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Summary

Viral concentrates (VCs), containing bioinformative

DNA and proteins, have been used to study viral

diversity, viral metagenomics and virus–host interac-

tions in natural ecosystems. Besides viruses, VCs

also contain many noncellular biological compo-

nents including diverse functional proteins. Here, we

used a shotgun proteomic approach to characterize

the proteins of VCs collected from the oligotrophic

deep chlorophyll maximum (DCM) of the South China

Sea. Proteins of viruses infecting picophytoplankton,

that is, cyanobacteria and prasinophytes, and

heterotrophic bacterioplankton, such as SAR11 and

SAR116, dominated the viral proteome. Almost no

proteins from RNA viruses or known gene transfer

agents were detected, suggesting that they were not

abundant at the sampling site. Remarkably, nonviral

proteins made up about two thirds of VC proteins,

including overwhelmingly abundant periplasmic

transporters for nutrient acquisition and proteins for

diverse cellular processes, that is, translation, energy

metabolism and one carbon metabolism. Interest-

ingly, three 56 kDa selenium-binding proteins

putatively involved in peroxide reduction from

gammaproteobacteria were abundant in the VCs,

suggesting active removal of peroxide compounds at

DCM. Our study demonstrated that metaproteomics

provides a valuable avenue to explore the diversity

and structure of the viral community and also the

pivotal biological functions affiliated with microbes

in the natural environment.

Introduction

The ecological significance of viruses in the marine envi-

ronment has been addressed for more than two decades

(Bergh et al., 1989; Fuhrman, 1999; Wommack and

Colwell, 2000; Suttle, 2005). Although viral particles are

abundant (�107 ml21) in surface seawater, concentrates

are often needed to obtain sufficient viral material (i.e., viral

genomic DNA) for studying viral ecology, and a variety of

concentrating methods have been developed (Suttle et al.,

1991; Colombet et al., 2007; Wommack et al., 2009; John

et al., 2011; Hurwitz et al., 2013). The tangential flow ultra-

filtration method is commonly used to concentrate viruses

to facilitate viral isolation (Suttle et al., 1991; Thurber et al.,

2009), viral detection (Chen et al., 1996; Short and Suttle,

2002) and the study of virus–microbe interactions

(Weinbauer and Peduzzi, 1995; Hewson et al., 2001;

Winter et al., 2004). Viral concentrates (VCs) also provide

a high yield of nucleic acids for community genome

sequencing, and several studies unveil an unexpected

genetic diversity of viruses in marine environments

(Breitbart et al., 2002; Angly et al., 2006; Williamson et al.,

2012; Hurwitz and Sullivan, 2013; Mizuno et al., 2013).

In addition to viral particles, marine VCs contain other

noncellular bioactive components that are ecologically

important. Viral metagenomics has demonstrated the pres-

ence of abundant cellular sequences in VCs, even after

treatment with DNase to remove free DNA (Williamson

et al., 2012; Hurwitz and Sullivan, 2013; Mizuno et al.,

2013). One of the possibilities is that some DNA may be

protected by virus-like structures or bounded to other dis-

solved materials (Jiang and Paul, 1995; Brum, 2005),
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which prevent them from being digested by DNase. Recent

studies indicate that some virus-size structures, such as

gene transfer agents (GTAs) and membrane vesicles

(MVs) can be generated by marine bacteria (Biers et al.,

2008; Biller et al., 2014). These nonviral particles may be

abundant in the ocean (Biller et al., 2014) and play impor-

tant roles in biogeochemical cycling, microbial evolution

and phage resistance (McDaniel et al., 2010; Lang et al.,

2012; Biller et al., 2014; Scanlan, 2014; Soler et al., 2015).

However, our knowledge of these nonviral ‘dark’ compo-

nents in the VCs is still very poor owing to the inherent

limitations of current methods (i.e., epifluorescence micros-

copy or metagenomics) to characterize natural nonviral

particles (Forterre et al., 2013; Soler et al., 2015).

Proteins are one of the bio-informative high molecular

weight materials present in the VCs. They can be from viral

and virus-like particles, or from the cell detritus as a result

of viral infection or grazer sloppy feeding, or from

extracellular excretion such as MVs and individual

enzymes. Metaproteomics is a powerful culture-

independent approach that characterizes the expressed

proteins in natural microbial communities. Recently, the

availability of extensive metagenomic sequences from

diverse marine environments (Rusch et al., 2007; Yooseph

et al., 2007; Brum et al., 2015) facilitates metaproteomic

studies in the ocean (Morris et al., 2010; Sowell et al.,

2011; Dong et al., 2013; Georges et al., 2014; Brum et al.,

2016). However, up to now, only one metaproteomic report

of VCs has been published, in which five abundant protein

clusters (PCs) predicted to be viral capsid proteins are the

most interesting finding (Brum et al., 2016). In addition,

metaproteomics can be complementary to DNA-based

viral metagenomics for exploring the diversity of natural

VCs, where some types of viruses such as RNA viruses

are missing. There have been few proteomic studies to

investigate the origin, composition and function of noncel-

lular entities in the VCs.

Here, we characterized the VC proteins (the fraction

between 10 kDa and 0.2 lm) collected from the deep chlo-

rophyll maximum (DCM) in the oligotrophic South China

Sea (SCS) using a shotgun proteomic approach. Oligotro-

phic regions cover a large part of the ocean surface. In

most oligotrophic oceans, the DCM is common either sea-

sonally or permanently. Frequent viral infection events and

close microbial interactions are expected because of the

high productivity and microbial biomass in this zone of the

water column. We found that among the 39% of the spec-

tra identified in DCM VC samples, many originated from

pelagiphages (SAR11 viruses), cyanophages (cyanobac-

terial viruses) and viruses infecting picophytoeukaryotes.

RNA viruses or GTA related proteins were seldom

detected. Periplasmic proteins, including substrate binding

proteins associated with nutrient transport and the pre-

dicted selenium containing proteins, were abundant. Our

results provide the first view of the diverse and complex

biological origins of proteins in VCs.

Results and discussion

A combination of the local DCM bacterial metagenomic

(SEATS-DCM-Bac, size above 0.2 mm) dataset, protein

sequences of RNA viruses from the National Center for

Biotechnology Information (NCBI) and environmental

sequences of dsDNA viruses from the Pacific Ocean (Hur-

witz and Sullivan, 2013) and Mediterranean Sea (Mizuno

et al., 2013) was used to interpret the complex peptide

mixture. Both 3161 and 2836 unique peptides were identi-

fied from the two independent VC samples from the DCM

of the SCS. After further analysis using a 1% cutoff false

discovery rate and the at least two unique peptides match-

ing criterion, a total of 636 nonredundant proteins

matching 7220 spectra were identified and 75% of the pro-

teins were shared between the two VC samples

(Supporting Information Table S1). The percentage of non-

redundant proteins shared between the two VC samples

ranged from 64% to 90% in each superkingdom (Support-

ing Information Table S1). Spectral counts were

normalized within samples for protein semi-quantitative

analysis. The protein profile patterns based on this quanti-

fication between the two VC samples varied a little (Figs 1

and 2). Therefore, all nonredundant proteins were used for

further analysis.

Viral proteins

Taxonomic annotation was based mainly on the top

BLASTp hit against the NCBI nonredundant database fol-

lowed by a manual examination. An average of 39% of

spectra from the two VCs (Fig. 1A) was assigned to viral

proteins, representing 234 out of the total 636 proteins

identified (Supporting Information Table S2). More than

50% of the viral spectra were of phage origin (Fig. 1B). As

the taxonomic distribution observed in a previous study

(Brum et al., 2016), myoviruses, podoviruses and siphovi-

ruses were the major viral families, accounting for 21%,

15% and 3% of the viral spectra (Fig. 1B). Viruses infecting

Synechococcus, Prochlorococcus, Pelagibacter and pico-

phytoeukaryotes contributed approximately 12%, 12%, 6%

and 9% of total viral spectra, respectively (Fig. 1C), sug-

gesting that these viruses were abundant in the SCS. This

result was consistent with the presence of abundant

cyanophages, pelagiphages and Phycodnaviridae in the

photic zone of the ocean (Mizuno et al., 2013; Zhao et al.,

2013), where host populations are abundant (Supporting

Information Table S3) (Zhang et al., 2014). In contrast,

only a small proportion of proteins originated from the

viruses infecting the Euryarchaeota and Actinobacteria.

Around 16% of viral spectra matched homologous proteins
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from 40 viral contigs from the DCM of the Mediterranean

Sea (Fig. 1B), suggesting that these unknown viruses

might be related to DCM habitat. Moreover, many of the

viral proteins (represented by 32% of the viral spectra)

were recruited from bacterial genome segments (Fig. 1B),

suggesting that they were from phages integrated into

host cells. In addition, two proteins related to cellular

metabolism were detected based on putative viral

contigs annotated using VirSorter (Supporting Information

Table S2), which might be auxiliary metabolic genes

expressed in the infected cells but released to the VCs

after lysis.

Only one sequence related to an ssRNA virus (Fig. 1B)

was observed, although RNA viral reference sequences

accounted for 1/3 of the reference database. Furthermore,

none of the sequences related to RNA viruses or known

GTAs were detected, even with searching against a sec-

ond database combined SEATS-DCM-Bac dataset with a

marine RNA viral metagenomic dataset (Steward et al.,

2013) and known GTA sequences from NCBI. At present,

Fig. 1. The relative abundance distribution of viral proteins based on normalized spectral counts in the two VCs collected from the DCM of the
SCS. Classified by superkingdoms (A), and viral proteins by major groups (B) and by their host (C). uvMedDCM phages: viral proteins
assigned to uncultured phages collected from the Mediterranean DCM layer (Mizuno et al., 2013). NCLDV: nucleo-cytoplasmic large DNA
viruses most of which were viruses infecting prasinophytes.
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no method of directly enumerating natural RNA viruses or

GTAs is available (Lang et al., 2009; Lang et al., 2012;

Forterre et al., 2013), hence, their distribution in and

contribution to the marine environment are largely

unknown. We believe that the protein-based method used

in our study is not biased for any specific virions with pro-

tein coats, and should provide a reliable estimation of the

relative abundance of each major type of virion. The lower

cutoff (10 kDa) used in our study compared with the 30

kDa applied in the RNA viral metagenomics (Steward

et al., 2013) suggested that it is unlikely that we missed

small RNA viral particles during protein preparation. More-

over, sequence-library bias could be excluded by a large

number of sequences of RNA viruses from Refseq or

environments (Steward et al., 2013) included in the

protein-searching database. Therefore, the outcome that

only one protein related to a RNA virus was detected is

most likely due to low abundance of RNA viruses in the

sampling site. This finding supports the hypothesis that

most ocean viruses are DNA viruses (Lang et al., 2009;

Brum et al., 2015). In addition, no detection of sequences

related to GTAs could be caused by the lack of

Fig. 2. The relative abundance
distribution of nonviral proteins based
on normalized spectral counts in the
two VCs (VC_1 and VC_2) from the
DCM of the SCS, by taxonomic (A)
and functional (B) classification,
respectively. a-, b-, g-, d- and cyano-
represent alpha-, beta-, gamma-,
delta-proteobacteria and
cyanobacteria.
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environmental GTA sequences or by the low abundance of

known GTAs in the collected VC samples.

We observed that viral structural proteins comprised the

majority of the viral proteins (86%) in the VCs (Supporting

Information Table S2), which was consistent with findings

from a previous viral metaproteomic study (Brum et al.,

2016). We used the same method as them to map the

Pacific Ocean virome (POV) dataset to obtain the eight

most abundant PCs which accounted for half of the spectra

counts (Supporting Information Fig. S1). All PCs, except

DCM_Cluster_1, comprised proteins with pfam domains

related to viral structure (Supporting Information Table S2).

Among the eight PCs, CAM_CRCL_773 and CAM_CRCL_

625 were also found to be abundant in the virion-

associated metaproteome reported by Brum et al. (2016)

but at different abundances. These comparisons showed

that some of the same components were found in ocean

viral proteomes, but there was variation from site to site.

A major difference between this study and previous work

(Brum et al., 2016) was that we did not further purify the

viral particles from the VCs, which enabled us to explore

the contributions and functions of other noncellular entities

in the nano-microbial world based on the information found

in nonviral proteins (see below).

Nonviral proteins

More than 60% of the spectra identified from both samples

were matched to a total of 402 nonredundant proteins

(Supporting Information Tables S1 and S4) that could not

be assigned to viruses (Fig. 1A). The vast majority of these

spectra were bacterial in origin, with a small fraction of

eukaryotes, archaea and taxonomic unknown. Bacterial

groups of SAR324, SAR11, Actinobacteria, Alteromona-

dales and Flavobacteria and picoeukaryotic prasinophytes

were the major contributors (Fig. 2A), which was consis-

tent with their high abundances at the DCM of the

sampling site (Supporting Information Fig. S2) (Zhang

et al., 2014). Eight percent of nonviral spectra correspond-

ing to 34 proteins were detected from SAR11, an

abundant group of small bacteria in the ocean (Morris

et al., 2002; Rapp�e et al., 2002). The presence of bacterial

proteins in the VCs could be associated with the passage

of small bacterial cells, for example, SAR11, through the

0.2 lm pore size membrane filter. However, counting of

bacterial cells using flow cytometry suggested that bacte-

rial cells were rare in the filtrates (<103 bacterial cells

ml21, which is below the limit of detection of flow cytome-

try), thus, proteins from intact bacterial cells should

contribute little to the proteome of the VCs. Other microbial

processes, such as cell lysis and extracellular excretion,

might produce nonviral proteins which are part of the VCs

proteomes. For example, 37% of the nonviral proteins

(Supporting Information Table S5), such as ABC

transporters, ribosomal proteins and molecular chaperone

GroEL present in the purified bacterial MVs (Aguilera

et al., 2014; Altindis et al., 2014; Biller et al., 2014), were

also detected in the VCs, suggesting the potential contribu-

tion of MVs to the marine VC proteomes.

Proteins with unknown function and transporter proteins,

each accounting for 1/3 of the nonviral spectra, made up

the majority of the nonviral proteins (Fig. 2B). These trans-

porters comprised mainly substrate-binding proteins that

are located in the periplasm of Gram-negative bacteria or

that are membrane-anchored lipoproteins in Gram-positive

bacteria and archaea. Diverse substrates were predicted

to be affiliated with transporters detected in the VCs, that

is, carbohydrates, amino acids, oligopeptides, carboxylic

acids, glycine betaine, polyamines, urea, phosphate/

phosphonate and iron (Supporting Information Fig. S3),

indicating diverse nutrient utilization strategies in the DCM

of the SCS.

Approximately 75% of the VC transporter spectra

matched transporters for carbohydrates, amino acids, oli-

gopeptides and carboxylic acids and these abundant

transporters were commonly found in diverse microbial

groups, especially in the SAR11, SAR324 and Actinobacte-

ria (Supporting Information Fig. S3) as previously reported

(Sowell et al., 2009; Morris et al., 2010; Sowell et al.,

2011). SAR11 transporters for glycine betaine (OpuAC/

ProX) were frequently detected in VCs (Supporting Infor-

mation Table S6) and bacterial metaproteomes (Sowell

et al., 2009; 2011; Williams et al., 2012), indicating that utili-

zation of glycine betaine by natural SAR11 populations

might be ubiquitous in the ocean. In SAR11, OpuAC/ProX

also functions as a putative 3-dimethylsulphoniopropionate

(DMSP) transporter and O-acetylhomoserine (thiol)-lyase

is involved in the putative DMSP demethylation pathway

(Tripp et al., 2008; Sun et al., 2016). The detection of these

proteins (Supporting Information Table S6) suggested that

SAR11 might utilize DMSP as a sulfur and carbon source

at the DCM of the SCS. Taurine transporter and adenylyl-

sulfate reductase subunit A (AprA) were identified from

SAR11 in the VCs (Supporting Information Table S6), indi-

cating that taurine might be an important source of carbon

and nitrogen for SAR11, which was consistent with a previ-

ous metaproteomic study (Williams et al., 2012). In

SAR11, AprA has been proposed to function in the detoxifi-

cation of sulfite generated from taurine degradation

(Williams et al., 2012) since SAR11 does not contain a

complete assimilatory sulphur reduction pathway (Tripp

et al., 2008). Moreover, OpuAC/ProX from other alphapro-

teobacteria and taurine transporters from other bacteria

including SAR324 were detected (Supporting Information

Table S6), suggesting the utilization of glycine betaine,

DMSP and taurine by these bacteria. In contrast to the

highly abundant SAR11 phosphonate and phosphate

transporters present in the Sargasso Sea with a low
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phosphate concentration (Sowell et al., 2009), spectra

assigned to phosphonate transporters in the VCs were

from Actinobacteria, SAR324 and thaumarchaea, but none

from SAR11 (Supporting Information Table S6). This indi-

cated that the SAR11 population at the DCM of the SCS

was, as a result of a relatively high phosphate concentra-

tion (0.45 mM, Supporting Information Table S3), not

subjected to phosphorus.

One Prochlorococcus urea transporter was detected

(Supporting Information Table S6), suggesting that urea is

an important nitrogen source for cyanobacteria in the

ocean. A recent study shows that urea transporters are

present in the MVs of marine Prochlorococcus (Biller et al.,

2014). Urea transporters are differentially expressed in the

exoproteomes of Synechococcus under different condi-

tions, including long- or short-term axenic culture, coculture

with a heterotrophic bacterium, dark incubation and short-

term infection by cyanophage (Christie-Oleza et al., 2015).

These studies suggest that the urea transporter detected in

our VCs might be associated with MVs produced from cya-

nobacteria and involved in nitrogen cycling.

Spectra involved in transport, translation, energy

metabolism and nitrogen metabolism were found in the

archaea, including marine group II/III euryarchaeota and

thaumarchaea (Supporting Information Table S4).

Although thaumarchaeal genomes also contain numerous

transporters for amino acids, oligopeptides, sugars and

taurine (Walker et al., 2010; Swan et al., 2014), only one

thaumarchaeal phosphonate ABC transporter was

detected while others were euryarchaeal ABC transporters

for amino acid or oligopeptide, suggesting different nutrient

requirements among different archaeal groups at the

DCM. Unlike SAR11 (Sowell et al., 2009), thaumarchaeal

phosphonate transporter might not be relevant to environ-

mental phosphorus limitation since it lacked the genes for

C-P lyases and hydrolases in the thaumarchaeal genomes

(Walker et al., 2010; Swan et al., 2014). The thaumarch-

aeal phosphonate transporter expressed at the DCM of

the SCS with a high phosphate concentration was consis-

tent with its transcript found in a phosphorus-unlimited

system (Hollibaugh et al., 2014). Moreover, one of the

interesting findings was archaeal copper-containing nitrite

reductase (Supporting Information Table S6). This enzyme

catalyzes the reduction of nitrite to nitric oxide and is impli-

cated in the production of the greenhouse gas nitrous

oxide (N2O) (Lund et al., 2012). Isotopic signatures of N2O

suggest ammonia-oxidizing archaea are the major source

of marine N2O (Santoro et al., 2011). Our result indicated

that the archaea might be involved in the production of

N2O at the DCM of the SCS.

Proteins involved in other biological processes were also

detected, such as stress response, cell motility, translation,

carbohydrate metabolism, carbon fixation, amino acid

metabolism, replication, recombination and repair, C1

metabolism, energy metabolism and photosynthesis (Fig.

2B), coincident with the exported proteins linked to diverse

biological processes observed in laboratory cultivated cya-

nobacteria (Christie-Oleza et al., 2015). Proteins related to

the oxidation of C1 and methylated compounds such as

carbon-monoxide dehydrogenase and formate dehydroge-

nase were detected in diverse bacterial groups, including

the Chloroflexia, Roseovarius, the SAR324 cluster and an

uncultured bacterium (Supporting Information Table S6).

Dissolved organic carbon in the ocean contains various C1

and methylated compounds, such as methanol, formalde-

hyde, formate, DMSP and methylamine (Sun et al., 2011).

The presence of these proteins in the marine VCs indi-

cated that the oxidation activities of C1 and methylated

compounds, typically such as formate, glycine betaine and

DMSP, were important microbial processes at the DCM,

which was consistent with the frequent detection of pro-

teins involved in the metabolism of C1 and methylated

compounds in metaproteomic studies of marine microbial

communities (Sowell et al., 2011; Williams et al., 2012;

Georges et al., 2014). The majority of proteins from pico-

phytoeukaryotes were related to the functions of carbon

fixation, cell motility and photosynthesis, which was likely

to be attributed to the release of cell structure from the

chloroplasts and flagella after cell lysis or mechanical

damage.

Interestingly, many abundant nonviral proteins belonged

to the periplasmic proteins (Supporting Information Table

S7), suggesting enrichment of the periplasmic proteins in

the VCs. We have no clear explanation about this. It is pos-

tulated that periplasmic proteins might be incorporated into

bacterial vesicles produced through either vesicularization

of shattered membrane fragments during natural cell lysis

events or shedding from the cell surface during growth

(Kesty and Kuehn, 2003; Forterre et al., 2013; Turnbull

et al., 2016), since MVs are estimated to have an abun-

dance similar to viral particles in the ocean (Biller et al.,

2014). In addition, the substrate binding proteins of ABC

transporters are typically present in large amounts in

marine bacterial metaproteomes (Sowell et al., 2009; Mor-

ris et al., 2010; Sowell et al., 2011), which could partially

explain the frequent detection of these transporters (over

80% of the transporter-associated spectra) in the VCs.

However, we cannot rule out the possibility that some

soluble proteins such as cytoplasmic proteins might occa-

sionally be packed into vesicles or bound to other

materials, which protected them from degradation and so

accumulated in the seawater.

Abundant bacterial 56-kDa selenium-binding protein
(SBP56)

In our study, three proteins containing the SBP56 Pfam

domain were detected (Supporting Information Table S6),
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indicating the existence of SBP56 homologs in the VCs. In

contrast to very few SBP56 spectra (from 0 to 3) detected

in the previous metaproteomic studies of marine cellular

fractions collected above the DCM (Sowell et al., 2009;

2011; Morris et al., 2010; Williams et al., 2012), the three

proteins were ranked among the most abundant nonviral

proteins in the VCs (Fig. 3A). This suggested that bacterial

SBP56 might be an important enzyme at the DCM.

However, the bacterial SBP56 family has previously been

seldom documented.

Taxonomic annotation showed that these peptides were

most closely related to proteins from three gammaproteo-

bacteria, Methylomarinum vadi, Methylomicrobium

alcaliphilum and a marine isolate HTCC2080 in the OM60

group (Fig. 3B), none of which are abundant in the sam-

pling site (Supporting Information Fig. S2) (Zhang et al.,

2014). Eight other SBP56 homologs related to other

abundant bacteria such as SAR11, Rhodobacterales and

Rhizobiales were also present in the protein-searching

database, but they did not match any of these peptides

(Fig. 4 and Supporting Information Table S8). Searching

against all the contigs from the Tara oceans DCM (TARA-

DCM, Brum et al., 2015; Sunagawa et al., 2015) indicated

that none of the mapped contigs were from the viromic

dataset (< 0.22 lm) or contained any virus-associated

gene (Fig. 5), suggesting their nonviral origins. Phyloge-

netic analysis (Fig 4 and Supporting Information Fig. S4)

was further used to infer the origin of metaproteome-

detected SBP56 homologs based on 84 environmental

SBP56 sequences from either the global ocean sampling

(GOS) or the TARA-DCM metagenomics datasets

(Yooseph et al., 2007; Sunagawa et al. 2015), as well as

more than 700 bacterial SBP56 genes from diverse bacte-

rial groups. The results indicated that the SBP56-like

Fig. 3. Rank of each SBP56-like
protein among nonviral proteins based
on normalized spectral counts (A) and
among predicted genes in SEATS-
DCM-Bac metagenome based on
normalized read counts (B). The
SBP56-like proteins that are present
in both the metagenome and the
metaproteome are shown in red,
while those are not detected in the
metaproteome are blue. Taxonomic
annotations by BLASTp against
NCBInr database are shown in the
figure. The annotation order from top
to bottom corresponds to the coloured
dots from left to right.
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Fig. 4. Phylogenetic analysis and peptide coverage of environmental and reference SBP56-like proteins. The prevalence of a given amino acid
residue at that position in the consensus sequence is heat mapped, with red as the most frequent and green as the least frequent residue.
Grey means the undetected residues.
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proteins detected in the VCs were derived from unknown

relatives of the OM60 group.

The function of the SBP56 protein family in bacteria is

not yet clear although SBP56 has been demonstrated to

have thioredoxin activity or intra-Golgi transport activity in

eukaryotes (Tamura and Stadtman, 1996; Porat et al.,

2000). Except that selenium binding was annotated for the

metaproteome-detected SBP56 structural analog (2ECE,

Supporting Information Fig. S5), functional information is

limited based on model-based function prediction using the

I-TASSER prediction server (Zhang, 2008). Both TARA-

DCM contigs (Sunagawa et al., 2015) (Fig. 5) and refer-

ence genomes (Supporting Information Fig. S6) that

contain metaproteome-detected SBP56 homologs were

retrieved for genomic context analysis leading to further

functional prediction (Mavromatis et al., 2009). Almost all

SBP56 was present next to ORFs encoding for cyto-

chrome c peroxidase (CCP) that could reduce peroxides.

Next to CCP, several contigs also contained peroxiredoxin

ORF belonging to the AhpC/TSA family that was related to

alkyl hydroperoxide reductase and thiol specific antioxi-

dant. Therefore, genomic context analysis suggested that

SBP56 was functionally related to the removal of peroxide

compounds. Moreover, subcellular location predictions

using SignalP and CELLO for SBP56 homologs (Support-

ing Information Table S9) implied that the SBP56 detected

in our study were likely periplasmic proteins. Hence, the

abundance variation between our study and previous stud-

ies (Sowell et al., 2009; 2011; Morris et al., 2010; Williams

et al., 2012) indicated that specific microbial groups occu-

pying the DCM might produce SBP56 and secrete this

protein to the periplasm in response to peroxide stress.

Overall, information on the origin, expression profile, cellu-

lar location and function of bacterial SBP56 in the ocean

are lacking and more efforts should be devoted to this

protein and its ecological significance.

Concluding remarks

Our metaproteomic analysis provided insights into the

origin and function of proteins in marine VCs. Viral proteins

in the VCs indicate the presence of viruses of abundant

bacterial groups, consistent with observations found in

metagenomic studies (Mizuno et al., 2013; Brum et al.,

2015). RNA viruses and known GTA particles might not be

abundant in the DCM of the SCS. An important but not

Fig. 5. Gene context for TARA-DCM metagenomic contigs containing SBP56 homologs detected in metaproteomes in this study. Vertical
blocks between sequences with gray colour indicate regions of shared similarity shaded based on BLASTn.
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previously reported observation is that periplasmic pro-

teins, including substrate binding proteins and SBP56

proteins, were abundant in the VC protein pool. The pres-

ence of abundant periplasmic proteins, as well as other

diverse proteins that have cytoplasmic functions, such as

oxidation of C1 and methylated compound, indicates the

possible presence of these enzymes in the ‘nonbacterial’

world. However, it should be pointed out that several fac-

tors, that is, different preparation methods of VC (Hurwitz

et al., 2013), coverage of reference database (Morris et al.,

2010) and inherent differences in microbial genetics

(Christie-Oleza et al., 2015), could affect VC composition

and protein identification and lead to findings different from

the VC proteomes described in a previous study (Brum

et al., 2016). Therefore, comprehensive metaproteomic

studies of VCs from various marine environments will not

only deepen our understanding of viral diversity and com-

munity structure, but also provide new insights into the

potential ecological functions affiliated with extracellular

biomaterials in the ocean.

Experimental procedures

Sampling in the SCS

Two seawater samples, 110 L each, were collected from the

DCM layer (75 m) at the SEATS station (18.08N, 116.08E) in

the SCS during a summer 2012 cruise (ancillary data provided

in Supporting Information Table S3). To avoid the loss of unas-

sembled phage structures and other potential virus-like

structures, the size fraction between 10 kDa and 0.2 lm was

collected as the VC sample in this study. The procedures for

protein sample preparation from the VC were modified from

the methods described elsewhere (Chen et al., 1996; Dong

et al., 2013). Briefly, seawater samples were filtered on board

using a GF/F glass fiber (Whatman, 0.7 lm pore size) and

subsequently a 0.2 lm pore size filter (Millipore, Durapore

membrane filter). A final concentration of 0.01% (w:v) sodium

dodecyl sulfate (SDS) and 5 mM of sodium azide were added

to the filtrate to solubilize the proteins and inhibit bacterial

growth. VCs were prepared from these filtrates with tangential

flow filtration using a Millipore Pellicon 2 tangential flow

filtration system equipped with a 10 kDa regenerated cellulose

filter. Approximately 450 ml of concentrated filtrate was

obtained and stored at 2808C until protein extraction. To

extract proteins from the VCs, the filtrates were further con-

centrated to around 25 ml in a 50 ml stirred ultrafiltration cell

(Millipore) with a regenerated cellulose filter (Millipore, 5 kDa)

and desalted with 25 ml of desalting buffer (35 mM NH4HCO3,

0.01% SDS [w:v]) on ice. After repeating the desalting step

three times, approximately 10 ml of desalted sample was

obtained for protein extraction.

Protein extraction from VCs

The desalted sample was precipitated with ice-cold 20%

trichloroacetic acid in acetone (threefold the filtrate volume) at

2208C overnight. After centrifugation at 12 000 g for 30 min at

48C, the pellets were rinsed three times in ice-cold acetone

and then air dried and solubilized in rehydration buffer contain-

ing 7 M urea, 2 M thiourea and 3-((3-cholamidopropyl)

dimethylammonium)-1-propane-sulfonate (4% w:v). Finally,

the supernatant containing the extracted proteins was

obtained after centrifugation at 17 000 g for 30 min at room

temperature and approximately 40 lg each was obtained

based on the Bradford protein assay.

Protein digestion and fractionation

After reduction with dithiothreitol and alkylation with iodoaceta-

mide, the protein extracts were processed using the FASP

procedure (Wi�sniewski et al., 2009) with 10 kDa Microcon fil-

tration devices (Millipore). Briefly, the buffer was removed after

loading the protein solution on the device. Proteins retained

on the device were rinsed three times with 100 ll of 0.5 M

triethylammonium bicarbonate (TEAB) solution. After centrifu-

gation, 1 lg of sequencing grade trypsin (Promega) in 100

ll 0.5 M TEAB solution was added at two intervals 12 h apart

to digest protein to peptides at 378C (the ratio of trypsin over

protein was around 1:20 [w/w], in total 2 lg trypsin). The pepti-

des were collected after centrifugation and dried for

reconstitution with 2 ml buffer A [25 mM KH2PO4 in 25% ace-

tonitrile (ACN), pH 3.0] and loaded onto a 4.6 3 250 mm

Ultremex SCX column containing 5 lm particles (Phenom-

enex) for SCX chromatographic fractionation using the

Shimadzu LC-20AB HPLC system. The peptides were eluted

at a 1 ml/min flow rate with a gradient of buffer A for 10 min,

5%–35% buffer B (25 mM KH2PO4, 1 M KCl in 25% ACN, pH

3.0) for 30 min, then 35%–80% buffer B for 1 min. The system

was then maintained in 80% buffer B for 3 min before equili-

brating with buffer A for 10 min prior to the next injection.

Elution was monitored by measuring absorbance at 214 nm.

Fractions were collected every 1 min and the eluted peptides

were finally pooled into 10 fractions, desalted with a Strata X

C18 column (Phenomenex) and vacuum-dried.

LC-ESI-MS/MS analysis

Each fraction was suspended in buffer C [5% ACN, 0.1% for-

mic acid (FA)] and centrifuged at 20 000 g for 10 min. The

final concentration of peptide in each fraction was around 0.5

lg/ll. The supernatant (8 ll) was loaded on a Shimadzu

LC-20AD nano-HPLC using the autosampler onto a C18 trap

column and the peptides were eluted onto an analytical C18

column (inner diameter 75 lm, 18 cm) packed in-house. The

samples were loaded at 8 ll/min for 4 min, then the 40 min

gradient was run at 300 nl/min starting from 2% to 35% buffer

D (95% ACN, 0.1% FA), followed by 5 min linear gradient to

80%, continued at 80% for 4 min and finally returned to 5% for

1 min.

The peptides were subjected to nanoelectrospray ionization

followed by tandem mass spectrometry (MS/MS) in a Q

EXACTIVE mass spectrometer (ThermoFisher Scientific, San

Jose, CA) coupled online to the HPLC. Intact peptides were

detected in the Orbitrap at a resolution of 70 000. Peptides

were selected for MS/MS using a high-energy collision disso-

ciation operating mode with a normalized collision energy

setting of 27.0; and ion fragments were detected in the
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Orbitrap at a resolution of 17 500. A data-dependent proce-

dure that alternated between one MS scan followed by 15 MS/
MS scans was applied for the 15 most abundant precursor

ions above a threshold ion count of 20 000 in the MS survey

scan with a following Dynamic Exclusion duration of 15 s. The
electrospray voltage applied was 1.6 kV and the heated capil-

lary was at 2808C. Automatic gain control (AGC) was used to

optimize the spectra generated by the Orbitrap. The AGC tar-
get for full MS was 3e6, and 1e5 for MS/MS. For MS scans,

the m/z scan range was from 350 to 2000 Da.

Protein identification

The instrument data file for each fraction was merged and

transformed to MGF files using Proteome Discoverer (ver.
1.3.0.339; ThermoFisher Scientific, San Jose, CA). Peptide

and protein identifications were performed using the Mascot

search engine (ver. 2.3.0; Matrix Science, London, United

Kingdom) against a combined database, DB1, which con-
tained 5 440 190 nonredundant sequences integrated from

the following datasets: the environmental protein-coding

sequences (eCDSs) predicted from the local microbial meta-
genomics (SEATS-DCM-Bac, 219 878 sequences, see the

section of metagenomic sequencing, assembly and database

construction) of the DCM layer at the same time, the POV
(�4.1 million) dataset (Hurwitz and Sullivan, 2013), the Medi-

terranean DCM metaviromic dataset (uvMedDCM-Vir, 38 758

sequences) (Mizuno et al., 2013) and protein sequences of
ds-, ss-RNA viruses and retro-transcribing viruses (1 847 660

sequences downloaded from the NCBI on July 27, 2014).

Database searching was restricted to tryptic peptides. For pro-

tein identification, a mass tolerance of 20 ppm was permitted
for intact peptide masses and 0.6 Da for fragmented ions, with

allowance for one missed cleavage in the trypsin digests, car-

bamidomethyl as the fixed modification and oxidation as the
variable modification. The charge states of peptides were set

to 11, 12 and 13. Specifically, an automatic decoy database

search was performed in Mascot by choosing the decoy
checkbox in which a reverse database is generated and tested

for raw spectra as well as the real database. To reduce the

probability of false peptide identification, only peptides of ion
scores at the 95% confidence interval using a Mascot proba-

bility analysis greater than the identity score were counted as

identified and the false discovery rate was calculated to be
around 1% for protein identification. Proteins matched with at

least two unique peptides were finally accepted as confident

identifications for further bioinformatic analysis.

To evaluate the contributions of marine RNA viruses and

GTAs to the proteome of the VCs, an independent search was
run against another database using the same searching

parameters as DB1. In general, searching against a large

database is computationally intensive. Therefore, 438 132
eCDSs from the coastal RNA viral metagenomics (Steward

et al., 2013) and 9597 GTA protein sequences from the NCBI

(downloaded on July 29, 2014) as well as our SEATS-DCM-
Bac dataset were merged into 665 929 nonredundant

sequences as a small reference database, DB2, to quickly

test the existence of proteins related to RNA viruses or GTAs.
Since all sequences confidently identified were from the

common dataset (SEATS-DCM-Bac) between DB1 and DB2,

the sequences of RNA viruses and GTAs in the DB2 was not

combined with the DB1 for further searching against, and the

analysis in this study was based mainly on the identifications

generated from DB1.

Protein annotation

The protein annotations and taxonomic assignments were per-

formed as previously described (Morris et al., 2010). Briefly, all

eCDSs identified were searched against the NCBInr database

downloaded in October 2014 using the BLASTp. For each

eCDS identified, the BLAST expected score of the best BLAST

hit <1025 was selected for protein description and taxonomic

assignment, otherwise, the eCDS was annotated as ‘unknown’.

Once sequences were grouped together, consensus annota-

tions for protein description and taxonomic assignment were

performed. Usually, all the best BLAST hits in one protein group

were the same. If not, taxonomic identity and protein descrip-

tion assignments were made at the most specific level. After

the taxonomic consensus annotations, sequences not assigned

to viruses were further manually examined. If a sequence con-

tained only viral structural protein domain or were present in a

viral contig scanned using VirSorter (Roux et al., 2015), it was

reclassified as a viral protein, otherwise annotation was not

changed. Note that sequences from the uvMedDCM-Vir data-

set (Mizuno et al., 2013) had previously been annotated as

genes in the viral contigs, so these proteins once detected

were classified as viral proteins in default.

Functional annotations were based on Clusters of Ortholo-

gous Groups of proteins (Tatusov et al., 2003), the Kyoto

Encyclopedia of Genes and Genomes (http://www.genome.jp/

kegg/) (Kanehisa and Goto, 2000) and Pfam (version 27.0,

http://pfam.xfam.org/) (Finn et al., 2014). Protein subcellular

location was predicted using CELLO v. 2.5 (http://cello.life.

nctu.edu.tw/) (Yu et al., 2006). For subcellular location predic-

tion, the most likely location was selected as its annotation.

Thus, each sequence had three predictions based on the

organism (Gram-negative or positive bacteria and eukaryotes)

from which it was derived. The consensus taxonomic annota-

tion was taken into account. For example, if the consensus

taxonomic annotation was a Gram-negative bacterium, the

subcellular location prediction for the Gram-negative bacte-

rium was regarded as its annotation. If the taxonomic

annotation for an identified sequence was not clear, such as

‘bacteria’ or ‘unknown’, only a uniform prediction was consid-

ered as the precise annotation, otherwise, it was annotated as

‘unknown’. If the taxonomic annotation was an ‘archaea’, its

prediction was considered as the correct annotation when it

had at least two identical predictions, otherwise it was anno-

tated as ‘unknown’.

Using cd-hit-2d (‘-g 1 –n 4 –d 0 –T 24 –M 45000’; 80% cov-

erage and 60% percent identity), all viral proteins were further

mapped to PCs of POV. If a viral protein was clustered with

POV proteins with the same cluster id, the cluster id was used

as the PC id of that viral protein. Then the remaining viral pro-

teins were self-clustered and new cluster ids were created.

Quantitative analysis based on spectral counts

To decrease the bias due to common spectra shared between

different proteins, spectral counts for each protein were
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normalized following the equation used in a previous study

(Brum et al., 2016). To provide relative quantification within or

between replicates, percentages of normalized spectral

counts for each protein category were used in Figs 1 and 2

Supporting Information Figs S1 and S3.

Metagenomic sequencing, assembly and database

construction

A local metagenomic library is of great help in the protein iden-

tification of metaproteomics (Morris et al., 2010). We assumed

that all cellular proteins in the VCs should be encoded by

genes present in the cellular fraction. Because of the limited

volume of seawater available, we created only a local metage-

nomic library (SEATS-DCM-Bac) of cellular size, and several

viromic libraries were introduced to solve the viral database.

Two DNA samples with 10 L each of the same seawater were

collected on polycarbonate filters (Millipore, 0.2 lm pore size)

and extracted using a CTAB (cetyl/hexadecyl trimethyl ammo-

nium bromide) protocol as previously described (Lin et al.,

2010). DNA sequencing was performed on an Illumina HiSeq

2000 platform following the paired-end sample preparation

protocol. Approximately, 55 million high quality reads with

10 900 Mbp were generated. Assembly was performed using

SOAPdenovo (version 1.06, http://soap.genomics.org.cn/

soapdenovo.html). ORFs were predicted using MetaGene-

Mark (Version 2.10, http://exon.gatech.edu/GeneMark/

metagenome/Prediction) and redundant ORFs were removed

using cd-hit (version 4.6.1, http://weizhong-lab.ucsd.edu/

cdhit_suite/cgi-bin/index.cgi). Finally, 219 878 predicted ORFs

were obtained, comprised mainly of bacterial sequences with

a small fraction of archaeal, eukaryotic, viral and taxonomic

unclassified sequences (Supporting Information Fig. S2).

These nucleotide sequences were further translated into

amino acid sequences for protein identification. To calculate

the relative abundance of each predicted gene, the number of

reads mapping to each gene (H) were normalized in the fol-

lowing steps: (1) Each H was divided by the length of the gene

(L) to give a length normalized abundance for each gene (H/

L); (2) each H/L was divided by the sum of H/L for all genes

from the sample (N) to generate a sample-size normalized

abundance for each gene (H/L/N); (3) each H/L/N was

rescaled to the mean of H/L/N across the sample as the final

relative abundance of each gene.

Data analysis of SBP56-like proteins

Homologous sequences of metaproteome-detected SBP56-

like proteins were obtained using BLASTp against the metage-

nomic protein database (env_nr) or Refseq protein database

on the NCBI website (Supporting Information Table S9).

Environmental contigs containing homologs of the three

SBP56-like proteins (e-value <1e-20, identity>70% and

alignment length longer than query sequence length) were

retrieved using tBLASTn against all TARA-DCM metagenomic

assembly datasets and annotated on the interface of the US

Department of Energy Systems Biology Knowledgebase

(KBase) (Arkin et al., 2016). SBP56-like sequences in the con-

tigs were extracted.

To perform phylogenetic analysis, the three SBP56-like

sequences and their homologs from SEATS-DCM-Bac, GOS

and TARA-DCM datasets as well as an out-group sequence

were multiple aligned using ClustalW (Chenna et al., 2003),

and trimmed using trimAl (Capella-Guti�errez et al., 2009).

Finally, a maximum likelihood tree was generated using the

RAxML program (Stamatakis, 2014) based on the best-fit

models of evolution determined with the ProtTest program

(Abascal et al., 2005). Identical aligned sequences were

excluded from the analysis and a bootstrap convergence test

was conducted with the option of autoMRE in the RAxML.

Aligned sequences without trimming were used for peptide

coverage analysis and shown together with the tree using the

script of a previous study (Sowell et al., 2009). To further sup-

port the phylogenetic lineage of the three SBP56-like protein

in the small tree, a total of 789 reference sequences were

retrieved from the Refseq protein database on the NCBI web-

site with the keywords ‘selenium-binding protein’ or ‘selenium

binding protein’ within the bacterial domain and were included

to create the larger phylogenetic tree of Supporting Informa-

tion Fig. S4 using the same method.

To explore the function of the metaproteome-detected

SBP56-like proteins, several analyses were conducted: first,

the three amino acid sequences were subjected to structural

prediction using the I-TASSER online server (Zhang, 2008)

with default settings; then, gene context analysis of TARA-

DCM contigs was made, based on the KBase annotations and

visualized using the Easyfig program (Sullivan et al., 2011);

and finally, gene cluster analysis was performed on the refer-

ence genomes that contained SBP56-like peptides detected

in the metaproteome based on the IMG chromosomal

cassette by Pfam (Mavromatis et al., 2009).
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Fig. S1. Percentages of virus-associated protein clusters
among the viral proteins indicate 8 viral protein clusters
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Fig. S2. Taxonomic distribution based on local DCM meta-
genomic analysis (SEATS-DCM-Bac, size above 0.2 mm).
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proteobacteria.
Fig. S3. Spectral counts based distributions of predicted
substrates (A) and taxonomic annotations (B) for all trans-
porters identified in the two VCs (left pies for VC_1, right

pies for VC_2) collected from the DCM of the SCS.
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three SBP56-like proteins (A. gene_DCM-B1_49513; B.
gene_DCM-B1_42374; C. gene_DCM-B1_190993) detected
in the VCs. The coloured ribbon indicates the predicted
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protein, a hypothetical selenium-binding protein from Sulfo-
lobus tokodaii (2ECE).
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dashed boxes) from the reference genomes (Figure 4) that

contain SBP56 proteins matched metaproteome-detected
peptides. Genes in each cassette are listed following the
order from left to right in the Supporting Information Table
S10 and SBP56 is indicated by small red box under the

centerline. Small colour boxes next to the bottom red
dashed line indicated the functional categories.
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each superkingdom in the two independent proteomes of
VCs (VC_1 and VC_2) collected from the DCM of the SCS.
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unique peptides matching identified in the VCs collected
from the DCM of the SCS after searching against DB1.
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