USA) using a 500 cycle kit with 5% PhiX
as a control.

c¢DNA synthesis and metatranscriptome sequencing

Shotgun Illumina sequencing of community cDNA
was used to characterize gene expression in 0.2—
1.6pm and 1.6-30 pm biomass fractions. Most
samples of the >30-um fraction did not yield
sufficient RNA for sequencing; this fraction was
excluded from meta-omic analysis. Community RNA
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was prepared for sequencing using the ScriptSeq v2
RNA-Seq Library preparation kit (Epicenter, Madi-
son, WI, USA). Briefly, cDNA was synthesized from
fragmented total RNA (rRNA was not removed) using
reverse transcriptase and amplified and barcoded
using ScriptSeq Index PCR Primers (Epicenter) to
generate single-indexed c¢DNA libraries. cDNA
libraries were pooled and sequenced on an Illumina
MiSeq using a 500 cycle kit (Supplementary Table
S1). Metagenomes from coupled DNA samples were
analyzed to allow standardization of taxon transcript
levels relative to abundance in the DNA pool. These
data sets were generated in a separate study (in
review, NCBI accession SRP044185) using the
Nextera XT DNA Sample Prep kit and paired-end
MiSeq sequencing as above for cDNA samples.

Sequence analysis—16S rRNA gene amplicons
Amplicons were analyzed using QIIME (Caporaso
et al., 2010) following standard protocols. Barcoded
sequences were de-multiplexed and filtered to
remove low-quality reads (Phred score <25). Paired-
end sequences were merged using custom scripts
incorporating the FASTX toolkit (http://hannonlab.
cshl.edu/fastx_toolkit/index.html) and USEARCH
algorithm (Edgar, 2010), with criteria of minimum
10% overlap and 95% nucleotide identity within the
overlapping region. Merged sequences were clustered
into operational taxonomic units at 97% sequence
similarity using open-reference picking with the
UCLUST algorithm (Edgar, 2010), with taxonomy
assigned to representative operational taxonomic
units from each cluster using the Greengenes database
(DeSantis et al., 2006). Operational taxonomic unit
counts were rarefied (10 iterations) and alpha diver-
sity was quantified at a uniform sequence depth
(n=6506) using the phylogenetic diversity metric of
Faith (1992). To compare community composition
between samples, sequences were aligned using the
PyNAST aligner (Caporaso et al., 2010) and beta
diversity was calculated using the weighted Unifrac
metric (Lozupone and Knight, 2005). Sample related-
ness based on Unifrac was visualized with a two-
dimensional principal coordinate analysis.

Sequence analysis—metatranscriptomes and
metagenomes

Analysis of protein-coding genes and transcripts
followed that of Stewart et al. (2012) and Ganesh
et al. (2014). Reads were filtered by quality and
merged as described above. TRNA transcripts were
identified using riboPicker (Schmieder et al., 2012)
and removed. Merged non-rRNA sequences were
queried via BLASTX against the NCBI-nr database
(November 2013). BLASTX matches to bacterial and
archaeal genes (>bit score 50) were retained to
evaluate marker genes of dissimilatory N metabolism:
ammonia monooxygenase (amoC), nitrite oxidoreduc-
tase (nxrB), hydrazine oxidoreductase (hzo), nitrate
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reductase (narG), nitrite reductase (nirK+nirS), nitric
oxide reductase (norB) and nitrous oxide reductase
(nosZ). N gene transcript abundances were normalized
based on gene length and expressed as a proportion of
the abundance of transcripts matching the gene
encoding RNA polymerase subunit B (rpoB), as has
been done in studies of diverse bacteria (for example,
Schumann et al., 2010; Ceja-Navarro et al., 2014;
Dalsgaard et al., 2014; Eldholm et al., 2014). Although
rpoB expression can vary (Vandecasteele et al., 2001),
rpoB appears to be one of the more stably expressed
housekeeping genes (Sue et al., 2004; Sihto et al.,
2014). Furthermore, it has been shown that rpoB can
be a proxy of bulk mRNA transcription level for
bacteria (Milohanic et al., 2003; Sue et al., 2004)—
rpoB-normalized values therefore reflect transcription
of a target gene relative to a housekeeping gene under
a given condition/sample.

The taxonomic composition of protein-coding
genes and transcripts was determined using MEta-
Genome ANalyzer 5 (Huson et al., 2011) based on the
annotations of BLASTX-identified genes, according to
the NCBI taxonomy. The proportional contribution of
a taxon (Phyla and Class levels) to the RNA pool was
calculated as an RNA:DNA ratio, calculated as in
Frias-Lopez et al. (2008) and Stewart et al. (2012) to
account for variation in taxon abundance in the DNA
pool: (protein-coding RNA reads per taxon/total
protein-coding RNA reads)/(protein-coding DNA
reads per taxon/total protein-coding DNA reads). For
subsets of transcripts matching specific functional
taxa (anammox genera, Nitrospina), genes differen-
tially expressed between FL and PA fractions were
identified using baySeq (Hardcastle and Kelly, 2010)
as in Ganesh et al. (2014). Full details regarding
sequence analysis are in the Supplementary Methods.

Amplicon and metatranscriptome sequences are
available through NCBI under BioProject ID
PRINA263621

Biochemical analysis. Water for rate measurements
was taken from Niskin bottles immediately after
arrival on deck and transferred to 21 glass bottles.
Bottles were overflowed (three volume equivalents)
and sealed without bubbles using deoxygenated butyl
rubber stoppers (De Brabandere et al., 2014). Bottles
were stored in the dark at in situ temperature until
experimentation (<6h). Each bottle was purged
with a gas mixture of helium and carbon dioxide
(800 p.p.m. carbon dioxide) for ~20 min. Under a
slight overpressure, water was dispensed into 12 ml
exetainers (Labco, Lampeter, Ceredigion, UK) either
directly or through helium-flushed inline filter
holders, and immediately capped with deoxygen-
ated lids.

Rates were measured for two biomass fractions:
bulk water containing all particles (no filtration) and
water without particles >1.6 pm. Particles were
excluded via filtration as described above. Exetainers
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were subsequently amended with '°N-labeled sub-
strate by injection through the septum. Three "N
amendments were carried out for all samples: *"NHZ
addition (to 5pum concentration), *NO; addition
(51um) and '"NO; addition (15pm). Headspaces of
2ml were introduced into each exetainer and
flushed twice with the helium—carbon dioxide
mixture as in De Brabandere et al. (2014). For each
experiment, triplicate exetainers were preserved
with 100l of 50% (w/v) ZnCl, at the start of the
incubation and again at the end point (27 h). Oxygen
concentration was <80 nw in all treatments. The act
of filtering did not affect exetainer oxygen content
(Supplementary Methods).

The production of ™N"N and ""N'°N was deter-
mined on a gas chromatography isotope ratio mass
spectrometer as in Dalsgaard et al. (2012). Rates of N,
production by anammox and denitrification were
calculated using the equations in Thamdrup and
Dalsgaard (2002). Nitrite oxidation was determined
from the production of **NOj3 from incubations with
"NOs3. After removal of unused *NO; using sulfamic
acid, "*NO; was converted to »NO; with cadmium
and then to N, with sulfamic acid (Fissel et al., 2012;
Mcllvin and Altabet 2005). Ammonia oxidation and
nitrate reduction rates were determined as produc-
tion of **NO; from incubations with **NHZ or *NO3.
""NO; produced during incubations was converted to
N, with sulfamic acid. N, was then analyzed on the
gas chromatography isotope ratio mass spectrometer.
Rates for all processes were calculated from the slope
of the linear regression of **N"°N or NN with time.
T-tests were applied to determine whether rates were
significantly different from zero (P<0.05). Non-
significant rates are presented as not detected.

Nitrate, nitrite and ammonium concentrations were
determined using standard protocols, as described in
the Supplementary Methods. The N deficit estimates
the amount of fixed N loss and was calculated as: N
deficit = (DIN)—(16 x [PO3~] x 0.86), where DIN = [NOs]+
[NO3]+[NH]. The value of 0.86 accounts for the release
of PO}~ from organic N remineralized during
denitrification (Codispoti et al., 2001).

Results and discussion

Particle removal significantly altered N cycle rates
and gene expression, suggesting physiological varia-
tion at the microscale between water column and PA
niches. These patterns are discussed below relative
to oxygen and N concentrations, bacterial abundance
and community taxonomic composition.

Oxygen and nitrogen

Oxygen concentrations recorded by the SBE43
sensor were highest (~200pm) in surface waters
and declined steeply in the oxycline between 30
and 85m (Figure 1a). From 90 to 800 m, concentra-
tions measured by STOX sensors were <50 nM, with
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the majority close to or below the detection limit
(Figure 1b) representing the OMZ core. Oxygen
concentrations at the six depths sampled for size
fractionation work varied markedly, from 200 pMm at
30m to 229 nm at 85 m, representing the upper and
lower limits of the oxycline, respectively, 43 nm at
the oxic—nitrite interface (91 m), 21 nm at the sec-
ondary chlorophyll maximum (100 m) and 14 nwm at
the secondary nitrite maximum (125 m), before
reaching the detection limit (9nm) at 150m and
staying undetectable to 300m in the OMZ core
(Figure 1b). Oxygen profiles coincided with patterns
in nitrate, nitrite and the N deficit. As commonly
observed in anoxic OMZs (Ulloa et al., 2012), a
prominent secondary nitrite maximum (up to 6.1 pm)
was observed as oxygen declined, coinciding with
local nitrate and N deficit minima (Figures 1a and c).
Ammonium concentrations remained below 155 nm
throughout the profile. Chlorophyll peaked at 0.6
and 0.8 pg 17" at 50 and 100 m, respectively, indicat-
ing the primary and secondary chlorophyll maxima
characteristic of OMZs (Figure 1c; Ulloa et al., 2012).

16S rRNA gene abundance

Counts of bacterial 16S rRNA genes varied by an
order of magnitude with depth (Figure 1f). Bulk
seawater counts declined from ~ 6 x 10° per ml in the
primary chlorophyll maximum and upper oxycline
to 1.3 x 10° at the oxic—nitrite interface (90 m), before
increasing to a maximum of 1.4 x10° at the OMZ
core. This pattern agrees with trends from other
OMZ sites, where particulate backscattering and
bacterial load show local maxima in the photic zone
and again in the OMZ (Spinrad et al., 1989; Naqvi
et al., 1993; Whitmire et al., 2009). At all depths,
gene numbers were substantially higher in the 0.2—
1.6 pm (FL) fraction compared with the 1.6-30 pm
(PA) fraction, with FL/PA ratios from 8 to 15
(Figure 1f). Elevated microbial biomass in FL
compared with PA fractions has been observed in
diverse ocean regions (Cho and Azam 1988; Karl
et al., 1988; Turley and Stutt 2000; Ghiglione et al.,
2009). Here, FL/PA was lowest at 300 m, suggesting
an increased contribution of PA or large bacteria
within the OMZ core, possibly related to increases in
particle load or size.

Communily composition—16S rRNA gene amplicons

Community 16S rRNA gene diversity varied sub-
stantially among biomass fractions and depths.
Unifrac-based clustering indicated that size class
was a stronger predictor of community relatedness
compared with depth, notably for samples from the
OMZ layer (100, 125 and 300 m) (Figure 2). Phylo-
genetic diversity differed widely among fractions,
with values in the two PA fractions up to 50%
greater than those for the corresponding FL fraction
(Supplementary Figure S1). Elevated diversity in PA
communities has been reported for the ETSP OMZ
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Figure 1 Vertical profiles of hydrochemical parameters, bulk N cycling process rates and bacterial 16S rRNA gene counts at Station 6, off
Manzanillo, Mexico on 19 June 2013. The N deficit (a, open squares) is shown relative to oxygen concentrations, measured during the
upcast profile with both a SBE43 sensor (a; solid line) and STOX sensors (b), and to profiles of nitrite, nitrate and chlorophyll
concentration (c). The dashed line in b indicates the detection limit of the STOX sensors (~9 nm). N cycle process rates (d, e) are bulk rates
(no size fractionation) in nMmN per day. (f) Quantitative PCR-based counts of 16S rRNA gene copies per ml of bulk seawater (all biomass
>0.2um) and the ratio of gene counts in the FL (0.2—1.6 pm) biomass fraction to counts in the PA (1.6—30 pm) fraction. Arrows (c, f)
indicate the depths sampled for rate measurements. Error bars represent the standard error.

(Ganesh et al., 2014) and may be driven by increased
niche richness due to substrate heterogeneity on
particles, or to the exposure of particles during
sinking to diverse communities in different biogeo-
chemical zones. Here, phylogenetic diversity in all
size fractions peaked at the secondary chlorophyll
maximum, similar to trends reported for non-
fractionated samples (biomass > 0.2 pm) from ETNP
sites north of the study area, where taxon richness
peaked just below the oxycline, before declining
with depth (Beman and Carolan, 2013). That study
identified deoxygenation as a driver of bulk commu-
nity diversity, whereas our results suggest that
diversity estimates vary depending on the filter
fraction examined.

Several microbial clades with roles in N cycling
were proportionally enriched in FL relative to PA
fractions (Figure 3; Supplementary Figure S2).
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Sequences matching ammonia-oxidizing Thaumarch-
aeota and nitrite-oxidizing Nitrospina (classified as
Deltaproteobacteria in Supplementary Figure S3;
Teske et al., 1994) peaked in relative abundance
(2.2-2.9% of total) in the FL fraction from the lower
oxycline before declining with depth. Abundances of
both groups decreased by 50-60% in the 1.6-30-pm
PA fraction relative to the FL fraction and were
negligible in the >30-pm PA fraction. Sequences
matching the anammox Planctomycete Candidatus
Scalindua (Order Brocadiales) were also confined
primarily to the FL fraction, peaking at 14.1% of total
FL amplicons at 300 m, compared with 0.3-1.5% in
PA fractions. Anammox bacteria were previously
shown to be enriched in the smallest size fractions
in studies of the Chilean OMZ (Ganesh et al., 2014),
the Black Sea (Fuchsman et al., 2012), and an OMZ off
Costa Rica (Kong et al.,, 2013), but have also been
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Figure 2 Principle coordinate analysis of community taxo-
nomic relatedness based on 16S rRNA gene amplicons, as
quantified by the weighted Unifrac metric. Samples from different
filter size fractions are circled (excluding outliers from the
30-m depth).

detected in direct contact with particles in oxygen-
depleted waters over the Namibian shelf (Woebken
et al., 2007).

The composition of the ETNP bacterial community
with potential roles in coupled N and sulfur cycles
differed from that of other OMZs and varied among
size fractions. The sulfur-oxidizing and denitrifying
Gammaproteobacterial SUP05 clade, a ubiquitous
inhabitant of low-oxygen waters (Wright et al.,
2012), accounted for <0.2% of amplicons in ETNP
samples. ETNP samples were instead enriched in
members of the uncultured SAR406 and Deltaproteo-
bacterial SAR324 lineages (Figure 3), as well as
Gammaproteobacteria of the Thiohalorhabdales,
Chromatiales and Thiotrichales (Supplementary
Figure S3 and Supplementary Information), all of
which may contain sulfur-oxidizing members. The
SAR406 cluster was particularly abundant in FL
samples, contributing 22% (average) of FL sequences,
compared with 2.8% in PA fractions (Figure 3).
SAR406 may participate in sulfur cycling via dissim-
ilatory polysulfide reduction to sulfide or sulfide
oxidation (Wright et al., 2014), although pathways for
denitrification and carbon fixation have not been
unambiguously identified. The SAR324 lineage,
which includes members with genes for sulfur
chemolithoautotrophy and nitrite reduction (Swan
et al., 2011; Sheik et al., 2014), was also enriched in
FL samples, representing 5-8% of sequences at OMZ
depths, compared with <0.5% in PA fractions
(Supplementary Figure S3). FL enrichment of
SAR406 and SAR324 is consistent with an auto-
trophic lifestyle, as autotrophs would not require
organic particles for carbon acquisition. Whereas
sulfide-oxidizing autotrophs in other OMZs are
capable of using oxidized N compounds as terminal
oxidants (Walsh et al., 2009; Canfield et al., 2010), the
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extent to which ETNP clades participate in sulfur-
driven denitrification remains unclear.

Many microbial groups common to low-oxygen
waters, including those discussed above, were either
at low abundance or absent from the >30-pm PA
fraction. This fraction was instead enriched in taxa
known to associate with the surfaces or guts of plankton
or polymer aggregates (for example, fecal pellets),
notably Gammaproteobacteria related to Vibrio,
Pseudomonas and Alteromonas (Supplementary
Figure S3; Rao et al., 2005; Hunt et al., 2008; Ivars-
Martinez et al., 2008). Microorganisms on particles
> 30 pm are likely a minor component of the bulk OMZ
microbial community, and may be relatively transient
members, passing through low-oxygen depths attached
to sinking aggregates or zooplankton.

RNA:DNA ratios

The taxonomic identities of protein-coding genes and
transcripts suggest differences in the proportional
contributions of specific taxa to bulk transcript pools
in FL versus PA (1.6-30 pm) communities. RNA/DNA
ratios for several groups with roles in N cycling,
including anammox bacteria (Brocadiales), ammonia-
oxidizing Thaumarchaeota and nitrite-oxidizing
Nitrospina bacteria, were consistently elevated in FL
relative to PA communities (Figure 4). These groups
were also proportionately enriched in 16S gene pools
from FL samples. In contrast, groups such as the
Actinobacteria and Gammaproteobacteria exhibited
greater RNA/DNA ratios in the PA fraction. Similar
patterns were observed for ratios based on 16S TRNA
gene amplicons and transcripts from metatranscrip-
tomes (tRNA:xrDNA; Supplementary Figure S4).
Although RNA:DNA ratios, based either on target
genes or community gene pools, have been used as
proxies for metabolic activity (Campbell and Yu, 2011;
Hunt et al., 2013; Satinsky et al., 2014), linking ratios to
activity is tenuous. Notably, as RNA/DNA ratios are
based on proportional abundances, increases in taxon
representation in the transcriptome can reflect either
increases in the activity of the target taxon or decreases
in the activity of other organisms. Furthermore, using
ratios to infer activity is challenging for broad divisions
such as the Gammaproteobacteria that contain taxono-
mically and functionally diverse members, as the
relationship between cell RNA content and activity is
unlikely to be consistent across members or activity
gradients (Blazewicz et al., 2013). Here, the composi-
tion of Gammaproteobacteria at the Order level varied
widely (Supplementary Figure S3), highlighting the
possibility that taxon-specific differences confounds
interpretation of Phylum-level ratios. Studies at finer
levels of taxonomic resolution utilizing transcriptome
mapping to reference genomes coupled with measure-
ments of absolute transcript numbers are necessary to
confirm shifts in taxon-specific activity between FL
and PA niches. The latter could reflect differences in
substrate conditions or the proportions of live versus
dead cells between fractions.

The ISME Journal
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Bulk biochemical rates

N transformation rates in bulk water (no filter
fractionation) varied among processes and over
depth gradients. Rates of nitrate reduction to nitrite
increased with depth and diminishing in situ oxygen
concentration, with measured rates from 1.5 to 9.4
nmMNd~" (Figure 1e). The reduction of nitrite to N,
via denitrification was slower and measurable only
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below 125m, with a maximum of 1.7nMmMNd~! at
300 m (Figure 1d). Anammox was measurable between
91 and 300 m at rates from 0.3 to 1.9nMN d ~?, with the
highest rates in the secondary nitrite maximum.
Anammox rates after ®°NO, addition were consis-
tently higher than those after "’NH} addition, similar
to trends in De Brabandere et al. (2014) working in
the ETSP OMZ. The largest discrepancy in *NO;



versus '°NHj-based anammox rates occurred at
300m, the depth where maximum denitrification
rates were measured (Figure 1d), suggesting that
nitrite shunting by denitrifiers could explain the
offset in anammox rates, as proposed by De
Brabandere et al. (2014). In this interpretation,
incubations with »NHj reflect true anammox rates,
while incubations with '”NO; overestimate the
process. Our measured N loss rates are similar to
those reported by Babbin et al. (2014) for stations
close to ours (0.8—4.7 and 0.9-3.3nMNd~-' for
anammox and denitrification, respectively), and are
generally consistent with those recorded in other
OMZs (Lam and Kuypers, 2011). Dissimilatory
nitrate reduction to ammonium was not detected in
any of the samples. Ammonia oxidation was
detected only at 100 m or shallower, with maximum
rates at 85 m (0.92 nmN d 1), the shallowest and most
oxygenated of the depths where rates were measured
(Figure 1e). These rates are at the lower end of those
previously observed in the Gulf of California and
ETNP (0-348 nmd~'; Beman et al., 2012) and in the
ETSP OMZ (0.2-89nmd~"; Kalvelage et al., 2013).
Nitrite oxidation was detected at all depths except
125 m, at rates (13—261nmd~"; Figure 1e) up to an
order of magnitude higher than those for other
processes, with rates peaking in the secondary
chlorophyll maximum, suggesting a decoupling
between ammonia and nitrite oxidation. These
values are consistent with nitrite oxidation rates
measured in the Gulf of California and ETNP (0-
213nmd~*'; Beman et al.,, 2013), the ETSP (5-928
nmd~"; Kalvelage et al., 2013) and the Benguela
upwelling (14-372nm d~'; Fiissel et al., 2012),
further confirming the activity of nitrite oxidizers at
nanomolar oxygen levels (Fiissel et al., 2012).

Size-fractionated biochemical rates and gene
expression

Nitrate reduction and denitrification. Rates of
nitrate reduction to nitrite were undetectable after
removal of particles (>1.6pm) by filtration
(Figure 5a). Filtration therefore removed either a
significant proportion of total nitrate-reducing cells
or a critical substrate source fueling FL nitrate
reducers. Although the proportional abundances of
transcripts encoding nitrate reductase (narG) were
uniform among filter fractions (Figure 5b), suggesting
roughly equivalent contributions of nitrate reduction
to fraction-specific metabolism in PA and FL niches,
total transcript counts were still considerably higher
in the FL fraction (Figure 5c). The taxonomic
identities of narG transcripts spanned a wide phylo-
genetic range (Figure 5d), with sequences related to
anammox bacteria and candidate divisions OP3 and
OP1 particularly highly represented in both fractions,
which is consistent with results from ETSP OMZ
metagenomes (Ganesh et al., 2014). The distribution
of narG suggests that declines in nitrate reduction
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after filtration were likely driven primarily by the
removal of particulate organic matter (OM) for use by
diverse FL nitrate reducers and to a minor extent by
the removal of particle-attached nitrate reducers.

Rates of N, production by denitrification also
declined significantly (by 85%) following particle
removal. Transcripts encoding enzymes for nitrite
reduction (nirK/S) and N,O and N, gas production
(nosZ and norB, respectively) were at low abundance
compared with those of nitrate reduction and ana-
mmox (Figure 5c¢), and showed contrasting size
fraction distributions. Transcripts for NirK/S were at
relatively uniform proportional abundances in PA
and FL data sets. These transcripts reflected a diverse
assemblage, but were notably enriched at the lower
oxycline and oxic-nitrite interface by Thaumarch-
aeota nirK sequences (Figure 5d). NO-forming Nir
activity in ammonia-oxidizing Thaumarchaeota is not
well understood (Lund et al., 2012), but may have
roles in both energy generation and nitrite detoxifica-
tion, with the latter of potential relevance in nitrite-
replete OMZs. In contrast, nosZ and norB transcripts
were enriched up to 28-fold in PA fractions, particu-
larly at upper OMZ depths (Figure 5b), and affiliated
with a community taxonomically distinct from that
catalyzing upstream steps of denitrification
(Figure 5d), as also reported in Dalsgaard et al.
(2014). These results support metagenome data from
the Chilean OMZ (Ganesh et al., 2014) and from an
estuarine site (Smith et al.,, 2013) showing nor/nos
enrichment in PA fractions, suggesting a conserved
PA niche. After scaling based on 16S gene counts (a
proxy for cell counts), absolute counts of nosZ and
norB transcripts were estimated to be comparable
between size fractions (Figure 5c), suggesting that
filtration removes a significant proportion of the N,O-
and N,-forming denitrifier community.

Anammox. Anammox rates declined 53—100% with-
out particles. These declines may indicate that particle
removal eliminates an important substrate source for
FL anammox bacteria. Particles could facilitate ana-
mmox by providing (1) ammonium remineralized by
heterotrophic PA bacteria consuming particulate OM
(Shanks and Trent, 1979), (2) ammonium produced by
anammox bacteria via oxidation of particulate OM
with nitrate or nitrite (Kartal et al., 2007) or (3) nitrite
produced by other (non-anammox) nitrate-reducing
heterotrophs consuming particulate OM. Explanations
(1) and (3) are consistent with the observed reduction
in rates of nitrate reduction to nitrite, the most active
respiratory process detected, in the absence of
particles. We therefore hypothesize that particle-
dependent nitrate or nitrite reduction by both FL
and PA communities likely provides a critical supply
of ammonium or nitrite for anammox, although it
remains unclear whether anammox bacteria are
ammonium- or nitrite-limited in OMZs (Lam and
Kuypers, 2011; De Brabandere et al., 2014).

Two alternate hypotheses could explain the
decline in anammox after filtration. First, filtration

The ISME Journal
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removed a significant fraction of total anammox-
capable cells. This hypothesis is dismissed given the
substantial enrichments of total 16S rRNA gene
copies and Brocadiales 16S copies in the FL fraction.
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Second, anammox-capable cells in PA fractions,
although a minor component of the total population,
contributed disproportionately to bulk anammox
rates, potentially overexpressing anammox enzymes
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Figure 5 Measured rates and marker gene transcript levels for major dissimilatory N cycle processes. Process rates (a) are shown for
incubations with particles (no filtration) and without particles measuring 1.6 pm or larger. Zero values indicate non-significant rates and
error bars represent the standard errors. Note variation in y axis scales. (b) Marker gene transcript abundances in FL (0.2—1.6 pm) and PA
(1.6—30 pm) filter fractions. Abundances are calculated as read count per gene per kilobase of gene length, and shown as a proportion of
the abundance of transcripts matching the universal, single-copy gene rpoB. A value of 1 indicates abundance equal to that of rpoB. Note
variation in y axis scales. (¢) Multiplies the values in b by the counts of bacterial 16S genes in Figure 1f and the FL/PA ratio (for FL counts
only), with the values then divided by 1000000 for presentation. The resulting values do not reflect absolute counts, but provide an
approximation of how variation in bacterial abundance (inferred by proxy from 16S counts) is predicted to affect comparisons of absolute
transcript counts across samples, assuming that absolute transcript counts scale with bacterial load. Scaled amoC values are not provided
in ¢, as FL:PA ratios were determined using bacterial-specific primers, and amoC transcripts were dominated exclusively by archaeal
sequences; FL/PA ratios do not reflect archaeal contributions. Patterns in ¢ should be interpreted cautiously, as they could change if RNA
content per unit biomass varies substantially among samples. (d) The taxonomic affiliations of marker gene transcripts based on NCBI
annotations of genes identified as top matches (> bit score 50) via BLASTX.

compared with FL cells. The active transcription of
anammox genes in the FL fraction argues against this
hypothesis. Transcripts encoding hydrazine oxidor-
eductase, catalyzing hydrazine oxidation to N,
during anammox, were up to 15-fold higher in
proportional abundance in FL samples (Figure 5b),
consistent with the 14-fold enrichment of Broca-
diales 16S genes in the FL fraction.

To further examine the potential that anammox
bacteria alter their metabolism between FL and PA
niches, we tested for differential gene expression
between PA and FL data sets, focusing only on genes
from known anammox genera (Supplementary
Methods). After normalizing for variation in total
transcripts matching anammox genera, PA and FL
transcript profiles were well correlated (R*=0.81)
and no genes (of 1392 total) were differentially
expressed between fractions (P>0.05). However,
testing for DE required grouping data sets from
different depths as replicates, raising the possibility
that depth-specific variation confounded the detec-
tion of DE between fractions. Despite this apparent
uniformity in expression, marker genes for the
anammox process itself (hzo and hzs encoding
hydrazine synthase) were consistently, although
not statistically, enriched (2-3 fold) in the FL
fraction, suggesting an upregulation of anammox in
the FL niche (Supplementary Figure S5). In contrast,
transcripts encoding nitrate reductase NarGH were
among those most abundant and enriched in PA
profiles. Nar likely acts in reverse in anammox
bacteria, converting nitrite to nitrate and helping
replenish electrons lost during CO, fixation via the
acetyl-CoA pathway (Strous et al., 2006; Jetten et al.,
2009). Here transcripts encoding key acetyl-CoA
pathway genes (formate dehydrogenase and carbon
monoxide dehydrogenase) were ~10-fold less abun-
dant than Nar transcripts, and did not differ
appreciably between PA and FL fractions. Alterna-
tively, Nar in anammox bacteria may function as a
traditional nitrate reductase during anaerobic growth
on organic compounds (Giiven et al., 2005), and it is
plausible that oxidation of organics is enhanced in
anammox bacteria on particles. The observed fold
change differences in hzo, hzs and nar raise the
possibility of microniche-specific gene expression by
anammox-capable bacteria, but do not support the
hypothesis that the anammox process itself is

upregulated in PA compared with FL communities.
Thus, the effect of filtration on anammox rates is best
explained by dependence of FL anammox bacteria
on the PA fraction for substrate.

Nitrification. Compared with denitrification and
anammox, ammonia and nitrite oxidation were less
affected by particle removal. Filtration decreased
ammonia oxidation rates by ~25% in the lower
oxycline and upper OMZ. At the oxic—nitrite inter-
face, rates did not change following filtration. Nitrite
oxidation decreased by ~50% without particles,
although rates after filtration were still several orders
of magnitude higher than those of other N processes.
Transcripts encoding ammonia monooxygenase
(amoC) were proportionately enriched in the FL
fraction (excluding at 85 m) and affiliated predomi-
nantly with sequences annotated as Thaumarchaeota
or as ‘uncultured crenarchaeote’ (the latter were
entered into NCBI before formal recognition of the
‘Thaumarchaeota’ designation and likely should be
re-annotated as Thaumarchaeota; Figure 5d). Tran-
scripts encoding nitrite oxidoreductase (nxrB) did
not show a strong size fraction-specific enrichment,
consistent with nxrB gene distributions in metagen-
omes from the Chilean OMZ (Ganesh et al., 2014).
NxrB transcripts affiliated primarily with sequences
from the genome of Nitrospina gracilis (Liicker et al.,
2013), supporting reports of high Nitrospina activity
in the ETNP region (Beman et al., 2013). Analysis of
only N. gracilis-affiliated transcripts did not reveal
any genes that were differentially expressed between
FL and PA fractions (P>0.05), although low N.
gracilis read counts in PA data sets (5% those in FL
data sets) likely confounded statistical detection.
Indeed, nxr genes (all subunits combined) repre-
sented similar proportions of total N. gracilis counts
in both fractions (2.5% and 3.2% in FL and PA,
respectively), suggesting that expression of nitrite
oxidation genes was not substantially altered
between PA and FL niches.

Conclusions

Filter fractionation significantly altered N metabo-
lism rates, confirming a critical role for particles and
PA microorganisms in OMZ N cycling. A strong

=@

The ISME Journal



Size-fractionated gene transcription and N cycling
S Ganesh et al

dependence on particles may help explain hetero-
geneity of denitrification and anammox rates among
OMZ sites and time points (Dalsgaard et al., 2012;
De Brabandere et al., 2014; Kalvelage et al., 2013),
notably if particle load varies over depth and
distance from shore or between times of high versus
low export from the photic zone. Our data also
suggest differences in how OMZ microbes interact
with particles. A significant fraction of some func-
tional groups, notably N,O- and N,-producing
denitrifiers, are recovered in PA fractions, suggesting
direct adherence to particles, or potentially larger
cell sizes. A tight coupling to particle surfaces could
facilitate access to organic carbon for respiration, as
well as oxidized N compounds produced by
upstream steps of the denitrification pathway.
Indeed, enhanced hydrolytic activity of particulate
organic substrates has been demonstrated in diverse
marine waters (Hoppe et al., 1993; Taylor et al.,
2009; Yamada et al., 2012). Denitrifiers are generally
known as facultative anaerobes (Zumft, 1997) and
populations of denitrifiers on OMZ particles may
develop during sinking through the oxycline, switch-
ing to denitrification upon transition to the
OMZ core.

In contrast, groups such as obligately anaerobic
anammox bacteria are recovered almost exclusively
within the FL fraction, but appear no less dependent
on particles. Anammox cells presumably rely on
particles indirectly as sources of nitrite and ammo-
nium, produced by nitrate or nitrite reducers con-
suming particulate OM. Although anammox cells
have been recovered in direct contact with particles
in other systems (Woebken et al., 2007), enrichment
of anammox genes and transcripts in OMZ FL
fractions suggests a relatively loose physical associa-
tion with particles, although it is possible that some
particle-adhered cells are dislodged into the FL
fraction during filtration. It is plausible that the
proportion of the anammox community adhered to
particles varies depending on local substrate condi-
tions and oxygen content. Direct adherence may
enable access to anoxic microniches and be favored
at upper OMZ depths where water column oxygen
content is closer to the threshold for anammox
inhibition (~900 nm; Dalsgaard et al., 2014).

The potential for OMZ microbes to alter their
physiology between FL and PA niches remains
unresolved. Anammox Planctomycetes and nitrite-
oxidizing Nitrospina, two groups recovered in both
FL and PA fractions and occupying relatively well-
defined functional roles, did not exhibit significantly
different expression profiles between fractions. This
suggests that the physical act of filtration had a
relatively minor effect on cell state. Nonetheless,
certain genes exhibited large fold changes in relative
abundance between fractions, raising the possibility
that additional analyzes with higher replication per
depth may reveal size fraction-specific transcrip-
tional differences in certain taxa. Clarifying such
patterns, potentially by sequencing deeply across
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biological replicates coupled with transcriptome
mapping to reference genomes, may help estimate
per-cell differences in biochemical processing at the
microscale. However, the use of biomass fractiona-
tion to characterize the microspatial architecture of
microbial activity remains challenging. As shown
here, particle removal significantly disrupts bulk N
cycle processes mediated by a FL majority, likely by
severing important chemical and biological linkages
between FL and PA niches.
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