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Abstract

We characterized dissolved organic matter (DOM; , 0.7 mm in size) collected from the surface (10-m and 75-
m) and bathypelagic (3000-m) layers in the South China Sea using the shotgun proteomic approach. A total of
182 proteins matched by 286 unique peptides were identified from three DOM samples. The number of proteins in
the large DOM (LDOM; 0.2–0.7-mm fraction) was significantly greater than that in the small DOM (SDOM; 5-
kD–0.2-mm fraction). There was no remarkable difference in the number of proteins between the surface and
bathypelagic SDOMs. The sources of dissolved proteins were diverse in surface DOM, including various bacterial
and phytoplankton groups as well as Oomycetes, whereas the Archaea, Proteobacteria, and some phytoplankton
groups were the major contributors to bathypelagic DOM. Proteins involved in cytoskeleton, energy production
and conversion, posttranslational modification, protein turnover, and chaperones presented high abundance in
surface LDOM, whereas proteins involved in translation, ribosomal structure, and biogenesis were more
abundant in bathypelagic LDOM. Proteins involved in transport and metabolism, cell wall or membrane or
envelope biogenesis, and photosynthesis were abundant in the 75-m LDOM. A urea ABC transporter assigned to
amino acid transport and metabolism was the most abundant protein in the 10-m SDOM, whereas
methylenetetrahydromethanopterin reductase involved in energy production and conversion dominated the
protein profiles in the 75- and 3000-m SDOMs. The dissolved proteins in the water column are diverse and
dynamic, with each layer characterized by unique proteins, and only a very minor amount of proteins from the
surface are protected and transferred to the deep sea.

Dissolved organic matter (DOM) in seawater is one of
the largest reservoirs of organic matter on earth (Sie-
genthaler and Sarmiento 1993), and plays important roles
in the global carbon cycle (Ducklow 2002). The amount of
carbon in DOM is approximately equivalent to that present
in atmospheric CO2, and even slight changes in the
processes regulating the DOM pool can have consequences
for the global carbon cycle and climate change. Moreover,
the huge amount of DOM in the ocean plays various roles
in ecological processes, depending on its value as a food
source or as a stocking pool (Hansell and Carlson 2001). It
is estimated that 20–40% of photosynthetically produced
organic matter is utilized by bacteria as biologically
available DOM and enters into biogeochemical recycling
through the microbial loop (Carlson 2002), whereas much
of the DOM is refractory and accumulates in seawater as a
carbon pool (Jiao et al. 2010). However, a deeper
understanding of the role of marine DOM in the global
carbon cycle is necessary, particularly with respect to
its origin, chemical characteristics, and biogeochemical
cycling.

In the past few decades, our knowledge on DOM has
been rapidly increasing. The bulk chemical composition
and structure of DOM has been examined by a variety of
approaches. A series of compounds such as peptidoglycan,
lipopolysaccharide, D-enantiomers of amino acids, mura-
mic acid, N-acetyl amino sugars, and fatty acid compo-
nents have been successively identified from DOM (Ditt-
mar et al. 2001; Benner and Kaiser 2003; Zou et al. 2004),
and some of them have been used as potential biomarkers

of DOM. However, DOM is still the least understood
organic reservoir in terms of its source, its chemical nature,
and the mechanism protecting it from biodegradation. To
date, less than 30% of DOM has been characterized at the
molecular level.

Proteins are the essential constituents of all organisms,
making up more than 50% of organic matter as well as
containing 85% of the organic nitrogen found in marine
organisms (Tanoue 1995). The proteins in living organisms
are eventually transferred to the dissolved pool via various
biogeochemical processes. However, at present, both the
chemical forms and the sources of these proteins and their
degradation products (peptides) in DOM are unclear.
Molecular-level analyses of dissolved proteins and peptides
in DOM may provide valuable information concerning the
dynamics of the bulk DOM pool in the ocean. Although
dissolved proteins have been universally detected in oceanic
and coastal waters (Yamada and Tanoue 2006, 2009), only
a few dissolved proteins have been identified so far, such as
porin P protein, OmpA-like protein, alkaline phosphatase,
long-chain fatty acyl CoA synthetase, anthranilate syn-
thase, ribulose bisphosphate carboxylase, and luminal
binding protein (Tanoue et al. 1995; Powell et al. 2005;
Yamada and Tanoue 2006). Obviously, it is insufficient to
attempt to describe the features of bulk proteins in DOM
and to reveal the biological origin and chemical nature of
DOM solely based on a few characterized proteins.

Proteomics is one of the fastest developing research areas
and contributes substantially to our understanding of
organisms at the molecular level (Aebersold and Mann
2003). Recently considerable efforts have been devoted to
extend proteomic analysis beyond the boundary of* Corresponding author: dzwang@xmu.edu.cn
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organisms. Tandem mass spectrometry (MS2)-based pro-
teomics is a new approach that enables the direct analysis
of proteins expressed by mixed microbial assemblages, and
it has been applied successfully to study various environ-
mental samples such as acid-mine drainage, wastewater
sludge, decomposing plant material, soil leachates, and
surface-water samples (Ram et al. 2005; Lo et al. 2007;
Wilmes et al. 2008), as well as the oceans (Kan et al. 2005;
Sowell et al. 2009; Morris et al. 2010). More recently, by
making use of the shotgun proteomic approach, thousands
of proteins have been successfully identified from marine
particulate organic matter (POM), and their biological
source and subcellular location as well as the protection
mechanism of these particulate proteins in different water
layers have been examined (Dong et al. 2010). In this study,
we applied the mass spectrometry–based metaproteomic
approach to characterize dissolved proteins in DOM
samples collected from different water layers in the South
China Sea (SCS), in order to trace the biological origin and
cellular location of these dissolved proteins, and to discuss
the features of dissolved proteins in different water layers as
well as their protection mechanism. To our knowledge, this
study is the first attempt to characterize dissolved proteins
of DOM at a metaproteomic level, and to compare the
features of dissolved proteins from the sea surface to the
bathypelagic zone. We found that each water layer
displayed distinctive characteristics in terms of the protein
sources, their cellular location, and their functional
classification, and we revealed the discrepancy in terms of
biological source and protection mechanism of the dis-
solved proteins among different water layers.

Methods

Sampling and preconcentration of dissolved proteins—
Samples from different water depths were collected at Sta.
SEATS (18.0uN, 115.6uE; water depth, 3850 m) during a
summer cruise to the northern SCS from 17 July 2009 to 17
August 2009 (Fig. 1). Seawater samples were collected with
a rosette sampler fitted with 12-liter Niskin Go-flo bottles
(General Oceanics). The depths and seawater volumes were
10 m, 150 liters; 75 m, 210 liters; and 3000 m, 150 liters,
respectively. Each sample was filtered through a GF/F glass
fiber filter (with a nominal pore size of 0.7 mm, Whatman)
immediately after sampling. Sodium dodecyl sulfate (SDS;
0.01% w : v, final concentration) was added to the filtrates
to help to solubilize the proteins. The filtrates were further
filtered through a 0.2-mm filter (Durapore membrane filter,
Millipore) and sodium azide (NaN3; 5 mmol L21, final
concentration) was added to the filtrates to prevent
bacterial growth. We defined in this study the fraction of
0.2–0.7 mm as a large-size fraction of DOM (LDOM), and
the fraction of 5 kD–0.2 mm as a small-size fraction of
DOM (SDOM), fractionated as described below.

All the filtrates , 0.2 mm were preconcentrated using the
Pelicon 2 cross-flow ultrafiltration system (Millipore; 1 m2

of filter area) with a filter having a nominal molecular
weight cutoff of 1 kDa (low–protein-binding regenerated
cellulose) onboard ship at room temperature. The system
was precleaned with 0.1 mol L21 NaOH and washed with

deionized water according to the manufacturer’s instruc-
tion. Before use of each new cross-flow ultrafiltration
membrane and tubing, a 3.5% solution of NaCl (20 liters)
was concentrated in the same manner as the seawater
sample to serve as a control. The preconcentrated samples
(approximately 600–700 mL) were kept frozen (280uC)
until further concentration using a 5-kD ultrafiltration cell,
which is described below.

Fluorescein isothiocyanate–conjugated lactalbumin
(14.5 kD) was used to evaluate the retention characteristics
of the 1-kD cross-flow ultrafiltration membrane in the
system. The applicability of the fluorescein standards for
evaluating relative membrane retention and sorptive losses
in seawater has been described previously (Dai et al. 1998).
Seawater that had been run through a 0.2-mm prefilter was
spiked with the fluorescein-conjugated standard. The
spiked solution was then run through the Pelicon 2 cross-
flow ultrafiltration system. The operating condition used in
this procedure was the same as for the above DOM
samples. The fluorescence was measured using a Hitachi
F-1000 with the excitation wavelength set at 493 nm and a
520 nm cutoff emission filter. Source seawater without any
spikes was used as background substitution. The results
showed that the membrane owned more than 87%
retention coefficient (RC% 5 (1 2 [permeate]/[retentate])
3 100) and a 55–64% loss for the fluorescein-tagged
lactalbumin protein.

Preparation of the dissolved proteins of SDOM—The
preconcentrated samples from the cross-flow ultrafiltration
were further concentrated and desalted with a 50-mL
stirred ultrafiltration cell (Millipore) with a filter having a
nominal molecular mass cutoff of 5 kDa (filter area,
13.4 cm2; low–protein-binding regenerated cellulose, Milli-
pore). When the sample was concentrated to approximately
25 mL, the same volume of the desalting buffer (35 mmol
L–1 NH4HCO3, 0.01% SDS [w : v]) was added, and the
mixture was concentrated continuously. This step was
repeated three times to desalt the retentate. After retrieval

Fig. 1. Map of the SCS showing SEATS, the sampling
location of DOM.
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of the desalted retentate, the cell was washed using
desalting buffer, and the final volume of the combined
solutions was less than 30 mL. Then the combined solution
was precipitated with ice-cold 20% trichloroacetic acid
(TCA) in acetone for at least 12 h at 220uC. The mixture
was centrifuged at 20,000 3 g for 30 min at 4uC, and then
the pellets were rinsed twice with ice-cold acetone and air
dried. Finally the powder was solubilized in rehydration
buffer containing 7 mol L21 urea, 2 mol L21 thiourea, and
3-((3-cholamidopropyl) dimethylammonium)-1-propane-
sulfonate (CHAPS; 4% w : v), and stored in a freezer
(280uC) until further SDS–polyacrylamide gel electropho-
resis (PAGE) analysis.

Preparation of the dissolved proteins of LDOM—Protein
extraction followed the method described previously (Dong
et al. 2009). Briefly, the 0.2-mm filter (Durapore membrane
filter) was cut into chips. The chips were suspended in lysis
buffer consisting of urea, thiourea, CHAPS, Triton-X100,
carrier ampholytes, dithiothreitol, and protease inhibitor
cocktail, shaken in an ice-cold water bath using an
ultrasonic shaker, and then lysed with a sonicator using a
microprobe. The solution was incubated at 25uC for 1 h
and then centrifuged at 20,000 3 g for 30 min at 10uC. The
supernatant was precipitated with ice-cold 20% TCA in
acetone. The mixture was centrifuged, and the resultant
pellets were rinsed twice with ice-cold acetone and air dried.
Finally, the powder was dissolved in the above-mentioned
rehydration buffer, and stored in a freezer (280uC) until
further SDS-PAGE analysis.

One-dimensional SDS-PAGE and enzymatic digestion of
dissolved proteins—A rehydrated dissolved protein sample
(40–60 mL), equivalent to ca. 150 liters of the original
seawater, was applied to each lane of a 5–12% Bis–Tris gel
(13 cm 3 13 cm). Electrophoresis was performed at a
constant voltage of 180 V in the electrode buffer solution
(25 mmol L21 Tris, 192 mmol L21 glycine, and 0.1% SDS)
on a Hoefer SE 600 apparatus (Amersham). Low-
molecular-weight standards were used for reference. After
electrophoresis, the proteins on the gel were visualized with
colloidal Coomassie Brilliant Blue G-250 (CBB; Bio-Rad).
The gel was cut into four equal pieces to isolate molecular
weight (kDa) fractions, followed by reduction, alkylation,
and in-gel digestion with trypsin as described previously
(Wilm et al. 1996).

Mass spectrometry analysis—A nano-liquid chromatog-
raphy (LC) MS2 experiment was performed on a high-
performance LC system composed of two LC-20AD nano-
flow LC pumps, an SIL-20AC auto-sampler, and an LC-
20AB micro-flow LC pump (Shimadzu) connected to a
linear trap quadrupole–Orbitrap mass spectrometer
(Thermo Fisher). The peptides extracted from the gel
bands were resuspended with 5% acetonitrile in 0.1%
formic acid and loaded onto a Captrap column (0.5 3
2 mm, Michrom Bioresources) for 5 min at a flow rate of
20 mL min21. The sample was subsequently separated by a
C18 reverse-phase column (0.075 3 150 mm, packed with
3-mm Magic C18-AQ particles, Michrom Bioresources) at a

flow rate of 500 nL min21. The mobile phases were 5%
acetonitrile with 0.1% formic acid (phase A and the loading
phase) and 95% acetonitrile with 0.1% formic acid (phase
B). To achieve proper separation, a 60-min linear gradient
from 5% to 45% phase B was employed. The separated
sample was introduced into the mass spectrometer via an
Advance 30-mm silica tip (Michrom Bioresources). The
spray voltage was set at 1.8 kV and the heated capillary at
180uC. The mass spectrometer was operated in data-
dependent mode and each cycle of duty consisted of one
full-MS survey scan at the mass range 400 , 2000 Da with
resolution power of 60,000 using the Orbitrap section,
followed by MS2 experiments for the 10 strongest peaks
using the LTQ section. The automatic gain control
expectation during full MS and MS2 were 500,000 and
10,000, respectively. Peptides were fragmented in the LTQ
section using collision-induced dissociation with helium
and the normalized collision energy value was set at 35%.
Previously fragmented peptides were excluded for 60 s.

Protein identification—A combined database was used
for this study, which was downloaded on 14 January 2010.
The database contained protein datasets from potential
groups of phytoplankton and bacterioplankton according
to the in situ planktonic community data at SEATS
downloaded from the National Center for Biotechnology
Information (NCBI) website, and the Moore Foundation
marine microbial peptide dataset available through the
Community Cyberinfrastructure for Advanced Marine
Microbial Ecology Research and Analysis (CAMERA)
(http://web4.camera.calit2.net/files/) (Table 1). The NCBI
database contained 1,616,403 protein entries, and the
Moore Foundation marine microbial peptide dataset
contained 293,532 sequences from over 155 diverse,
ecologically relevant marine microorganisms. It should be
noted that the protein database in this study did not include
the viral sequences because of the lack of specific marine
viral protein database as well as the limitation of the
present MS2 technology.

Tandem mass spectra were extracted using BioWorks
version 3.3.1 sp1 (Thermo Fisher). All MS2 spectra were
searched against the above-mentioned combined database
using the SEQUEST algorithm (version 28, Thermo
Fisher). Data searches were completed, with the following
parameters: enzyme type trypsin; parent ion tolerance,
50 ppm; fragment ion mass tolerance, 1.00 Da. Modifica-
tions of cysteine residues by 57.021 Da (resulting from the
iodoacetamide modification) and methionine by 15.999 Da
(oxidation) were allowed. The Trans-Proteomic Pipeline
(version 4.1.1, Institute for Systems Biology) was used to
validate MS2-based peptide and protein identifications.
Peptide identifications were accepted if they could be
established at greater than 95.0% probability as specified
by the Peptide Prophet algorithm (Keller et al. 2002).
Protein identifications were accepted if they could be
established at greater than 99.0% probability. Protein
probabilities were assigned by the Protein Prophet algo-
rithm (Nesvizhskii et al. 2003). Proteins that contained
similar peptides and could not be differentiated based on
MS2 analysis alone were grouped to satisfy the principles of
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parsimony. Owing to using this high-stringency cutoff and
statistical algorithm, those proteins identified by one
peptide were also accepted. In addition, in view of the
capacity and complexity of the search database, it was not
practical to calculate false discovery rates.

Bioinformatics analysis—Relative protein abundance
was assessed at the peptide level using a semiquantitative
method: peptide spectral counting (Ryu et al. 2008).
Peptide spectral counts were determined by the number
of times a peptide that correlates with a given protein was
selected for collision-induced dissociation, including all
repeated selections of the same peptide.

Redundant proteins in a group were removed according
to the strategy of He et al. (2005), so that only one protein
remained in a group. The method of tracing for biological
origin of the dissolved proteins was as previously described
(Dong et al. 2010). Briefly, the bacterial proteins were
classified into six subgroups: Proteobacteria, Bacteroidetes,
Planctomycetes, Firmicutes, Actinobacteria, and Cyano-
bacteria; and the proteins from eukaryotic algae were
classified into seven subgroups: Prasinophyta, Dinophyta,
Cryptophyta, Haptophyta, Chrysophyta, Bacillariophyta,
and Chlorophyta. Other proteins, not belonging to the
above groups, were grouped into Archaea, Oomycetes, and
Stramenopiles. The functional categories of the proteins
identified were performed using Clusters of Orthologous
Groups of proteins (COGs) (http://www.ncbi.nlm.nih.gov/
COG/) (Tatusov et al. 2000). Protein subcellular location
was predicted using the Proteome Analyst–Subcell Special-
ization Server 2.5 (http://webdocs.cs.ualberta.ca/,bioinfo/
PA/Sub/ ) (Lu et al. 2004).

Results

Separation and identification of dissolved proteins
in DOM—An electrophotogram of the dissolved proteins
from six samples separated using one-dimensional (1-D)
SDS-PAGE is shown in Fig. 2. Lanes of all samples
visualized using CBB stain showed a smeared staining
pattern throughout the molecular mass range, and some

faint bands were recognized on background staining.
Generally, the staining intensity of the dissolved proteins
of LDOM was higher than that of SDOM (Fig. 2). There
were two distinct bands in each sample between 45 and
66.2 kDa. For each DOM sample, four equal slices were cut
from the SDS-PAGE gel and each slice was analyzed using
an LTQ-Orbitrap mass spectrometer. Peak list files
obtained from the four fractions were processed separately
and the peptide sequences were identified. Using the
combined database, a total of 182 proteins matched by
286 unique peptides from 1263 spectra were identified from
three DOM samples, in which the maximum number of
spectra and proteins (76 proteins and 476 spectra) was
observed in the DOM sample at the 75-m layer, whereas the
minimum number (50 proteins and 331 spectra) was
observed in the DOM sample at the 3000-m layer
(Fig. 3). The number of spectra from the LDOM was
significantly greater than that of spectra from the SDOM
(approximately 3.4 times). However, the protein number of
SDOM presented no significant difference between the
surface and bathypelagic DOM samples. The NCBI
accession number, protein name, protein probability,
sequence coverage (%), number of unique peptides and
total spectra used in the identification, theoretical molec-
ular weight (MW) and isoelectric point, and the subcellular
location of proteins identified are listed in the Web
Appendix (www.aslo.org/lo/toc/vol_56/issue_5/1641a.
html).

Biological origin of dissolved proteins in DOM—The
number of spectra that matched phylogenetic groups
contributing to dissolved proteins in the two DOM
fractions from three water layers is shown in Table 2.
Spectra of proteins derived from Proteobacteria were
detected in each DOM fraction from the three water
layers, with the highest number in the 75-m layer and the
lowest in the 10-m layer (Table 2), and presented higher
abundance in the LDOM, whereas the highest number of
spectra from cyanobacterial proteins was observed in the
75-m layer and the lowest in the 3000-m layer. No spectra
from archaeal protein were detected in the 10-m layer,

Table 1. The combined database created in this study. The Moore Foundation marine
microbial peptide dataset was downloaded from the CAMERA website, and the other datasets
were downloaded from the NCBI website.

Protein database
No. of protein

entries Protein database
No. of protein

entries

Pseudomonas 279,746 Archaea 441,830
Flavobacteria 143,813 Cyanobacteria 463,511
Erythrobacter 18,609 Cryptophyta 3494
Photobacterium 51,459 Chlorophyta 96,860
Coxiella 30,560 Haptophyceae 1006
Environmental samples of

Alphaproteobacteria
350 Dinophyceae 2884

Environmental samples of
Betaproteobacteria

1638 Stramenopiles 79,944

Environmental samples of
Gammaproteobacteria

699 Moore Foundation
marine microbial
peptide dataset

293,532
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whereas the number of spectra increased with the water
depth and exhibited higher abundance in the SDOM,
suggesting that archaeal activities played an important role
in the dynamics of DOM from the bathypelagic zone. The
number of spectra from Oomycetes in the DOM from the
surface waters was much higher than that in the DOM of
the bathypelagic zone, which was consistent with the
aerobic feature of the Oomycetes as decomposers. Spectra
from proteins of the Bacteroidetes, Planctomycetes, Firmi-
cutes, and Actinobacteria were detected only in surface
DOM samples, and almost all were detected in the LDOM.
Spectra from phytoplanktonic proteins in the surface
waters were more abundant than those in the bathypelagic
zone: 471 spectra in the surface samples but only 132
spectra in the bathypelagic sample. However, a consider-
able number of spectra from the bacillariophytes, crypto-
phytes, chlorophytes, and stramenopiles were also detected
in DOM samples at the 3000-m layer, accounting for 35%,
28%, 50%, and 21% of the total spectra of each
phylogenetic group within the water column, respectively.
The result indicated that the phytoplankton was also a
major source of dissolved proteins in the water column and
that only a few proteins were protected from degradation
and so transferred into the bathypelagic DOM pool.

Subcellular location of dissolved proteins—For the
LDOM fractions of DOM, cytoplasmic proteins were the
major dissolved protein component (, 51–79%) in each
sample, and the highest spectrum number was observed in
the 10-m layer before decreasing with depth (Fig. 4A).
Spectra matching the prokaryotic outer membrane, peri-
plasm, and inner membrane proteins were more abundant
in the LDOM sample from the 75-m layer, accounting for
approximately 35% of the total spectra, and including outer
membrane lipoprotein, urea ABC transporter substrate
binding protein, and porin. However, spectra that matched
this group of proteins accounted for only approximately

3.5% and 10% in the 10- and 3000-m layers, respectively.
Some low-abundance nuclear proteins were detected in all
water layers, including adenosine triphosphate–dependent
ribonucleic acid helicase eIF4A, 26S protease regulatory
subunit, ubiquitin, and histone H2A, indicating that these
picoeukaryote proteins were protected from degradation
because of some unknown reasons, possibly such as
association with other cellular components or inorganic
matter. A few spectra from chloroplastic proteins were
identified only in the LDOM from the 75-m water layer,
including photosystem II protein D2, photosystem II
reaction center protein D1, and ribulose 1.5-bisphosphate
carboxylase oxygenase, probably suggesting that chloro-
plastic proteins from photosynthetic organisms were prone
to be degraded, and few were preserved as refractory
proteins in the DOM.

Compared to the LDOM, proteins from the SDOM were
classified into fewer subcellular compartments (Fig. 4B).
Cytoplasmic proteins were still the main components in all
the SDOM samples, and their spectra accounted for
approximately 46–87% of the total spectra in each SDOM
sample. A highly abundant periplasmic protein, urea ABC
transporter substrate binding protein, was detected in the
SDOM sample from the 10-m water layer. Spectra from
cytoplasmic protein, 5,10-methylenetetrahydromethanop-
terin reductase (MR) from the Archaea, presented high
abundance in the SDOM samples from the 75- and 3000-m
water layers, accounting for approximately 46% and 58%
of the total spectra. Spectra from periplasmic proteins were
more abundant in the SDOM sample from the 10-m layer,
whereas only a small number of spectra from inner
membrane proteins were detected in this layer.

COG functional classification of dissolved proteins
in DOM—The identified dissolved proteins were function-
ally categorized based on COG annotation terms using the
Basic Local Alignment Search Tool, with standard of
reciprocal best hits, against the COG database. In total,
approximately 8–21% of the total spectra for each LDOM
and , 32–43% of the total spectra for each SDOM could

Fig. 2. 1-D SDS-PAGE electrophoretogram of the dissolved
proteins in DOM. The left lane is a molecular weight standard.
Lanes A, B, and C represent 5-kDa–0.2-mm size fractions from the
10-, 75-, and 3000-m layers. Lanes D, E, and F represent 0.2–0.7-
mm size fractions from the 75-, 3000-, and 10-m layers. The gel was
stained with colloidal Coomassie blue and cut into four pieces,
i.e., sections 1, 2, 3, and 4.

Fig. 3. The number of dissolved proteins identified from the
two DOM fractions collected at different water layers at Sta.
SEATS in the SCS.
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not be assigned a functional annotation, and most of them
were hypothetical proteins or predicted proteins.

In the LDOM fractions, the maximum number of
spectra matching cytoskeleton proteins from Oomycetes
and eukaryotic algae, including tubulins and actins, was
observed in the 10-m layer, accounting for approximately
59% of the total spectra in the three water layers, and
decreasing with depth (Fig. 5). In addition, spectra from
cytoskeleton proteins also had the highest percentage in the
10-m layer, suggesting that these proteins might be
accumulated as detrital proteins in the DOM. The
abundance of proteins involved in energy production and
conversion and posttranslational modification, protein
turnover, and chaperones in the DOM sample from the
10-m water layer was significantly higher than that from
the other DOM samples (Fig. 5). In the LDOM sample
from the 10-m water layer, a total of seven proteins
matched by 77 spectra were classified into energy produc-
tion and conversion, including ATP synthase, malate
dehydrogenase, N-ethylmaleimide reductase, and pyruvate
carboxylase. Among them, spectra matching pyruvate
carboxylase derived from Planctomycetes were very abun-
dant, accounting for , 65% of the total spectra of the
group. In addition, 72 spectra corresponding to posttrans-
lational modification, protein turnover, and chaperones
were detected, accounted for approximately 19% of the
total spectra in the 10-m layer, and mainly including
different types of heat shock proteins derived from
Stramenopiles, Oomycetes, Cryptophyta, and Firmicutes,
together with T-complex protein from the Oomycetes. It is
noteworthy that spectra matching proteins involved in lipid
transport and metabolism, amino acid transport and
metabolism, cell wall or membrane or envelope biogenesis,
inorganic ion transport and metabolism, and photosynthe-
sis were more abundant in the LDOM sample from the 75-
m layer compared to the other water layers, whereas
spectra from proteins involved in translation, ribosomal

structure and biogenesis, and defense mechanisms were
more abundant in the 3000-m layer (Fig. 5).

For the SDOM fractions, a total of 27 proteins that
matched 286 spectra were identified. Most of the COG
functional groups from the three water layers displayed
minor differences in the abundance of spectra, except for
proteins involved in amino acid transport and metabolism
and in energy production and conversion (Fig. 6). Urea
ABC transporter assigned to amino acid transport and
metabolism was the most frequently detected cyanobacter-
ial protein in the 10-m SDOM sample, whereas it was
absent in the SDOM samples from the other two water
layers. MR involved in energy production and conversion
was the most abundant archaeal protein in the SDOM
samples from the 75- and 3000-m water layers. Cytoskel-
eton proteins such as actins and proteins involved in
posttranslational modification, protein turnover, and
chaperones were identified in the SDOM samples from
the three water layers, suggesting that they might be
ubiquitous components of DOM. In addition, a consider-
able number of spectra from ‘‘unknown’’ proteins were
identified in the three water layers, accounting for
approximately 32–43% of the total spectra in each SDOM
sample, indicating that the dissolved proteins in this
fraction might become complex because of being modified.
Totally, these results suggested that a few specific proteins
were protected and preserved in the SDOM as refractory
proteins.

Discussion

A widespread occurrence of dissolved proteins has been
reported from the surface to deep oceanic waters in many
regions of the world (Powell et al. 2005; Yamada and
Tanoue 2006). However, so far, few proteins have been
identified from DOM because of the limitation of the
analytical methods for complex marine samples, and this

Table 2. The number of spectra that matched phylogenetic groups contributing to dissolved proteins in the two DOM fractions from
the three water layers in the SCS.

Species groups

Depth (m) and fraction

10 75 3000

0.2–0.7 mm 5 kDa–0.2 mm 0.2–0.7 mm 5 kDa–0.2 mm 0.2–0.7 mm 5 kDa–0.2 mm

Archaea 0 0 7 40 10 69
Proteobacteria 51 21 176 10 113 6
Bacteroidetes 11 1 10 0 0 0
Planctomycetes 50 0 0 0 0 0
Firmicutes 4 0 0 0 0 0
Actinobacteria 0 0 1 0 0 0
Cyanobacteria 13 33 92 1 3 2
Bacillariophyta 50 0 4 3 22 9
Prasinophyta 44 0 9 1 5 0
Dinophyta 9 0 17 0 0 0
Cryptophyta 23 8 15 5 16 4
Haptophyta 29 0 10 0 3 0
Chrysophyta 0 0 0 0 0 0
Chlorophyta 1 19 12 24 25 30
Stramenopiles 30 0 19 0 13 0
Oomycetes 59 0 24 0 1 0
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has impeded our understanding of marine DOM. Recently,
metagenomic and metaproteomic approaches have been
successfully applied to various environmental samples and
have shown their power in identifying mixed proteins.
Using the MS-based shotgun proteomic approach, thou-
sands of proteins are identified from marine POM (Dong et
al. 2010). In the present study, the MS-based proteomic
approach was applied to analyze dissolved proteins in
DOM and hundreds of proteins were first identified from
marine DOM samples taken from the surface down to the
bathypelagic zone. These proteins exhibited different
biological sources and distribution patterns in the water
column, which provided new insights into DOM with
regard to its sources, chemical composition, and protection
mechanism.

Source of dissolved proteins in DOM—It is reported that
dissolved proteins in DOM are not intact proteins from
living organisms but result from extracellular release by
phytoplankton or from the cellular lysis of bacteria and
phytoplankton by viruses or grazers (Tanoue 1995;
Yamada and Tanoue 2003; Powell et al. 2005). According
to the studies of Yamada and Tanoue (2003, 2009), the
dissolved proteins detected in DOM are detrital proteins
from the bacterial outer membrane and not from the living
organisms. They conclude that living organisms, such as
bacteria, passing through the GF/F filter cause insignificant
effects on the dissolved proteins in the DOM, because the
majority of the bacteria are filtered out by the GF/F filter,
and the remainder produce invisible protein bands or spots
in 1-D or 2-D gels visualized using silver staining. It is
difficult to gain sufficient MS and MS2 spectra in order to
identify these proteins using present MS techniques.
Another study also verifies that only 22–38% of the total
bacterial biomass can pass through a GF/F filter (Lee et al.
1995). In our study, we investigated the protein profiles of
DOM samples collected from different water layers using
the same sampling procedure reported by Yamada and
Tanoue (2003, 2006) and, although a considerable number
of phytoplankton-originating proteins were found in both
surface and bathypelagic DOM samples, we suggested that
the dissolved proteins in the DOM were not derived from
living organisms, because it is impossible that such a high
density of phytoplankton cells could pass through the GF/
F filter or live in the bathypelagic zone. Thus, it could be
deduced that the proteins in the DOM were derived from
detrital proteins originating from bacteria and phytoplank-
ton more than from the living organisms retained on a 0.2-
mm Durapore membrane. These proteins were tentatively
protected by some unknown mechanisms or preserved as
refractory proteins and accumulated in the DOM.

Previous work demonstrates that bacteria are an impor-
tant source of dissolved proteins in DOM, and the genus
Pseudomonas is one of the specific sources of dissolved
proteins (Yamada and Tanoue 2003, 2006). In our study,
highly abundant dissolved proteins originating from the
Bacteriodetes, Planctomycetes, Firmicutes, Cyanobacteria,
and Oomycetes were found in surface DOM samples,
whereas almost no proteins from these phylogenetic groups
were detected in the bathypelagic DOM sample (Table 2),
indicating that these groups are the major contributors to
dissolved proteins in the surface DOM but not the
bathypelagic DOM. The prevalence of proteins derived
from Proteobacteria in the DOM samples at different water
layers indicated that the Proteobacteria was the most
dominant phylogenetic group of the microbial community
within the water column in the SCS, which was in agreement
with the findings reported by Mering et al. (2007) making use
of a set of protein-coding marker genes. It is interesting that
no spectra from the Archaea were found in the 10-m layer
DOM. However, the number of spectra matching archaeal
proteins increased with water depth and reached its highest
in the 3000-m layer. The Archaea are an important group in
the marine ecosystem and are distributed widely from
surface to deep sea. The highly abundant Archaea-originat-
ed proteins in the deep sea reflected the fact that Archaea

Fig. 4. Classification of all identified proteins by subcellular
localization. (A) Subcellular localization for the 0.2–0.7-mm size
fractions. (B) Subcellular localization for the 5-kDa–0.2-mm
size fractions.
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play important roles in carbon biogeochemical cycling in the
SCS. Based on the study of Karner et al. (2001), archaeal
groups in the Pacific Ocean, such as pelagic crenarchaeota,
are a consistent and significant component of the deep-sea
microbiota, and they may rival bacterial abundances in the
meso- and bathypelagic zones, and even gradually become
the dominant microbial group.

In addition to bacterial sources, it is demonstrated that
photosynthetic organisms are also an important source of
dissolved proteins (Powell et al. 2005). Our study showed
that spectra matched to the major phytoplankton groups
were observed in both surface and bathypelagic DOM
samples, although a declining trend was presented from the
surface to the deep sea. It should be noted that a relatively
abundant spectra of bacillariophytes, cryptophytes, chlor-
ophytes, and stramenopiles were found in the DOM sample
from the 3000-m layer, indicating that some proteins from
these phylogenetic groups were protected from degradation
and were transferred to the DOM, and accumulated in the
deep sea. More interestingly, the number of spectra from
chlorophyte proteins presented high abundance in the
water column, especially in terms of SDOM in the
bathypelagic zone, suggesting that this phytoplankton
group might be one of the major sources of dissolved
proteins in the DOM of the SCS.

Overall, the present results demonstrated that the
sources of dissolved proteins were diverse in the surface
DOM whereas the Archaea, Proteobacteria and some
phytoplankton groups were major sources of dissolved
proteins in the bathypelagic DOM, which further con-
firmed the conclusion that the dissolved proteins within the
water column might mainly be regulated by in situ
community structure at depth.

Features of dissolved proteins in DOM from different
water layers—In our study, tubulins and actins assigned to
cytoskeleton were frequently detected in each size fraction
of DOM samples from the three water layers, and their
abundances in both surface waters and the LDOM fraction
were higher than in the deep sea and the SDOM fraction
(Figs. 5, 6). In surface waters, flagella or cilia and
microtubules or microfilaments from the Oomycetes and
eukaryotic algae might be degraded directly into smaller
protein molecules, which would enter the DOM pool
because of a lack of aggregation. It is possible that highly
abundant Oomycetes and eukaryotic algae from the surface
waters served as a source, which favored the net
accumulation of cytoskeleton proteins. Furthermore, slow
decomposition of fecal pellet packages and aggregation in
sinking POM might also be an important mechanism

Fig. 5. COGs for dissolved proteins in the 0.2–0.7-mm size fractions from 10-, 75-, and 3000-m water depths.
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for the occurrence of tubulins or actins in bathypelagic
DOM.

So far, only a few membrane-associated enzymes (such
as alkaline phosphatase, long-chain fatty acyl synthetase,
and luminal binding protein) and uncombined enzymes
(anthranilate synthase and ribulose bisphosphate carbox-
ylase) are reported in marine DOM (Powell et al. 2005;
Yamada and Tanoue 2006, 2009). Our present work also
found that bacterial enzymes involved in energy production
and conversion were more abundant in the LDOM fraction
from surface waters (Fig. 5), in particular from the 10-m
water layer. Some of them participate in electron transport
or synthesis of energy and others take part in the citric acid
cycle. Pyruvate carboxylase derived from Planctomycetes
was the most abundant individual protein detected from
the 10-m water layer. It is known that pyruvate carboxylase
in bacteria synthesizes oxaloacetate from pyruvate and acts
in gluconeogenic, glycerogenic, and anaplerotic roles, and
its formation is regulated by the ambient carbon source
(Peters-Wendisch et al. 1997). It might be inferred that the
Planctomycetes were a dominant population in the 10-m
water layer and produced abundant pyruvate carboxylase
as a result of being subjected to environmental stresses, and
could be used as potential protein marker of the upper layer
surface DOM. These results also suggested that some
bacteria in the surface layer might need more energy to
adapt to the extreme environment of intense irradiance,
high temperature, and ultraviolet radiation.

Interestingly, the most abundant protein involved in
energy production and conversion found in the SDOM
fraction from the bathypelagic zone was MR from
methanogens in the Archaea (Fig. 6; Web Appendix). In
methanogens, MR is involved in CO2 reduction to CH4, in

methyl group oxidation to CO2, and in autotrophic CO2

fixation (Ma et al. 1991). The high abundance of MR in the
bathypelagic zone suggested that this enzyme might play an
important role in carbon cycling in the bathypelagic zone,
which results in the accumulation of massive biogenic
methane in the form of methane clathrates. On the other
hand, MR might be used as a potential indicator of DOM
from the deep sea.

Compared to DOM samples from the other two water
layers, more protein types were detected abundantly in the
LDOM sample from the 75-m layer (Fig. 5), including
proteins involved in lipid, amino acid, and inorganic ion
transport and metabolism; cell wall or membrane or
envelope biogenesis; photosynthesis; and chromatin struc-
ture and dynamics, indicating that high biological activity
occurred in this layer. It was noted that the 75-m layer was
the deep chlorophyll a maximum layer (DCM) character-
ized by high abundance of phytoplankton and maximal
photosynthetic activity during the sampling period. The
high diversity and abundance of dissolved proteins in this
layer might have originated from their release by phyto-
plankton or bacteria lysed by viruses. More recently,
metagenomic analysis of DCM in the Mediterranean
reveals highly abundant phages in the DCM layer, which
play important roles in the lysis of microbes (Ghai et al.
2010). It is noteworthy that a few photosynthesis-associat-
ed proteins, such as photosystem II protein D2, photosys-
tem II reaction center protein D1, and ribulose 1.5-
bisphosphate carboxylase oxygenase, were found in this
layer but not in the other two layers, reflecting the unique
characteristics of DOM in the DCM layer.

It is surprising that more abundant spectra of bacterial
proteins involved in translation, ribosomal structure, and

Fig. 6. COGs for dissolved proteins in the 5-kDa–0.2-mm size fractions from 10-, 75-, and 3000-m water depths.
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biogenesis were detected in the DOM sample from the
3000-m layer (Fig. 5; Web Appendix). Studies with
Escherichia coli indicate that elevated pressure can inhibit
many cellular functions, including substrate transport and
biosynthesis of deoxyribonucleic acid, RNA, and protein
(Yayanos and Pollard 1969). However, marine bacteria
inhabiting the deep sea have evolved various strategies to
adapt to the deep-sea environment with high pressures and
low temperature, including synthesis of more heat shock
proteins and unsaturated fatty acid, and introduction of the
SS9 recD gene (Bidle and Bartlett 1999; Pradillon and Gaill
2007). These studies suggest that the cellular metabolism of
deep-sea bacteria including barotolerant and barophilic
strains is slowed down, but that protein synthesis in their
cells leads compared to other metabolic processes. As the
factory of protein synthesis, ribosomes might be abundant
in these bacteria. In addition, ribonucleoproteins, which are
composed of ribosomal RNA and ribosomal proteins,
might assemble into larger polymers in the deep-sea
environment, and so be protected.

Overall, the above results indicated that some specific
proteins were ubiquitous in the water column whereas a few
unique proteins were only present in certain water layers,
and this could be used as a potential biomarker to examine
the dynamics of the DOM from the different water layers
as well as the biological activity of in situ community in the
environment.

Preservation of the dissolved proteins—Studies have
demonstrated that the porins and OmpA-like proteins
have rigid structures with b-barrel form and are resistant to
biodegradation because of their being embedded in the
bacterial outer membrane (Yamada and Tanoue 2006). Our
study also found porins and Omp2b porin in DOM
samples. In addition, it is likely that other proteins, such
as actins, transporters and MR, which were detected in
both surface and bathypelagic SDOM, were protected
owing to their inherent molecular structure. The MR
purified from Methanopyrus kandleri can withstand both
high temperatures and high intracellular salt concentra-
tions (Shima et al. 1998) because of the large number of
negatively charged amino acid residues and the increased
oligomeric interactions. Identification of abundant MR in
SDOM from the 75- and 3000-m water layers should be
ascribed to its special structure that may be resistant to
biodegradation. Survival protein SurA and other molecular
chaperones were also detected frequently in the SDOM.
Survival protein SurA is a periplasmic molecular chaperone
that facilitates correct folding of outer membrane porins
(Bitto and McKay 2003), and so the protein might acquire
resistance to degradation by association with detrital
materials in the DOM, as do other molecular chaperones.

A few relatively abundant phytoplankton-originating
proteins as well as nuclear proteins were observed in the
3000-m layer, suggesting that these proteins might be
preserved and transferred to the deep-sea DOM. The
mechanisms protecting these proteins from degradation are
not clear. Two hypotheses are postulated to explain the
existence of refractory DOM: physical protection and
selective preservation (Hedges et al. 2000). Physically

protected DOM molecules may be shielded by their matrix
rather than their structure, as in the above-mentioned
survival protein SurA, whereas selective preservation might
come from the refractory nature of particular DOM
molecules to their structure, such as porins and OmpA-
like proteins. It is known that the marine DOM is divided
into a pool of colloids or submicron particles and true
solutes, or into a low-molecular-weight and a high-
molecular-weight fraction. Chin et al. (1998) revealed that
polymeric DOM in 0.2-mm–filtered surface seawater can
spontaneously assemble, forming nanogels that then diffuse
into the bulk water, annealing with each other to form
microgels. The resulting microgels contain polysaccharides,
proteins, and nucleic acid chains, forming noncovalently
cross-linked physical polymer networks with random
tangled topology. The size range of the nanogels and
microgels varies between 1 nm and 1 mm (Verdugo et al.
2004). Our studies showed that the protein number in
LDOM (0.2–0.7-mm size fraction) was greater than that in
SDOM for the three water layers, suggesting that the
LDOM might comprise a large quantity of nanogels or
microgels formed from polymeric DOM, which protects
dissolved proteins from degradation. It is postulated that
proteins released from plankton might be more prone to
assemble owing to their abundance, dimensional structures
or charges, and membrane or liposome or other organic
matrix encapsulation. On the other hand, it is likely that
physical and chemical factors in different water depths,
such as pH, temperature, salinity, and ionic concentration,
might also determine which protein species were selected to
form the nanogels or microgels.

Much effort has been devoted to the study of dissolved
proteins of marine DOM, but only a few proteins have been
identified so far because of the limitation of the analytical
methods. This study is the first to characterize hundreds of
proteins from DOM samples collected from three water
layers using an MS-based ‘‘shotgun’’ proteomic approach,
and these proteins presented different biological sources
and distribution patterns in the water column. Bacteria and
phytoplankton were the two major sources of dissolved
proteins in DOM, although their contributions varied in
different water layers. The detection of phytoplankton-
originating proteins in DOM from the bathypelagic zone
demonstrated that some phytoplankton proteins were
protected and preserved in the DOM. The unique proteins
found in certain water depths could be used as a potential
biomarker to indicate the dynamics of the DOM from each
different water layer as well as the biological activity of the
ambient community. Certain proteins were observed
throughout the water column, suggesting they were
refractory components of DOM. Nanogels and microgels,
acting as a physical barrier, might play important roles in
protecting dissolved proteins from degradation as well as
inherent molecular protection.

It must be pointed out that the proteins in the natural
systems are likely more than what was identified and
characterized in this study because of the fact that a
significant fraction of the DOM might have been lost
during the sampling process using the membrane filtration
and ultrafiltration methods, which might hinder our
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comprehensive understanding of marine DOM. We con-
tend that more efforts should be devoted to develop more
efficient and speedier sampling techniques to improve the
sampling recovery of marine DOM for subsequent
characterization of dissolved proteins. Moreover, there
are a large set of proteins still unidentified because of the
limitations of the genomic and proteomic databases of
marine organisms, i.e., phytoplankton, zooplankton, and
viruses. With an increasing metagenomic database of
marine organisms and fast development of mass spectro-
metric techniques, it is likely that we will gain more
information about the processes involved in DOM
remineralization and the biological mechanisms occurring
in DOM on a proteomic scale, and this will certainly
improve our understanding of the sources, dynamics, and
protection mechanisms of the dissolved proteins. Further-
more, the large-scale comparative studies of dissolve
proteins in different regional ecosystems will also provide
new insights into carbon cycling and biological activities in
the ocean.
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