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Metaproteomic analysis of a winter to spring
succession in coastal northwest Atlantic Ocean
microbial plankton
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In this study, we used comparative metaproteomics to investigate the metabolic activity of microbial
plankton inhabiting a seasonally hypoxic basin in the Northwest Atlantic Ocean (Bedford Basin).
From winter to spring, we observed a seasonal increase in high-affinity membrane transport
proteins involved in scavenging of organic substrates; Rhodobacterales transporters were strongly
associated with the spring phytoplankton bloom, whereas SAR11 transporters were abundant in the
underlying waters. A diverse array of transporters for organic compounds were similar to the
SAR324 clade, revealing an active heterotrophic lifestyle in coastal waters. Proteins involved in
methanol oxidation (from the OM43 clade) and carbon monoxide (from a wide variety of bacteria)
were identified throughout Bedford Basin. Metabolic niche partitioning between the SUP05 and
ARCTIC96BD-19 clades, which together comprise the Gamma-proteobacterial sulfur oxidizers group
was apparent. ARCTIC96BD-19 proteins involved in the transport of organic compounds indicated
that in productive coastal waters this lineage tends toward a heterotrophic metabolism. In contrast,
the identification of sulfur oxidation proteins from SUP05 indicated the use of reduced sulfur as an
energy source in hypoxic bottom water. We identified an abundance of Marine Group I
Thaumarchaeota proteins in the hypoxic deep layer, including proteins for nitrification and carbon
fixation. No transporters for organic compounds were detected among the thaumarchaeal proteins,
suggesting a reliance on autotrophic carbon assimilation. In summary, our analyses revealed the
spatiotemporal structure of numerous metabolic activities in the coastal ocean that are central to
carbon, nitrogen and sulfur cycling in the sea.
The ISME Journal (2014) 8, 1301–1313; doi:10.1038/ismej.2013.234; published online 9 January 2014
Subject Category: Microbial ecology and functional diversity of natural habitats
Keywords: microbial oceanography; proteomics; SUP05; SAR324; marine Thaumarchaeota

Introduction

Coastal marine ecosystems support metabolically
diverse microbial plankton that have essential roles
in energy and nutrient cycling, including the
processing of dissolved organic matter from both
marine and terrestrial sources (Hedges et al., 1997;
Kujawinski, 2011). Heterotrophic marine microbes
exhibit various levels of specialization for the
uptake and processing of specific components of
the dissolved organic matter pool (Pomeroy et al.,
2007; Poretsky et al., 2010; Teeling et al., 2012).
Moreover, recent studies have uncovered novel
metabolic capabilities in marine bacteria and
archaea, including rhodopsin-based phototrophy

(Béjà et al., 2000), aerobic anoxygenic phototrophy
(Béjà et al., 2002), CO2 fixation (Newton et al., 2010)
and chemolithotrophic oxidation of inorganic
compounds such as ammonia (Walker et al.,
2010), sulfur (Walsh et al., 2009) and hydrogen
(Anantharaman et al., 2013). Metagenomics and
single-cell amplified genomes have provided
insight into the diversity and metabolic potential
of microbial communities in the ocean (DeLong
et al., 2006; Yooseph et al., 2007; Woyke et al., 2009;
Swan et al., 2011; Grzymski et al., 2012; Rinke et al.,
2013).

Functional approaches, such as metatranscrip-
tomics and metaproteomics, are now required to
assess gene expression and microbial activity in
the environment. Although RNA transcript abun-
dance can provide insight into the metabolic
activities of organisms, mass spectrometry (MS)-
based metaproteomics approaches are particularly
attractive as they provide a direct assessment of
in situ protein expression (VerBerkmoes et al., 2009).
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A current limitation of metaproteomics is the
requirement of a representative protein sequence
database for peptide sequence identification.
Nevertheless, a number of community metaproteo-
mics studies have been recently performed on a
variety of marine habitats, including the Sargasso
Sea (Sowell et al., 2009), along a productivity
gradient in the South Atlantic (Morris et al., 2010),
a site along the Oregon coast (Sowell et al., 2011),
coastal waters of the Antarctic Peninsula (Williams
et al., 2012) and a phytoplankton bloom in the North
Sea (Teeling et al., 2012).

In this study, we used comparative metaproteo-
mics to investigate the metabolic activities of
microbial plankton inhabiting the stratified waters
of Bedford Basin, a temperate northwest Atlantic
inlet located in Nova Scotia, Canada. Bedford
Basin has a maximum depth of 71m and is
connected to the adjoining continental shelf
through a narrow (400m) and shallow (20m) sill.
Importantly, Bedford Basin is the location of a
420-year microbial plankton monitoring program,
focused on deciphering long-term plankton
dynamics (Li and Dickie, 2001; Li and Harrison,
2008). Time series studies have shown that the
annual cycle of phytoplankton cell abundances in
Bedford Basin is coherent with the adjoining
northwest Atlantic Ocean (Li et al., 2006). In the
spring, a bloom is induced due to stabilization of
the nutrient-rich water column; phytoplankton are
maintained during the summer by regenerated
nutrients; in autumn, a secondary bloom is driven
by nutrients transported upward as water column
stability is eroded; in winter, the water column is
mixed and phytoplankton are at a minimum. It is
noteworthy that during stratification the deep
water is isolated by the sill and periodically
becomes hypoxic and occasionally anoxic. During
these oxygen minima, the occurrence of nitrifica-
tion, denitrification and nitrous oxide production
have been observed (Punshon and Moore, 2004).
Therefore, the well-understood annual cycle in
Bedford Basin makes this coastal inlet an attractive
system for investigating gene expression patterns
and metabolic activities of marine microbes in
response to variable environmental conditions.
Moreover, a metagenomic database was previously
generated for Bedford Basin and the surrounding
waters during the Global Ocean Sampling (GOS)
expedition (Rusch et al., 2007). Here we used this
metagenomic database and a collection of 205
reference genomes from marine bacteria and
archaea to identify expressed proteins in the
surface and deep waters of Bedford Basin during
two distinct seasons (winter and spring). Through
comparative metaproteomic analyses, we identi-
fied a wide variety of metabolic pathways operating
in the cold winter surface and bottom hypoxic
waters, as well as surface and bottom waters
associated with the Northwest Atlantic spring
phytoplankton bloom.

Materials and methods

Sample collection
Seawater samples were collected from the compass
buoy station (4414103700N, 6313802500W) in Bedford
Basin in conjunction with the Bedford Basin Mon-
itoring Program. Details of sampling and collection of
physicochemical data can be found in Li and Dickie
(2001). Water samples (10 l) for metaproteomic and
16S ribosomal RNA (rRNA) analysis were collected
from 5 and 60m during the winter (11 January 2011)
and spring (25 May 2011). Seawater was prefiltered
through a Whatman GF/D filter (2.7mm cutoff) and
cells were collected on a 0.22mm Sterivex filter. After
filtration, 1.8ml of sucrose-based lysis buffer was
added and filters were stored at –80 1C.

Bacterial 16S rRNA gene sequence analysis
DNA was extracted from filters as described in
Zaikova et al. (2010). The V5 region of the 16S rRNA
gene was PCR-amplified using the primers DW786F
(50-GATTAGATACCCTSGTAG-30) and DW926R
(50-CCGTCAATTCMTTTRAGT-30). These primers
were modified from Baker et al. (2003) to eliminate
bias against marine Alpha-proteobacteria. PCR were
performed in 50-ml volumes containing 0.5 mM of
each primer, 1X Phire Reaction Buffer (1.5mM

MgCl2), 0.20mM of dNTPs, 1.0 ml of Phire Hot Start
II DNA Polymerase (Finnzymes Thermofisher
Scientific, Mississauga, ON, Canada) and B10ng
of DNA. Cycling conditions involved an initial 3-
min denaturing step at 98 1C, followed by 30 cycles
of 5 s at 98 1C, 5 s at 49 1C and 10 s at 72 1C, and a
final elongation step of 1min at 72 1C. Each reverse
primer was barcoded with a specific IonXpress
sequence to identify samples. PCR amplicons were
purified using QIAquick Gel Extraction Kit (Qiagen,
Toronto, ON, Canada), pooled and sequenced using
an Ion Torrent PGM system and a 316 chip with the
Ion Sequencing 200 kit as described in Yergeau et al.
(2012). V5 amplicons were analyzed using the
Mothur pipeline (Schloss et al., 2009). Sequences
with average quality o17, length o100 bp or that
did not match the IonXpress barcode sequence and
PCR reverse primer sequence were discarded. The
V5 data set comprised 25 149 reads (5388–7464
reads per sample). Sequences were assigned to
taxonomic groups using the Wang method and a
bootstrap value cutoff of 460%. Similarity between
surface and deep water communities was calculated
using the Bray–Curtis similarity between taxonomic
profiles.

Metaproteomics
Protein extraction was performed using a combina-
tion of a guanidine-HCl lysis method optimized for
low biomass (Thompson et al., 2008) and BugBuster
(Novagen, Gibbstown, NJ, USA) treatment (full
protocol available as Supplementary Online
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Material). In gel trypsin digestion of extracted
protein was performed as previously described
(Shevchenko et al., 2006). Liquid chromatography-
MS was performed using a Linear Trap Quadropole
Orbitrap Velos (Thermo Fisher Scientific,
Mississauga, ON, Canada) mass spectrometer and
digested peptides were previously separated using
EASY-nLC (Proxeon, Mississauga, ON, Canada)
nano high-performance liquid chromatography.
Samples were directly injected onto a nano column
(75 mm inner diameter by 15 cm) containing C18
media (Jupiter 5mm, 300A, Phenomenex, Torrance,
CA, USA). Separation was achieved by applying a
1% to 27% acetonitrile gradient in 0.1% formic acid
over 80min at 400nlmin–1 then followed by a linear
gradient of 27% to 52% over 20min at 400nlmin–1.
Electrospray ionization was enabled through apply-
ing a voltage of 2.0 kV through a PEEK junction at
the inlet of the nano column operated in positive
mode with data-dependent acquisition mode. A
survey scan was obtained with the Orbitrap mass
detector at m/z of 360–2000 with a resolution of
60 000 at m/z 400. The automatic gain control
settings were 3� 106 ions and 2.5� 105 ions for
survey scan. Ions were selected for fragmentation on
the linear trap when their intensity was 4500
counts. The 10 most intense ions were isolated for
ion trap CID with charge states of 2 to 4 and
sequentially isolated for fragmentation within the
linear ion trap using collision induced dissociation
energy set at 35% with q activation set at 0.25 and an
activation time of 10ms at a target value of 30 000
ions. Ions selected for MS/MS were dynamically
excluded for 30 s.

Protein identification
To identify peptide sequences, spectra were com-
pared with a protein database consisting of protein-
coding sequences from GOS samples collected from
and near Bedford Basin (GS02-13) (Rusch et al.,
2007) and 205 bacterial and archaeal genomes
(see Supplementary Table 1). All spectra
were searched using SEQUEST (Eng et al., 1994)
implemented in Proteome Discoverer (Thermo
Scientific, Mississauga, ON, Canada) with the
settings: enzyme type, trypsin; maximum missed
cleavage sites, 2; maximum modification for peptide,
4; static modifications, þ 57Da (iodoacetamide
modification of cysteine) and þ 16Da (oxidation of
methionine). Percolator, a supervised machine
learning tool to discriminate between correct and
decoy spectrum (Kall et al., 2007) was used to
increase the rate and confidence of peptide identi-
fication. Percolator settings were as follows: max-
imum delta Cn, 0.05; Target False Discover Rate
(strict), 0.01; and validation based on q-values.
Using these stringent settings, we included peptides
indentified only once in a sample. The search input
consisted of 592815 spectra. In Proteome Discoverer,
we used the ‘Enable Protein Group’ setting to

group proteins that share sets of identified peptides
(that is, redundant proteins) and select the highest
scoring protein in the group to serve as the
representative proteins (that is, master protein).
Protein expression levels were estimated using the
spectral counts method by summing all the spectra
for the collection of peptides matching each protein
(VerBerkmoes et al., 2009).

Taxonomic and functional annotation of proteins
Each master protein was searched against the RefSeq
(v52) protein database using BLASTP and the top 10
hits were recorded. The BLASTP search results were
loaded into MEGAN and taxonomic assignment was
performed using the lowest common ancestor algo-
rithm (bit score 480) (Huson et al., 2011). Proteins
were also queried against the Clusters of Ortho-
logous Genes (COG) database to identify a probable
function. Only proteins with high sequence similar-
ity (bit score of 480) to a COG were annotated with
the corresponding function. The RefSeq analysis
were used to further aid in assigning function to the
proteins.

Results

Site description and physicochemical environment
In this study, we performed metaproteomic
analyses on samples collected during winter (11
January 2011) and spring (25 May 2011) from surface
(5m) and bottom (60m) waters of Bedford Basin.
Over this period, the water column exhibited the
typical seasonal stratification cycle (Figure 1).
Although density stratification was minimal in
January, chemical stratification was apparent and
the bottom water was hypoxic (1.61ml l–1 O2). Most
nutrients were at higher concentration in the deep
(21.41 mM NO3

� , 45.53 mM SiO3
2� , 5.36 mM PO4

3� ) than
at the surface (6.83 mM NO3

� , 8.87 mM SiO3
2� , 0.96 mM

PO4
3� ). However, lower concentrations of ammo-

nium were observed in the deep (0.44 mM NH4
þ ),

compared with the surface (2.68 mM NH4
þ ) layer.

Primary production was low in the winter (1.13mg
m–3 Chl a). Surface waters warmed through the
spring and two spring phytoplankton blooms
occurred, as evidenced by peaks in surface fluores-
cence (Figure 1). Samples were collected at the peak
of the second phytoplankton bloom (12.7mgm–3

Chl a). At this time, nutrient concentrations were
lower at the surface (0.22 mM NO3

� , 0.28 mM SiO3
2� ,

0.39 mM PO4
3� , 0.65 mM NH4

þ ) than in bottom water
(7.32 mM NO3

� , 15.21 mM SiO3
2� , 2.05 mM PO4

3� ,
13.28 mM NH4

þ ), reflecting the uptake of inorganic
nutrient by plankton in surface waters and reminerali-
zation of organic matter at depth.

Bacterial community structure
During winter, surface and deep water communities
were taxonomically indistinguishable from one
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another (Bray–Curtis community similarity¼ 0.96;
Figure 2). The winter community comprised of
Alpha-proteobacteria (36%), Gamma-proteobacteria
(25%) and Flavobacteriales (20%). Within the
Alpha-proteobacteria, the SAR11 clade and the

Rhodobacterales comprised 17% and 13% of
sequences, respectively, whereas the OM38 clade
was represented by 3% of sequences. The Gamma-
proteobacteria were largely Alteromonadales (11%),
SAR86 (2%), ZA2333c (2%) and the Gamma-
proteobacterial sulfur oxidizers (GSOs; 5%) clade.
Beta-proteobacteria (5%), specifically the OM43
clade (3%), were also detected in winter. Vertical
structure of the community was observed in spring
(Bray–Curtis community similarity¼ 0.46; Figure 2).
Bacteria associated with the surface phytoplankton
bloom comprised of Flavobacteriales (47%),
Gamma-proteobacteria (20%) and Alpha-proteobac-
teria (19%). The Flavobacteria comprised of
Cytophaga (33%) and Polaribacter (6%), whereas
the Alpha-proteobacteria were mostly Rhodobacter-
ales (10%) and the Gamma-proteobacteria were
mostly SAR92 (4%), Alteromonadales (4%) and
the ZA2333c group (6%). In the deep water, the
relative abundance of the SAR11 clade (16%) and
Rhodobacterales (10%) was similar to that observed
in the winter. However, there was a significant
increase in Gamma-proteobacteria (42%), particu-
larly the GSO clade (18%). Nitrospina (1%) and the
Delta-proteobacteria SAR324 (4%) clade were also
detected in the spring deep layer. The strong vertical
partitioning of bacterial taxa associated with the
spring phytoplankton bloom suggests distinct meta-
bolic strategies within the surface and bottom water
communities.
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Figure 1 Physicochemical conditions in Bedford Basin over the
time-frame relevant to this study. (a) Temperature, (b) salinity
(PSU, Practical Salinity Units), (c) oxygen and (d) fluorescence.
Stars represent the location of the samples used for metaproteo-
mic analysis.
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Metaproteomics
We used MS/MS-based proteomics to examine
protein expression patterns in Bedford Basin.
We identified 11 668 unique peptide sequences from
5627 distinct proteins (between 2463 and 3018 per
sample) (Supplementary Tables S2 and S3). The
phylogenetic identity of proteins demonstrated that
bacterial and archaeal protein abundances (based on
spectral counts) exhibited seasonal and vertical
partitioning in the water column (Figure 3).
Irrespective of season, Alpha-proteobacteria were
represented by 55–60% of peptide mass spectra
from surface water, and were comprised mostly of
Rhodobacterales (32–35%) and to a lesser extent
SAR11 proteins (10–13%). In bottom waters, a
similar abundance of Rhodobacterales proteins
was detected in winter (13%) and spring (18%).
However, SAR11 proteins in the bottom water
increased markedly in abundance from winter
(15%) to spring (42%), revealing a highly active
SAR11 population underlying the spring phyto-
plankton bloom. Gamma-proteobacteria proteins
ranged between 12% and 21% of spectra. We
detected proteins seeming to originate from the
sulfur-oxidizing SUP05 (4%) clade in the winter
hypoxic layer, whereas proteins from the closely
related ARCTIC96BD-19 clade were less abundant
(B1%), but identified in all samples. Proteins
from the Alteromonadales (4%) were particularly
abundant in winter surface water, but also found

throughout Bedford Basin. Proteins from Beta-
proteobacteria (4%–6%) and the SAR324 clade
(1%–3%) were also ubiquitous in our samples.

For the most part, the taxonomic composition of
the proteomes and the 16S rRNA gene data were in
agreement. However, there was a notable exception.
Proteins most closely related to Bacteroidetes
represented B6% of spectra in surface waters,
although the Flavobacteria comprised nearly half
of the 16S rRNA gene sequences associated with the
phytoplankton bloom. This discrepancy may reflect
inadequate representation of Bedford Basin Flavobac-
teria in the protein database used to identify peptides.

High-affinity transport proteins
In addition to ribosomal subunits and chaperonins,
the most prevalent proteins we identified were
components of high-affinity ATP-binding cassette
(ABC) transporters (751 proteins) and tripartite ATP-
independent periplasmic (TRAP) transporters (202
proteins; Figure 4). The majority of both types of
transporters were represented by periplasmic-bind-
ing proteins (PBPs). The high representation of
soluble PBPs is commonly observed in metaproteo-
mic studies (Sowell et al., 2009, 2011; Williams
et al., 2012) and is likely due to a combined effect of
high expression level, which enhances the fre-
quency of substrate capture, as well as the inherent
difficulty in extracting membrane proteins from
microbial cells compared with soluble proteins such
as PBPs (Morris et al., 2010).

ABC and TRAP transporter proteins were identi-
fied in all samples, but were consistently more
abundant in spring than winter. The winter to spring
succession in transporter protein abundance was
characterized by a large increase in transporters
specific for organic substrates (that is, amino acids,
dipeptides, sugars, glycine betaine and taurine;
Figure 5), suggesting competition within the com-
munity for the acquisition of organic compounds
associated with phytoplankton production. We
observed a greater than twofold (12% to 28% of all
spectra) seasonal increase in transporter abundance
in the surface layer and a greater than threefold
increase in the deep layer (17% to 57% of all
spectra). The vast majority (91% of transporter
spectra) were assigned to Alpha-proteobacteria,
particularly to members of the SAR11 and
Rhodobacterales clades. Surface transporters were
comprised largely of Rhodobacterales proteins
(winter, 5%; spring, 12%) and to a slightly lesser
extent SAR11 (winter, 4%; spring, 9%) whereas the
bottom layer were dominated by SAR11 (winter,
11%; spring, 33%) and to a much lesser extent to
Rhodobacterales (winter, 3%; spring, 10%).

Membrane transporters for inorganic nutrients
were not as frequently observed as those for the
uptake of organic compounds, yet still showed a
near fourfold seasonal increase (0.26% to 0.9%) in
expression level from winter to spring (Figure 5).
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Nine of the transport proteins were identified
specifically as TonB-dependent receptors, whereas
the remainders were ABC-type transporters for iron,
nitrate/sulfonate/bicarbonate, phosphate and phospho-
nate. In contrast to organic substrates, we found
little evidence for uptake of inorganic nutrients by
SAR11. In fact, only a single SAR11 transporter

(phosphate) was identified, whereas the remaining
were assigned to Rhodobacterales, as well as Beta-,
Gamma-proteobacteria and SAR324. This suggests
that in spring coastal waters, SAR11 invests more
resources in the acquisition of organic compounds
rather than inorganic nutrients. This is in contrast to
SAR11 expression patterns in the oligotrophic
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Sargasso Sea, where phosphate transporters were
the most abundant detected proteins (Sowell et al.,
2009).

Metabolism of the ARCTIC96BD-19 clade
On the basis of 16S rRNA analysis, the GSO clade
was relatively abundant in the spring deep layer
(Figure 2). GSO comprises two closely related
subgroups: SUP05 and ARCTIC96BD-19 (Walsh
et al., 2009). Although ARCTIC96BD-19 is wide-
spread in the surface (Marshall and Morris, 2013)
and deep ocean (Swan et al., 2011), SUP05 is
believed to be restricted to hydrothermal vents
(Sunamura et al., 2004; Anantharaman et al., 2013)
and oxygen-deficient pelagic habitats (Stevens and
Ulloa, 2008; Lavik et al., 2009; Zaikova et al., 2010;
Glaubitz et al., 2013). Unfortunately, the V5 region
of the 16S rRNA gene cannot distinguish between
the SUP05 and ARCTIC96BD-19 lineages. However,
we detected numerous transporter proteins that
appeared to be derived from single-cell amplified
genomes of the ARCTIC96BD-19 clade (Swan et al.,
2011), yet we did not identify any protein in the
spring deep layer derived from SUP05 genomes.
Specific ARCTIC96BD-19 transporters included
those for amino acids, dipeptides, sugars and
taurine (Supplementary Table S4). On the basis of
spectral counts, transporters for amino acids were
the most abundant. Previous genome analysis of the
ARCTIC96BD-19 clade indicated the capacity for
sulfur oxidation and CO2 fixation (Swan et al.,
2011). We did not detect any ARCTIC96BD-19
proteins involved in sulfur oxidation or CO2

fixation, which suggests that when this lineage is
inhabiting productive coastal waters it tends toward
a heterotrophic metabolism.

Metabolism of the SUP05 clade
We identified peptides that matched to 92 proteins
from the SUP05 clade, almost all (90) of which

were only detected in the hypoxic bottom layer.
Metagenomic analysis of SUP05 indicates the
potential for a chemolithoautotrophic metabolism
using sulfur compounds coupled to either aerobic
respiration (Anantharaman et al., 2013) or denitri-
fication (Walsh et al., 2009). Here, we identified
SUP05 proteins for the sulfur oxidation pathway
(SoxAB), the reverse dissimilatory sulfite reductase
(DsrABCEK) and adenosine phosphosulfate reduc-
tase (Table 1). In total, we identified 21 peptides that
matched to 8 SUP05 sulfur oxidation proteins and
all were also unique, matching to no other proteins
in the database. We further analyzed the peptide
sequences to validate that they were indeed specific
for SUP05 proteins (Supplementary Table S5).
Peptide sequence from SUP05-derived Dsr proteins
were used as query in similarity searches against the
NCBI nr-protein database. The only sequences that
were 100% identical to the peptides were from
the SUP05-related sulfur-oxidizing symbionts of
deep-sea clams and mussels (Kuwahara et al.,
2007; Newton et al., 2007) and Dsr sequences
recovered from an oxygen minimum zone (Lavik
et al., 2009). Five of the six peptides from SUP05-
related SoxA and SoxB were also specific to SUP05
proteins. This single nonspecific peptide was
also 100% identical to SoxB proteins from other
marine Gamma-proteobacteria, which explains its
detection in spring surface waters. The identifica-
tion of this suite of proteins suggests that SUP05 is
using reduced sulfur compounds such as thiosul-
fate or elemental sulfur (S0) as an energy source in
the hypoxic deep layer. In sulfidic waters, SUP05
can potentially use sulfide as an energy source
using either sulfide:quinone oxidoreductase (Sqr)
or flavocytochrome c/sulfide dehydrogenase (Fcc)
(Walsh et al., 2009). However, neither complex
was detected here, consistent with the expected
absence of a sulfide source in this hypoxic water
column. We did not detect SUP05 proteins for
denitrification, aerobic respiration or carbon fixa-
tion and further study is required to identify the

Table 1 SUP05 proteins inferred to function in sulfur oxidation pathways

SUP05
homolog

No. of unique
peptides

No. of
peptides

No. of spectra

January 05m January 60m May 05m May 60m

Dissimilatory sulfite reductase
DsrA Sup05_0722/0723 5 5 0 33 0 0
DsrB Sup05_0724 3 3 0 18 0 0
DsrC Sup05_0728 2 2 0 9 0 0
DsrE Sup05_0725 2 2 0 17 0 0
DsrK Sup05_0730 1 1 0 3 0 0

Sox systems
SoxA Sup05_0516 2 2 7 31 0 0
SoxB Sup05_0028 4 4 0 8 0 2

APS reductase Sup05_0147 1 1 0 6 0 0
Total 21 21 7 127 0 2

Abbreviation: APS, adenosine phosphosulfate.
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role these bacteria have in carbon, nitrogen and
sulfur cycling in hypoxic environments of the
North Atlantic.

Metabolism of the SAR324 clade
SAR324 is a deep-branching clade within the Delta-
proteobacteria (Wright et al., 1997) that inhabits a
wide range of marine settings, including the surface
(DeLorenzo et al., 2012) and deep ocean (Sheik et al.,
2013) and oxygen minimum zones (Wright et al.,
2012). Despite its ubiquity, little is known about
SAR324 metabolism and physiology. Single-cell
genome sequencing of SAR324 from the mesopelagic
zone revealed capabilities for sulfur oxidation, auto-
trophic CO2 fixation, and C1 metabolism (CO and
methane), as well as multiple ABC transporters for
sugars, amino acids and oligopeptides (Swan et al.,
2011). Hence SAR324, at least in the deep sea,
exhibits a mixotrophic metabolic potential. By
including these single-cell genomes in our analysis,
we were able to gain insight into the metabolism of
SAR324 in the coastal North Atlantic. Peptide spectra
matching to SAR324 proteins were identified in all
samples and strongly suggested a heterotrophic life-
style (Table 2, Supplementary Table S6). A diverse
array of PBPs for sugars, amino acids, peptides and
polyamines were present in the metaproteomes.
SAR324 proteins catalyzing the oxidation of methane
were not identified, however, we did detect subunits
for carbon monoxide oxidation (Supplementary
Table S7). PBPs were specific for inorganic nutrients
including nitrate/sulfonate/bicarbonate, phosphate/
phosphonate and iron (Table 2, Supplementary Table
S6). Transcriptome analysis of SAR324 populations
associated with a hydrothermal vent plume also
identified transporters for carbon and amino-acid
uptake (Sheik et al., 2013), suggesting that although
this ubiquitous group has the genetic potential to
grow autotrophically, it uses heterotrophic growth in
a wide range of marine habitats.

One carbon metabolism
Interest in bacteria that grow on one carbon (C1)
compounds such as methanol has intensified
recently with the discovery that methanol concen-
trations in the ocean can be high (B400nM) and
turnover time can be as little as 1 day (Dixon et al.,
2011). Numerous proteins related to C1 metabolism
were identified here (Table 3). Consistent with other
coastal studies (Sowell et al., 2011; Williams et al.,
2012), we detected the expression of methanol
dehydrogenase large subunit proteins derived from
the Beta-proteobacteria OM43 clade (Table 3).
Methanol dehydrogenase was detected in all sam-
ples and exhibited highest similarity to homologs
from two methylotrophic strains (HTCC2181 and
KB13; Supplementary Table S8; Giovannoni et al.,
2008). On the basis of previous genome analysis,
OM43 bacteria use the RuMP pathway for the
assimilation of carbon from C1 compounds
(Giovannoni et al., 2008). Here, we also identified
the expression of a key enzyme of the RuMP
pathway, namely hexulose-6-phosphate synthase,
in all samples (Table 3, Supplementary Table S8),
suggesting OM43 may be assimilating carbon
derived from methanol. However, interpretation of
the functional relevance of this protein must be
treated cautiously, as OM43 may also use this
enzyme in the dissimilarity cyclic-oxidation-of-
formaldehyde pathway (Giovannoni et al., 2008).
Little is known about the sources of methanol in the
water column. Methanol may be deposited from the
atmosphere and produced by phytoplankton (Milne
et al., 1995; Heikes et al., 2002) and bacterial
transformation of algal carbohydrates (Sieburth
and Keller, 1988). OM43 have been associated
with phytoplankton blooms (Morris et al., 2006),
however, our identification of OM43 methanol de-
hydrogenase and hexulose-6-phosphate synthase
proteins in all samples suggest methylotrophic
populations are sustained in the Northwest Atlantic
even at times of low phytoplankton abundance.

Table 2 Periplasmic-binding proteins of high-affinity transporters inferred to be from the SAR324 clade

SAR324
homolog

No. of unique
peptides

No. of
peptides

No. of spectra

January
05m

January
60m

May
05m

May
60m

Organic solutes
Amino acids AFIA_0198 3 4 1 15 3 13
Amino acids AFIA_0212 3 3 0 2 0 4
Dipeptide AFIB_0487 3 4 0 10 0 7
Dipeptide AFIA_0556 7 8 2 14 3 34
Sugar AFIA_1706 5 6 0 10 4 17
Mannitol/chloroaromatic AFIB_0724 3 4 0 2 0 3
Spermidine/putrescine AFIA_1712 2 2 0 2 1 4

Inorganic solutes
Nitrate/sulfonate/bicarbonate AFIB_0217 3 4 0 15 4 5
Phosphate/phosphonate AFIB_1101 2 3 0 9 3 4
Iron (Fe3þ ) AFIA_1002 2 2 0 2 0 2
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In aquatic environments, significant CO produc-
tion occurs from photochemical degradation of
dissolved organic matter (Valentine and Zepp,
1993) and bacteria have been shown to consume
88% of photochemical CO production (Tolli and
Taylor, 2005). In oxic environments, CO oxidation is
carried out by an aerobic-type carbon monoxide
dehydrogenase (CODH), which produces CO2 and
reducing equivalents (King and Weber, 2007). We
identified a wide range of CODH subunits (CoxLMS)
in all four metaproteomes. The CODHs were most
similar to homologs from Roseobacter and SAR116
clades of Alpha-proteobacteria, Planctomycetes and
Delta-proteobacteria. (Supplementary Table S7). It is
unclear how the diversity of CODHs translates to CO
oxidation activity in the coastal Atlantic as the
specificity of CODH complexes for CO has only been
characterized in a few species. Moreover, it appears
that only species that contain two distinct forms of
CoxL are able to oxidize CO (Cunliffe, 2010). In any
case, the abundance and diversity of putative CODH
proteins warrants further investigation into their
functional and ecological importance in the ocean.

Archaeal nitrification and carbon fixation
Marine Group I (MGI) Thaumarchaeota are ubi-
quitous in the ocean and have an important role in
nitrification (Stahl and de la Torre, 2012). We
identified an abundance of MGI proteins particu-
larly in the hypoxic deep layer (25% of all spectra;
Figure 3). Archaeal nitrification during the winter
was indicated by the identification of an archaeal
ammonia monooxygenase subunit (AmoB) with
peptides best matching Nitrosopumilus maritimus
SCM1 (Walker et al., 2010; Supplementary Table
S9). An absence of bacterial Amo or other nitrifica-
tion genes supports the role of MGI as the dominant
nitrifiers in the hypoxic deep water of this coastal
basin. Ammonia-oxidizing archaea (AOA) are
believed to outcompete ammonia-oxidizing bacteria
at low ammonia concentration because of an
extremely high affinity for ammonia (Martens-
Habbena et al., 2009). Genes encoding ammonium

transporters were the most highly expressed tran-
scripts in metatranscriptomic studies of MGI asso-
ciated with an oxygen minimum zone (Stewart
et al., 2012) and a deep-sea hydrothermal vent
plume (Baker et al., 2012), which supports the
hypothesis that the high capacity for ammonium
acquisition is a result of overexpression of ammo-
nium transporters. However, we were unable to
detect any archaeal ammonium transporter proteins
in our metaproteomes, suggesting that high mRNA
expression levels may not directly relate to high
protein expression (Vogel and Marcotte, 2012). On
the other hand, this observation may be because of
subcellular localization of proteins and a selection
against membrane proteins by our protein extraction
methods (Morris et al., 2010).

Ammonia oxidation by AOA and ammonia-
oxidizing bacteria produces nitrite, which is subse-
quently oxidized to nitrate by nitrite-oxidizing
bacteria to complete the process of nitrification.
Another possibility is nitrite could serve as a substrate
for annamox, as has been shown in the chemocline of
the Black Sea (Lam et al., 2007) and oxygen minimum
zones (Lam et al., 2009). We could not identify any
proteins that may have a role in nitrite oxidation. One
explanation could be an absence of closely related
nitrite-oxidizing or annamox bacterial reference
genomes in our protein database.

Fundamental questions remain regarding the
physiology of MGI, and whether individual MGI
strains are capable of both heterotrophic and
autotrophic metabolism. Genome analysis of MGI
suggests a potential for mixotrophy, based on the
presence of transporters for organic compounds
such as amino acids, peptides, taurine and glycerol
(Martens-Habbena et al., 2009). Moreover, a recent
study has shown that the expression of ammonia
monooxygenase does not necessarily indicate auto-
trophic CO2 fixation (Mussmann et al., 2011). Our
data support that MGI nitrification is linked to
autotrophic CO2 fixation in Bedford Basin. We
identified proteins catalyzing three steps of the
archaeal 3-hydroxypropionate/4-hydroxybutyrate
pathway of CO2 fixation (Berg et al., 2010), including

Table 3 Proteins inferred to function in the metabolism of C1 compounds

No. of proteins No. of spectra

January 5m January 60m May 05m May 60m

Methanol dehydrogenase 2 59 31 395 147
Hexulose 6-phosphate synthase 2 6 7 20 7
5,10-Methylene-tetrahydrofolate dehydrogenase 3 1 1 0 2
5,10-Methylenetetrahydrofolate reductase 1 0 0 0 1
Formate tetrahydrofolate ligase 4 0 0 38 3
Formate dehydrogenase 10 34 54 74 170
Serine hydroxymethyltransferase 10 3 23 13 2
Dimethylglycine dehydrogenase 2 0 1 2 7
Glycine cleavage system protein P 4 2 0 3 17
Glycine cleavage system T protein 12 4 2 31 58

Abbreviation: C1, one carbon.
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acetyl-CoA carboxylase, methylmalonyl-CoA mutase
and 4-hydroxybutyryl CoA dehydratase (Supple-
mentary Table S9). No transporters for organic
compounds were detected, suggesting a reliance on
autotrophic carbon assimilation. We did, however,
detect the PBP and permease components of a high-
affinity ABC-type phosphate/phosphonate transport
system. Representatives of CO2 fixation proteins,
and an absence of organic substrate transporters, in
the metaproteome supports the idea that MGI are
autotrophic in Bedford Basin.

Ammonia assimilation
Proteins involved in the assimilation of ammonia
were common and at highest abundance in the
ammonia-depleted winter deep layer (1% of all
spectra). Identified proteins included glutamine
synthetase (GS), glutamate synthase, glutamate
dehydrogenase and nitrogen regulatory protein PII
(Supplementary Tables S2 and S10). GS homologs
were most similar to a diverse set of bacteria,
including Roseobacter, Bacteroidetes and SAR324
clade members in the spring and GSO, unclassified
Gamma-proteobacteria, and MGI in the winter. On
the basis of a winter metaproteome from Antarctic
coastal waters, Williams et al. (2012) proposed that
bacteria and archaea utilize distinctive ammonia
assimilation pathways based on the presence of
AOA glutamate dehydrogenase proteins and an
absence of AOA GS proteins. Although we detected
AOA glutamate dehydrogenase in our metapro-
teomes, the detection of archaeal GS suggests that
under conditions of low ammonia availability the
AOA are also able to make use of the high-affinity
GS pathway.

Conclusions

Bedford Basin is a temperate inlet that experiences
the seasonal cycle and spring phytoplankton blooms
that characterize the Northwest Atlantic Ocean.
The deep water also exhibits temporal structure,
most notably the formation of hypoxic conditions
in the fall-winter. Our metaproteomic analysis has
provided insight into the metabolic succession
that occurs from winter to spring in Bedford Basin,
and demonstrated clear vertical and temporal
partitioning of transport and metabolic functions
in the water column. During the spring bloom,
ABC and TRAP transporters from a diversity of
bacterial lineages (including SAR324 and ARC-
TIC96BD-19) have a role in scavenging of organic
nutrients. The OM43 methanol utilization pathway
was ubiquitous, suggesting OM43 may be only
weakly linked to seasonality, compared with
typical heterotrophic bacteria, and therefore its
abundance may serve as an indicator for longer-
term environmental changes that may be occurring
in the coastal ocean.

Although bacterial community composition in
surface and deep water was indistinguishable in
the winter, the metaproteomes revealed distinct
metabolic pathways operating in the deep hypoxic
water. In addition to the detection of AOA in winter,
we also identified sulfur oxidation proteins from the
SUP05 clade, which potentially expands the eco-
logical niche of the SUP05 clade from strictly oxygen-
depleted and hydrothermal environments to include
moderately hypoxic basins. Further comparisons of
‘meta’omics’ data sets originating from disparate
SUP05 habitats will significantly contribute to our
understanding of how this metabolically versatile
marine lineage adapts to local environmental
conditions and influences marine biogeochemistry.

As a concluding remark, we would like to address
the current limitations of metaproteomic studies
such as this one. First, ecological conclusions based
on the absence of proteins are difficult to make
because of technical issues such as cellular localiza-
tion and protein fractionation by different extraction
protocols. Similarly, many peptide spectra were
simply not assigned to proteins because the proteins
were not present in the GOS and reference genome
database used here. Second, our reference genome
database did not contain any genomes generated
directly from the Bedford Basin community we
analyzed. Although we validated the specificity of
peptides that appear to have originated from the
SUP05, ARCTIC96BD-19 and SAR324 clades, it is
possible that some may have originated from
different phylogenetic lineages, particularly if the
genes encoding these proteins are prone to lateral
gene transfer between marine microbes. One pro-
mising solution to these two limitations is to collect
and analyze metagenomic/transcriptomic and meta-
proteomic data sets from the same samples, as
exemplified by recent studies of Antarctic coastal
waters (Grzymski et al., 2012; Williams et al., 2012).
Another solution is the increasing number of single-
cell amplified genomes that are becoming available
for a wide variety of poorly characterized bacteria
and archaea (Rinke et al., 2013), which will
continually provide more comprehensive databases
for peptide matching. Finally, the incorporation of
de novo peptide prediction tools into metaproteo-
mic workflows should also increase the resolution
of metaproteomic data sets by identifying novel
peptide sequences that may not be currently
represented in protein databases.
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