
ORIGINAL ARTICLE

Environmental proteomics of microbial plankton
in a highly productive coastal upwelling system
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Metaproteomics is one of a suite of new approaches providing insights into the activities of
microorganisms in natural environments. Proteins, the final products of gene expression, indicate
cellular priorities, taking into account both transcriptional and posttranscriptional control
mechanisms that control adaptive responses. Here, we report the proteomic composition of the
o 1.2 lm fraction of a microbial community from Oregon coast summer surface waters, detected
with two-dimensional liquid chromatography coupled with electrospray tandem mass spectrometry.
Spectra corresponding to proteins involved in protein folding and biosynthesis, transport, and viral
capsid structure were the most frequently detected. A total of 36% of all the detected proteins were
best matches to the SAR11 clade, and other abundant coastal microbial clades were also well
represented, including the Roseobacter clade (17%), oligotrophic marine gammaproteobacteria
group (6%), OM43 clade (1%). Viral origins were attributed to 2.5% of proteins. In contrast to
oligotrophic waters, phosphate transporters were not highly detected in this nutrient-rich system.
However, transporters for amino acids, taurine, polyamines and glutamine synthetase were among
the most highly detected proteins, supporting predictions that carbon and nitrogen are more limiting
than phosphate in this environment. Intriguingly, one of the highly detected proteins was methanol
dehydrogenase originating from the OM43 clade, providing further support for recent reports that
the metabolism of one-carbon compounds by these streamlined methylotrophs might be an
important feature of coastal ocean biogeochemistry.
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Introduction

Although many metagenomic studies of marine
communities have been reported (Venter et al.,
2004; Tringe et al., 2005; DeLong et al., 2006; Rusch
et al., 2007; Wilhelm et al., 2007), so far there have
been only a few surveys of gene expression in
marine communities (Poretsky et al., 2005; Frias-
Lopez et al., 2008; Sowell et al., 2008). The first
proteomic analyses of marine systems detected
only a few proteins, such as proteorhodopsin
(Giovannoni et al., 2005a) and oxidoreductase (Kan
et al., 2005); however, they paved the way for more
comprehensive proteomic studies by establishing
the feasibility of studying complex communities

with these methods and by emphasizing the impor-
tance of understanding the protein composition of
cells in nature (Sowell et al., 2008; Morris et al.,
2010). An organism-centric analysis of the Sargasso
Sea metaproteome revealed the priority of transport
proteins, particularly those involved in phosphorus
and amino acid uptake, for SAR11 survival in
this oligotrophic environment. Similarly, nutrient
acquisition was found to be central to the survival
of oxygenic phototrophic organisms as proteins
involved in transport, photosynthesis and CO2

fixation were frequently detected for Synechococcus
and Prochlorococcus (Sowell et al., 2008). Using
techniques that focused on membrane proteins,
Morris and coworkers studied plankton in South
Atlantic surface waters from a low-nutrient gyre to
a highly productive coastal upwelling region, and
reported variation in proteins for nutrient utilization
and energy transduction along the environmental
gradient (Morris et al., 2010).

The identification of proteins in complex samples
by tandem mass spectrometry is dependent on the
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existence of good quality protein or gene databanks.
The availability of large metagenomic data sets from
marine environments, such as the data provided
by the Global Ocean Sampling (GOS) expedition
(Rusch et al., 2007), has not only improved our
understanding of the diversity and genetic potential
of marine microorganisms, but it has also enabled the
identification of many of their expressed proteins
using mass spectrometry-based proteomics methods.

The upwelling and mixing of nutrient-laden waters
cause coastal ecosystems to be more productive than
their open-ocean counterparts. Coastal ecosystems
contribute as much as 40% to global carbon seques-
tration (Muller-Karger et al., 2005). Surface water
concentrations of phosphate and nitrate off the coast
of Oregon are about B1mM and 5mM, respectively
(Park, 1967), and particulate organic carbon can reach
levels of 20–63mM C (Karp-Boss et al., 2004). The
higher levels of available nutrients in coastal systems
tend to favor the growth of larger eukaryotic phyto-
plankton over that of bacterial picophytoplankton,
such as Prochlorococcus and Synechococcus. Phylo-
genetic analysis of 16S rDNA clones shows that many
of the dominant bacterial groups, such as the SAR11,
Roseobacter and SAR116 clades, are ubiquitous in
their distribution in both open-ocean systems and
coastal waters (Rappe et al., 2000; Giovannoni and
Stingl, 2005). Conversely, members of OM43 clade of
methylotrophic betaproteobacteria, and some members
of the Oligotrophic Marine Gammaproteobacteria
(OMG) clade, are predominantly found in coastal
systems (Rappe et al., 2000; Cho and Giovannoni,
2004; Giovannoni and Stingl, 2005; Morris et al., 2006).

In this paper, we report a comprehensive meta-
proteomic analysis of the o1.2 mm fraction of the
microbial community from surface waters on
the Oregon shelf during an upwelling period in the
late summer, 2006. Peptides from marine micro-
organisms were detected using two-dimensional
high-performance liquid chromatography coupled
with electrospray tandem mass spectrometry
(MS/MS). Peptides were identified by spectral
comparison with translated environmental protein-
coding sequences (eCDSs) collected from coastal
environments during the GOS metagenomics project
(GOS02-11) (Rusch et al., 2007) as well as the geno-
mes of two coastal Bacterial isolates, Candidatus
Pelagibacter ubique strain HTCC1062 of the SAR11
clade (Giovannoni et al., 2005b) and the OM43 clade
strain HTCC2181(Giovannoni et al., 2008). Our goal
was to identify abundant proteins that could reveal
the dominant metabolic processes occurring within
marine bacterial communities.

Materials and methods

Sample collection
Microbial cells for proteomic analysis were collec-
ted on 26 September 2006 at station NH-5, located
5 miles off the coast of Newport, Oregon (44139.10N,

124110.60W). Although properties of the water
column were not measured at the time of sampling,
oceanographic measurements associated with a
long-term study in this region were made on the
preceding and following days at nearby sites. These
measurements indicated that, at the time of sam-
pling, the surface waters were of halocline origin, as
is typical of upwelling water masses on the Oregon
shelf. Nutrient concentrations are elevated in halo-
cline water, but in situ chlorophyll fluorescent
sensors in the region indicated that at the time of
sampling, dense phytoplankton blooms had not
developed (F Chan, personal communication).

Cells from B100 l of surface (10 m) seawater were
prefiltered through an A/E glass fiber filter (Pall,
West Chester, PA, USA) to enrich the sample for
smaller organisms (oB1.2 mm), mainly bacteria.
The filtrate containing the small cells was then
concentrated by tangential flow filtration with a
Millipore Pellicon system (Millipore, Billerica, MA,
USA), with a 30 kDa regenerated cellulose filter
(filtration rate: B1 l min�1). The concentrated cells
were sedimented by centrifugation at 48 400� g for
1 h at 4 1C using a Beckman J2-21 centrifuge (Brea,
CA, USA) with a JA-20 rotor. The resulting pellet
was stored at �80 1C until proteomic analysis.

Sample preparation
The microbial cell pellet (47 mg wet weight) was
resuspended in 6 M guanidine and 10 mM DTT to
lyse cells and denature proteins (Thompson et al.,
2008). The protein content of the pellet was
estimated to be 10% (w/w), or 4.7 mg protein in
the starting material. The guanidine concentration
was diluted to 1 M with 50 mM Tris buffer and 10 mM

CaCl2, and 40 mg sequencing grade trypsin (Promege,
Madison, WI, USA) was added at two intervals 12 h
apart to digest proteins to peptides (B1:50 w/w,
80 mg trypsin total). The complex peptide solution
was desalted by C18 solid phase extraction, con-
centrated and filtered through an Ultrafree-MC
0.45 mm spin filter (Millipore), generally 1/2 of the
total protein is lost during processing. The estimated
2.3 mg of protein remaining was divided into four
aliquots and frozen at �80 1C until analysis. For
each 2D-LC-MS/MS analysis made, B1/4 of the total
sample was used, resulting in an estimated 500 mg of
digested protein loaded onto the two-dimensional
high-performance liquid chromatography column
for each analysis.

Two-dimensional high-performance liquid
chromatography and mass spectrometry
The sample was analyzed by two-dimensional
nano-LC MS/MS system with a split-phase column
(RP-SCX-RP) (McDonald et al., 2002) on a LTQ-
Orbitrap (Thermo Fisher Scientific, Waltham, MA,
USA) with a 22 h run, which consisted of 11 salt
pulses, followed by 2 h reverse phase gradients. The
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entire elute was electrosprayed from and integrated
nanospray tip (Proxeon, Odense, Denmark). The
Orbitrap settings were as follows: 30 K resolution on
MS scans in Orbitrap, data-dependent MS/MS in the
LTQ performed on the top five MS peaks, two
microscans for both MS and MS/MS scans, centroid
data for all scans and two microscans averaged for
each spectrum, and dynamic exclusion set at 1. No
charge state screening was employed. Liquid chro-
matography and mass spectrometry were performed
as previously described (Ram et al., 2005; Lo et al.,
2007; Verberkmoes et al., 2008).

Database and protein identification
To identify peptide sequences, MS/MS spectra were
compared with a protein database consisting of
translated eCDSs from the GOS expedition meta-
genomics project (Rusch et al., 2007). To decrease
database size, only eCDSs from the sites deemed
similar to the Oregon coast in bacterial distribution
and environmental conditions were included
(GOS2-11). Translated genomes of two known
Oregon coastal isolates, Candidatus Pelagibacter
ubique strain HTCC1062 and OM43 clade strain
HTCC2181 were also included in the database, as
were common contaminants such as trypsin and
keratins. To estimate a false positive rate, exact
reverse sequences of the GOS eCDSs were added to
the database (Peng et al., 2003; Lo et al., 2007) and
false positive levels were determined, as previously
described (Lo et al., 2007; Verberkmoes et al., 2008).
All MS/MS spectra were searched with the
SEQUEST algorithm (Eng et al., 1994) (enzyme type,
trypsin; parent mass tolerance, 3.0; fragment ion
tolerance, 0.5; up to four missed cleavages allowed
(internal lysine and arginine residues) and fully
tryptic peptides only (both ends of the peptide must
have arisen from a trypsin-specific cut, except N and
C termini of proteins)) and filtered with DTASelect/
Contrast (Tabb et al., 2002) at the peptide level (Xcorrs

of at least 1.8 (þ 1), 2.5 (þ 2); 3.5 (þ 3)). Only
proteins identified with two fully tryptic peptides
from a 22 h run were considered for biological
interpretation (Supplementary Table S2). Mono-
isotopic theoretical masses for all peptides identi-
fied by SEQUEST were generated and compared
with observed masses. Observed high-resolution
masses were extracted from .raw files from the full
scan preceding the best identified spectra; parts per
million (p.p.m.) calculations were made comparing
each identified peptide observed and its theoretical
mass. When quality MS/MS spectra did not have
an observed mass (low intensity), a mass of 0 was
reported and p.p.m. was calculated as infinity. We
applied the accepted method of reverse database
searching (Peng et al., 2003) to determine a false
positive level for this data set. This test resulted in a
false discovery rate of 0.2%. To prevent an under-
estimation of the false discovery rate due to the large
number of non-unique peptides identified, for this

analysis, each unique peptide sequence was only
counted once regardless of the number of eCDSs
to which it matched. Furthermore, over 80% of
the identified peptides had high-mass accuracy
measurements of the intact peptides from the
Orbitrap mass spectrometer (less than 10 p.p.m.),
this subgroup of identified peptides are virtually
100% correct when estimating false positive rates
(Verberkmoes et al., 2008), the other B20% had pass-
ing Xcorrs and delCN values, but either inaccurate
assignment of parent mass or no mass assignment at
all. The protein database used in the search and the
raw output results (DTASelect files), as well as every
identified peptide MS/MS spectra with correspond-
ing mass accuracies, can be accessed online at http://
compbio.ornl.gov/Oregon_Coast_metaproteome/, and
raw files are available upon request.

Data analysis
Each detected eCDS was queried against the
NCBI-nr database (as of July 1, 2008), using BLASTP
to identify a probable function and the closest
matching relative. Best hits with a bit score o50
were annotated as ‘unknown’. Because many
peptides matched to multiple eCDSs and because
many eCDSs had similar functions, similar eCDSs
were grouped together into the protein clusters
outlined by Yooseph et al. (2007), by matching
the detected peptides to the protein cluster data-
base using BLASTP. The protein cluster database
is available at https://portal.camera.calit2.net/
gridsphere/gridsphere?cid=apply.

Results and discussion

The Oregon shelf is a highly productive region
because of seasonal wind patterns and currents that
cause the upwelling of nutrient-rich halocline
waters, supporting dense phytoplankton blooms.
In previous work, we examined the metaproteome of
highly oligotrophic microbial plankton commu-
nities collected from the Sargasso Sea. In this study,
we analyzed in detail the metaproteome of a
microbial plankton community from a surface water
sample collected during a period of coastal upwel-
ling (Figure 1).

The complex peptide mixture was characterized
by matching 2D-LC-MS/MS mass spectra to peptide
sequences from the translated GOS02-11 eCDS
database and two genomes from coastal marine
bacterioplankton isolates. With this database, mass
spectra matching 7151 distinct peptide sequences
(typically 5–25 amino acids in length) were de-
tected. These peptide sequences mapped to 13 469
eCDSs (full- or nearly full-length translated environ-
mental protein-coding sequences). At least two
peptide matches per eCDS were required for a
positive identification. For each identified eCDS,
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putative function and closest relative were deter-
mined by comparison with the National Center for
Biotechnology Information non-redundant protein
database (NCBI-nr; as of 1 July 2008) using BLASTP.

Clustering similar eCDSs into the protein families
outlined by Yooseph et al. (2007) resulted in the
identification of 481 unique protein families (Table 1
and Supplementary Table S1). Owing to a high
degree of subtle sequence variation, some of the
eCDSs in the environmental database only differ by a
few amino acids across their entire sequence.
Although each reported peptide was unique, pep-
tides often mapped to multiple eCDSs that were
identical at the locus of the peptide. The subtle
sequence variation also led to multiple eCDSs having
the same putative function and closest relative using
BLASTP. A study of SAR11 peptides found that
of the 1146 peptides that mapped to SAR11 eCDSs,
only 155 (14%) also mapped to eCDSs that had a
different organism as closest relative. A taxonomic
breakdown of these shared peptides shows that 11%
overlapped at the Family level, suggesting that they
are from conserved regions of common proteins; the
remainder was shared between more distant rela-
tives (4% Class, 2% Phylum, 0.2% Kingdom).

Frequently detected proteins
One of the objectives of measuring gene expression
is to infer the metabolic status of cells in their

Figure 1 The location of the sampling site, station NH-5,
in relation to the continental shelf. At the time of sampling,
recently upwelled halocline waters were overlaying the shelf in
this region, but in situ chlorophyll fluorescent sensors indicated
that dense phytoplankton blooms had not developed.

Table 1 Highly detected bacterioplankton proteins in Oregon coast surface water

Protein family Cluster
ID a

No. of
eCDSs b

No. of
peptides c

No. of
spectra d

% of
SAR11 e

60 kDa chaperonin GroEL 1138 429 371 759 31
Translation elongation factor Tu 1134 449 301 657 24
T4-like major capsid protein 751 270 257 572 0
ABC transporter (amino acid) periplasmic protein 5010 172 155 475 78
Hypothetical/TRAP dicarboxylate transporter—DctP subunit
(mannitol/chloroaromatic compounds)

4998 375 231 466 49

F1F0-ATP synthase 3291 461 230 395 35
ABC transporter (sugar) periplasmic protein 1855 220 204 386 56
Hypothetical/phage capsid protein 5807 134 169 357 0
ABC transporter (sugar) periplasmic protein, precursor 5488 116 121 318 0
ABC transporter (proline/glycine betaine) periplasmic protein 5170 240 149 294 77
Translation elongation factor 16 329 154 260 45
ABC transporter (spermidine/putrescine) periplasmic protein 5043 147 116 230 80
TRAP dicarboxylate transporter, DctP subunit 5475 156 146 227 0
Heat shock protein (Hsp70, DnaK) 197 249 130 221 33
50S ribosomal protein L7/L12/L32 10635 155 63 217 21
Hypothetical protein 7053 129 97 214 0
DNA-directed RNA polymerase subunit-b 1187 407 157 210 22
ABC transporter/cyclohexadienyl dehydratase 921 153 97 206 66
DNA-binding HU protein 13137 103 101 185 50
Methanol dehydrogenase large subunit-like protein 561 33 75 168 0
Hypothetical/putative tricarboxylic transport TctC 6036 142 103 168 55
ABC transporter (peptide) periplasmic protein 423 106 107 165 0
DNA-directed RNA polymerase-b prime chain 293 385 136 162 30
ABC transporter (branched-chain amino acid) periplasmic protein 56 139 101 157 69
ABC transporter (taurine) periplasmic protein 5808 121 66 156 98

Abbreviation: eCDSs, protein-coding sequences.
Shaded proteins indicate transporters.
aAs described by Yooseph et al. (2007).
bThe number of translated environmental protein-coding sequences that were best hits to the given protein family cluster.
cThe number of unique peptide sequences detected that mapped to the identified eCDSs.
dThe number of mass spectra that matched to peptides of the identified eCDSs.
ePercentage of detected eCDSs that had SAR11 as their closest relative.
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natural environment. The importance of nutrient
acquisition to the microbial community was shown
by the prevalence of transport proteins: a total

of 29% of all the detected spectra and 21% of all
the eCDSs matched proteins with transport or
putative transport functions (Figure 2). When
protein families were ranked by their spectral count,
11 of the 25 most abundantly represented families
were proteins involved in transport (Table 1). The
eCDSs that were best matches to SAR11 proteins
contributed a significant proportion to the total
spectral count; however, even when SAR11 eCDSs
were removed, nine families with transport proteins
remained among the top ranking 25. These remain-
ing transporter families were enriched with eCDS
matches to other alphaproteobacteria, which corre-
lates well with the overall distribution of eCDSs
among bacterial classes (Figure 3b).

The abundance of transport proteins in the data
suggests that successful scavenging of nutrients,
even in nutrient replete coastal ecosystems, is
a determining factor in microbial competition and
survival. In a previous metaproteomic study of
an ocean gyre ecosystem that focused on SAR11
and cyanobacteria, we reached similar general

22%

Transport

Transport, putative

Translation

Protein folding

Unknown

Viral

Viral, putative

Electron transport

Transcription

7%

19%

8%
6%

5%

3%

4%

4%

Figure 2 The distribution of detected spectra by their functional
classification. Spectra for bacterial proteins with transport or
putative transport functions were frequently detected, as were
spectra for proteins involved in transcription, translation and
protein folding. Viral proteins were also abundant in this data set.
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conclusions, but there were substantial differences
between the transport proteins detected in that
study and those found on the Oregon shelf. The
abundantly detected transport proteins in the
Oregon sample had predicted substrate specificities
for nitrogen-, carbon- and sulfur-containing com-
pounds, such as amino acids, glycine betaine,
polyamines and taurine (Table 2). SAR11 phosphate
and phosphonate transporters were among the most
abundantly detected proteins in the ocean gyre
ecosystem, and nearly absent from the Oregon shelf
sample (Sowell et al., 2008). Proteins involved in
phosphorus transport have been shown to be more
abundant during periods of phosphate starvation
and less abundant when phosphorus was abundant
(Scanlan et al., 1997; Dyhrman and Haley, 2006;
Martiny et al., 2006). Oregon shelf water is replete
with phosphorus (1 mM) (Park, 1967), whereas
summer surface waters in the Sargasso Sea are a
well-known example of a phosphorus-limited
system (o 5 nM) (Wu et al., 2000; Steinberg et al.,
2001). Our data are also consistent with those of
Morris et al. (2010) whose metaproteomic analyses
of membrane proteins reveal a lack of proteins
involved in phosphorus transport when measured
phosphate was abundant. Thus, the relative scarcity
of peptides matching proteins for phosphorous
uptake in the coastal sample is reassuringly consis-
tent with expectations and supports observations
that metaproteomic analyses can help reveal the
nutrient status of cells in marine environments.

Glutamine synthetase, which is involved in the
assimilation of ammonium into amino acids, was
also frequently detected, with 147 spectra matching
151 eCDSs identified. Hoch et al. (2006) noted that
marine bacterioplankton express this enzyme
when dissolved organic or inorganic nitrogen is

limiting in the environment. The presence of gluta-
mine synthetase in coastal seawater in conjunction
with high levels of expression of transporters whose
substrate specificities are for nitrogen-containing
compounds indicates that, in the nutrient-repleted
Oregon coastal summer surface water, nitrogen may
be more limiting than phosphorus or perhaps even
carbon.

Although the data that we report are consistent
with knowledge of ocean conditions in the region,
it is nonetheless a rare example of direct measure-
ments, showing the in situ metabolic status of
microbial plankton cells, and provides important,
complementary support for hypotheses about the
microbial ecology of this region that were originally
based on chemical measurements. Comparisons
of measured concentrations of carbon (20–63 mM),
nitrogen (5 mM) and phosphorus (1 mM) in this
environment to the Redfield ratio suggests that
carbon and nitrogen may become limiting before
phosphorus, and competition for carbon- and
nitrogen-containing compounds may be of greater
importance to the microbial community in the
Oregon coastal environment where phosphorus is
plentiful (Park, 1967; Karp-Boss et al., 2004).

By far, the most abundant class of proteins
detected (64% of all the spectra) was periplasmic
substrate-binding subunits of ABC or TRAP trans-
porters. Similar findings were reported from the
proteomic analysis that focused on the SAR11
metaproteome in the oligotrophic Sargasso Sea,
where it was suggested that these cells might survive
by allocating a large fraction of protein synthesis
to nutrient acquisition (Sowell et al., 2008), and in
both coastal and open-ocean samples analyzed by
Morris et al. (2010). Adaptations to ocean oligo-
trophy include an increased surface area-to-volume
ratio and high levels of expression of periplasmic
substrate-binding proteins that contribute to growth
efficiency by balancing the periplasm’s capacity
to import nutrients with the cytoplasm’s capacity
to utilize them (Button and Robertson, 2000).
The majority of the bacterioplankton community
consists of ultramicrobial cells (Lee and Fuhrman,
1987); therefore, this observation of high expression
of multiple periplasmic substrate-binding proteins,
in conjunction with the large surface area-to-volume
ratios of these cells, indicates that adaptations for
effective nutrient scavenging are generally impor-
tant in pelagic marine environments, whether they
are oligotrophic gyres or productive coastal eco-
systems. Morris et al. (2010) also detected transport
proteins with high frequency in their coastal
samples. However, their study focused on the
isolated membrane fraction of cells and the majority
of the transporters they detected were of the TonB
type (TBDT), of Shewanella origin. These accounted
for only 1.2% of all the transport protein spectra in
this study. This contrast could be due to differences
in sample preparation techniques (membrane spe-
cific versus total protein) or to differences in the

Table 2 Highly detected transport proteins and their substrates

Substrate No. of
eCDSs a

No. of
peptides b

No. of
clusters c

No. of
spectra d

Amino acids 480 345 6 775
Carboxylates 673 480 3 861
Nitrate/sulfonate/
bicarbonate

3 5 1 6

Peptides 107 111 2 173
Phosphonate 8 9 1 12
Polyamines 148 118 2 232
Porin 58 37 3 67
Proline/glycine betaine 240 149 1 294
Sugars 400 351 3 742
Unknown symporter 40 7 1 7
Taurine 121 66 1 156
Unknown 463 292 13 502

Abbreviation: eCDSs, protein-coding sequences.
aTranslated environmental protein-coding sequences with given
transport function as determined by BLASTP.
bUnique peptide sequences detected that mapped to the identified
eCDSs.
cClusters described by Yooseph et al. (2007).
dMass spectra that matched to peptides of the identified eCDSs.
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microbial makeup of the environments studied
(predominantly gammaproteobacteria and Bacterio-
detes/Chlorobi in the South Atlantic study versus
predominantly alphaproteobacteria in Oregon shelf
samples).

Overall, 37% of all the spectra attributed to the
SAR11 clade were matches to transport proteins.
This is lower than the 67% seen in SAR11 cells
from the Sargasso Sea (Sowell et al., 2008) and, thus,
suggests that, although competition for nutrients
is vital in nutrient-repleted environments, a greater
proportion of protein expression is directed
towards proteins involved in other functions when
nutrients are readily available. Similar to what was
seen with transporters from the general marine
microbial community outlined above, substrate
specificity for carbon- and nitrogen-containing com-
pounds predominated among the detected transport
proteins.

As seen in this study and others (Morris et al.,
2010), viral proteins are a significant fraction of the
marine microbial plankton proteome. Viruses are
widely recognized as significant agents of microbial
plankton mortality and consequently in the cycling
of dissolved organic matter, and, not surprisingly,
viral infection of bacterial cells in Oregon coastal
surface water is common (Bouvier and del Giorgio,
2007). The prevalence of spectra for viral capsid
proteins (8% of all the spectra) in this study strongly
supports broad scientific conclusions about the
importance of viruses in microbial plankton ecology.
Although the most abundant viral proteins were
best matches to the Prochlorococcus phage P-SSM2,
Prochlorococcus is known to be in very low
abundance or absent from marine coastal environ-
ments (Zubkov et al., 2000; Sherr et al., 2005). This,
in combination with a relative scarcity of marine
bacterial phage genomes in the NCBI-nr database,
suggests the likely existence of a phage related to
Prochlorococcus phage P-SSM2.

The detection of peptides matching hypothetical
proteins suggests that many of the dominant
biological processes occurring in marine environ-
ments are carried out by proteins with unknown
functions. Cluster 7053 was among the most
frequently detected protein families, but has no
corresponding Gene Ontology classification and all
of the eCDSs in the family only matched conserved
hypothetical proteins from the NCBI-nr database
(Table 1). This is true for 19% of the detected protein
families (5% of all the eCDSs, 6% of all the spectra,
Supplementary Table S1). This observation is in
agreement with data from previous gene expression
and proteomic analyses (Frias-Lopez et al., 2008;
Morris et al., 2010) where abundant hypothetical
genes/proteins were also detected.

As was the case in our metaproteomic analysis
of the Sargasso Sea (Sowell et al., 2008), no proteo-
rhodopsin peptides were detected in this study.
Proteorhodopsin peptides were previously detected
in Oregon coastal seawater with specialized sample

preparation methods that targeted membrane
proteins from small cells (Giovannoni et al.,
2005a), and later by Morris et al. who used similar
procedures (Morris et al., 2010).

Distribution of detected eCDSs between dominant
marine bacterial groups
Each detected eCDS was queried against NCBI-nr
using BLASTP to determine the phylogenetic
classification of the most closely related protein
(Figure 2). The partitioning of the eCDSs between
the three domains of life, viruses and sequences
without any matches is depicted in Figure 3a. This
experiment was designed to focus on free-living
bacterial proteins, so the sample was prefiltered to
remove larger, eukaryotic organisms that might mask
the detection of bacterial proteins. For this reason,
the contribution from eukaryotic organisms is low
(0.3%). As expected, bacterial proteins most closely
matched the majority of the eCDSs, accounting for
B95% of the total. Because of their smaller size,
Archaea and viruses were not excluded by prefiltra-
tion, as is evident by their contribution of 1%
and 2.5%, respectively, of the total of the eCDSs
detected. Large numbers of eCDS from bacterial
groups that are known to be dominant in Oregon
coastal surface water were detected. The number of
eCDSs that were most closely related to sequences
from each bacterial class can be seen in Figure 2b,
with the fraction of alphaproteobacterial sequences
represented by SAR11 proteins (57%) highlighted in
red. It is not surprising that 36% of all the bacterial
eCDSs were most closely matched to SAR11
proteins, as SAR11 cell counts in Oregon coastal
surface water range from 17% to 38% of the total
bacteria enumerated (Morris et al., 2002). Other
groups that are abundant in coastal communities
(Rappe et al., 2000) and were also detected in this
study include the Roseobacter clade (17% of the
eCDSs), OMG group (6%) and OM43 clade (1%).

In addition to an overall abundance of SAR11
eCDS detections, SAR11 peptides were also well
represented among the most frequently detected
protein families (Table 1), accounting for 58% of the
eCDSs in the 25 most abundant protein clusters.
This reflects not only the numerical dominance
of SAR11 cells but also solidifies their position
as major participants in the dominant metabolic
processes in oceanic ecosystems.

The majority of the eCDSs closely matching
proteins from the Roseobacter clade were best hits
to strain HTCC2255 (29%), which is an Oregon
coastal isolate. Members of the Roseobacter clade
have been isolated from a wide variety of habitats
and are physiologically diverse (Brinkoff et al.,
2008), with marine strains having unique traits in
carbon and sulfur sequestration, such as aerobic
anoxygenic photosynthesis, carbon monoxide oxi-
dation and dimethylsulfoniopropionate degra-
dation (Allgaier et al., 2003; Moran et al., 2003,
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2004; Miller and Belas, 2004). Although the most
abundantly detected Roseobacter proteins, such as
GroEL, TufB and ribosomal proteins, tended to have
housekeeping functions, proteins involved in amino
acid, sugar and proline/glycine betaine transport
were also frequently observed. Proteomic evidence
for the use of alternative carbon and energy sources
was also observed, including single eCDS matches
to a putative carbon monoxide dehydrogenase
protein and an aminomethyl transferase family
protein from Rhodobacterales bacterium HTCC2150,
and a membrane protein involved in aromatic
hydrocarbon degradation from Jannaschia sp. CCS1.

The OMG group is a diverse group of gamma-
proteobacteria made up of multiple clades (Cho and
Giovannoni, 2004), which are common in coastal
surface water. Genomic and proteomic analysis of
some OMG group isolates indicates these organisms
contribute to carbon cycling using aerobic anoxy-
genic photosynthesis (Cho et al., 2007; Fuchs et al.,
2007). The majority of detected proteins from
this group were best hits to OM60 clade isolates
HTCC2080 and Congregibacter litoralis KT 71,
which have been quantified, respectively, at 3.4%
and up to 11% of the bacterial cells in coastal
surface water (Cho et al., 2007; Fuchs et al., 2007).
Proteins from the SAR92 clade isolate HTCC 2207
(Stingl et al., 2007) and the BD1-7 clade isolate
HTCC2143 (Cho and Giovannoni, 2004) were also
detected. Although not particularly abundant,
eCDSs best matching to aerobic anoxygenic photo-
trophy protein, PuhA, from HTCC2080 were identi-
fied, supporting previous observations of alternate
photosynthetic mechanisms among marine gamma-
proteobacteria (Beja et al., 2002). As seen for the
Roseobacter clade, the most frequently detected
OMG peptides matched housekeeping proteins,
such as GroEL, TufB and ribosomal proteins.

The large subunit of the OM43 clade methanol
dehydrogenase (MDH) (XoxF aka MxaF) was the best
match to 2.3% of all the spectra identified, lending
further support to recent findings that implicate
methanol and other one carbon compounds as
important substrates for bacterioplankton in coastal
ecosystems (Giovannoni et al., 2008). A total of 168
spectra matching 33 eCDSs were closest matches to
the OM43 clade MDH (Figure 4). The betaproteo-
bacterial OM43 clade is commonly found at low
levels in coastal ecosystems and has been observed to
increase in abundance to B2% of bacterial cells
during phytoplankton blooms (Morris et al., 2006).
Phylogenetic and genome analysis of the OM43
isolate HTCC2181 placed this organism among type
I methylotrophs that can use methylated compounds
as a sole carbon and energy source (Giovannoni et al.,
2008). It was also shown that cell growth yield was
proportional to the amount of methanol or formal-
dehyde added to sterile seawater media. Although the
source of methanol in the environment is currently
uncertain, this observation of the MDH proteins in
relatively high abundance suggests that oxidation of
methanol is providing a significant source of carbon
and energy for the OM43 clade in coastal ecosystems.

Concluding remarks

In an earlier metaproteomic study of an oligotrophic
ocean region, we focused on the proteomes of
specific organisms, and addressed issues of peptide
specificity and diversity (Sowell et al., 2008). Those
issues were a concern because of the high sequence
divergence commonly observed in marine systems,
but we found relatively low ambiguity in the
identification of proteins and their assignments to
species. Therefore, in this study, we applied more

0 100 200 300 400 500 600 700

Position in amino acid sequence

M. capsulatus Bath putMdh
H. methylovorum MxaF
M. nodulans MxaF

M. extorquens MoxF
M. organophilum Mdh

P. denitrificans Mdh
Methylobacillus sp. SK5 Mdh
M. flagellatus KT MxaF
M. methylotrophus Mdh

M. flagellatus KT Mfla 1717
M. flagellatus KT Mfla 0344
M. flagellatus KT Mfla 2314

HTCC2181 XoxF
M. petroleiphilum PM1 Mpe A3393

B. fungorum GluDH
M. extorquens XoxF
B. japonicum USDA 110 Mdh
R. sphaeroides GluDH

P. denitrificans XoxF
S. meliloti 1021 Mdh
S. meliloti Mdh

M. capsulatus Bath Mdh

Figure 4 Peptide coverage and phylogenetic position of large subunit MDH eCDSs. The data illustrate the specificity of the peptides
detected for xoxF, a large subunit MDH found in genomes from the OM32 clade. RAxML was used to infer the phylogenetic tree from an
alignment of full-length homologous amino-acid sequences from reference genomes. For each sequence in the tree, the colored bars show
peptides detected by mass spectrometry. Amino acids are heat mapped according to the prevalence of the given residue at that position in
the consensus sequence, with red indicating the most common and green indicating the least common amino acid. Gray indicates
undetected residues.
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general methods for peptide identification, and
expanded the analysis to include a larger meta-
genomic database that included many species.

Although there were differences between the
procedures used for this analysis and the preceding
analysis of an open-ocean site, some general con-
clusions are clear. Like their open-ocean counter-
parts, the metaproteome of the Oregon shelf SAR11
population was dominated by transport proteins,
but the main targets for transport in this productive
system were predominantly carbon- and nitrogen-
containing compounds, rather than phosphate,
supporting the developed ecological theory for this
region, which predicts that nitrogen, rather than
phosphorous, is ultimately the nutrient that limits
productivity (Wheeler et al., 2003).

Perhaps one of the most important characteristics
of proteomics is that it provides taxon-specific
confirmation of the expression of genomic potential.
For example, serving this role, metaproteomics was
used previously to confirm the expression of SAR11
proteorhodopsins in seawater. Thus, it was particu-
larly significant that strong evidence emerged in
this study of the expression of OM43 clade MDH,
supporting the unexpected finding, reported in
earlier studies, that these common coastal beta-
proteobacteria are obligate oxidizers of C1 compounds.
Also, interesting was the metaproteomic evidence of
energy acquisition by one-step bacteriochlorophyl
photosystems, which appear to play a larger role in
biogeochemical processes over productive shelves.
Although the expression of these systems has been
reported previously from coastal ecosystems, based on
bacteriochlorophyll measurements (Goericke, 2002),
metaproteomic data not only showed the expression
of this system, but also demonstrated that the major
source of these proteins was gammaproteobacteria of
the OM60 clade.

LC-MS/MS studies of proteins, such as this one,
are a powerful complement to other tools being
developed for microbial ecology. In practice, multi-
ple factors affect protein detection, leading to the
common caveat that failure to detect a given protein
is not proof of its absence from the sample.
Notwithstanding this issue, LC-MS/MS methods
are rapidly progressing, and the advantages of seeing
the final products of gene expression assure that
metaproteomics will assume a valuable role in the
advancement of microbial ecology.
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