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Metaproteomics is a new field within the ‘omics’ science which investigates protein
expression from a complex biological system and provides direct evidence of physiological
and metabolic activities. Characterization of the metaproteome will enhance our
understanding of the microbial world and link microbial communities to ecological functions.
Recently, the availability of extensive metagenomic sequences from various marine microbial
communities has extended thepostgenomic era to the field of oceanography.Although still in its
infancy, metaproteomics has shown its powerful potential with regard to functional gene
expression within microbial habitats and their interactions with the ambient environment as
well as their biogeochemical functions. However, the application of metaproteomic approaches
to complex marine samples still faces considerable challenges. This review summarizes the
recent progress inmarinemetaproteomics and discusses the limitations of and perspectives for
this approach in the study of the marine ecosystem.
This article is part of a Special Issue entitled: Trends in Microbial Proteomics.
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1. Introduction

Marine ecosystem is the largest aquatic system on the planet.
It is reported that coastal habitats alone account for approx-
imately 1/3 of all marine biological productivity, and play
important roles in regulating the global climate. It is estimat-
ed that the huge body of seawater, with an average of around
2.5 × 106 cells mL−1, harbors significant microbial populations
[1], and with a wide range of habitat diversity, including coastal
and ocean waters with different influences by human activity;
up- and down-welling systems with different nutrient transpor-
tation; and surface, intermediate and deep waters with gradient
changes of light, temperature and pressure. The native microor-
ganisms play crucial roles in the biogeochemical cycling of
elements, such as carbon, phosphorus and nitrogen, as well as
organic matter (OM) decomposition and remineralization [2].
Therefore, the study of mixed microbial communities within
their natural marine environment is the key to the investigation
of the diverse roles played bymicroorganisms, and to identify the
microbial potential for specific environmental stresses.

Metaproteomics is a new field within the ‘omics’ science
which attempts to identify all the proteins expressed at a given
time within an ecosystem, and plays a key role in the
determination of microbial function [3]. Metaproteomics has
been applied in a variety of environments [4–16] as well as
humanhealth [17–19]. Recently,with the extensivemetagenomic
sequences from various marine microbial communities becom-
ing available, metaproteomics has also attracted considerable
attention in the field of marine science. Up to now, there are
76 marine metagenomic projects available online, 23 of
which have been completed based on the Genomes Online
Database (http://www.genomesonline.org/cgi-bin/ OLD). Addi-
tionally, more and more marine microorganisms are becoming
subjected to whole genome sequencing since the first marine
archaeon, Methanocaldococcus jannaschii, was sequenced [20].
Recently, a metagenomic study of the marine planktonic
microbiota yields an extensive dataset consisting of 7.7 million
sequencing reads (6.3 billion bp) which predicts 6.12 million
proteins [21]. These predictions add tremendous diversity to
known protein families and cover nearly all known prokaryotic
protein families, which provide a powerful protein database for
identifying proteins in the marine ecosystem. This study has
made metaproteomics better available in the field of marine
science by providing amore relevant database. In this paper,we
review the advancement of metaproteomics in the marine
environment, anddiscuss the challenges of this approach in the
study of the marine ecosystem.
2. Metaproteomic analysis strategies

With the rapid development of mass spectrometry (MS)
technology over the past few decades, several strategies
have been applied in marine metaproteomic study (Fig. 1).
Typically, the metaproteomic approach involves up to four
main steps, namely sample collection; protein extraction,
purification and fractionation; MS analysis; and finally protein
interpretation with further bioinformatics analysis. Two major
work flows have been developed: 1) sodium dodecyl sulfate
Please cite this article as: Wang D-Z, et al, Marine metaproteom
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polyacrylamide gel electrophoresis (SDS PAGE) coupled either
with matrix-assisted laser desorption/ionization time-of-flight/
time-of-flight (MALDI-TOF-TOF)MS analysis or with electrospray
ionization source-tandemMS (ESI-MS/MS) analysis; and 2) liquid
chromatography coupled with electrospray ionization source-
tandemMS (LC-ESI-MS/MS). However, because of the wide range
of protein expression and perturbing matrix compounds likely
to challenge its application in complex marine samples, as well
as its being restricted by molecular sizes, pI ranges, and
hydrophobicity of the proteins, the usage of two-dimensional
gel electrophoresis (2-DE) in combination with MALDI-TOF-TOF
MS has waned and is much less important as an identification
technique in general. As a result, LC-MS/MS approaches have
become more popular and successful in recent studies.
Regardless of any work flow, it should be considered whether
quantification is needed in the experiment design, either using
labeling or label-free approaches. After that, metaproteomics
can begin with protein extraction.

Another important issue is that during protein extraction,
including purification and concentration, care should be taken
to avoid bias and loss at each step. Care is also necessary to
avoid the introduction of additional interfering compounds in
the final extract, which might decrease the effectiveness of
digestion or hamper MS analysis. Usually, proteins are separat-
ed using either 1-DE or 2-DE, and then subjected to digestion
into peptides using trypsin or other enzymes. After that, the
peptides are brought to MS analysis or further LC separation
using a microcapillary column of C18 reversed-phase (RP) or
strong-cation-exchange phase (SCX). Times of peptide separa-
tion depend on the complexity of the sample. Often, it is
sufficient to use 2D-GE-MS or 1-D SDS PAGE plus LC-MS/MS or
2-D (SCX-RP) LC-MS/MS. Sometimes, multidimensional peptide
separation is needed when the sample composition is too
complex. The next most important step is MS analysis. In this
step the rawdata are output and the following analysis is totally
based on the data. The sensitivity, accuracy and scanning speed
of MS determine the quality of the raw data as well as the
availability of the data. Frequently usedMS including Q-TOFs or
LTQ-orbitrap or FT-ICR are state-of-the-art systems for high
performance tandem MS measurement. The most frequently
used ionization techniques are MALDI and ESI, the former
where ionization of peptides is triggered with a laser beam
matrix-embedding the peptides, while the latter disperses a
peptide-containing liquid using electrospray to achieve ioniza-
tion. Such improvements of the mass spectrometer technique
facilitate better protein identification, helping greatly in the
detection of low abundant proteins, evenmaking the possibility
of single-cell proteomics come true in the future.

Raw data are further submitted to interpretation with
several software packages such as Mascot [22,23], SEQUEST
[23] and de novo software (PEAKS [24] for example) to achieve
confident identification. Two strategies have been developed,
direct mass spectra based and de novo peptide sequence based
and, after that, a quantitative step can be carried out based on
the raw data. Recently some software packages such as
DTAselect [25] or Scaffold [26] have been applied to sort and
filter the raw data, and to conduct quantitative comparison
between samples by counting the peptide spectra, a process
termed semi-quantitative proteomics. In addition, other com-
mercial software such as SIEVE (version 2, ThermoFisher,
ics: Current status and future directions, J Prot (2013), http://
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Scientific) and Progeneis LC/MS (NonLinear Dynamics) are
also available for the label-free quantitative proteomic
analysis. Finally, the last stage is the visualization of the
complex functional information [27].
3. Metaproteomic analyses of marine samples

Since the metaproteomic approach was first applied to study
the mixed microbial communities in 2004 [3], it has
subsequently been extended to the marine ecosystem.
Although metaproteomics is still in its infancy, it has
shown great potential to unveil novel functional genes and
their interactions with the ambient environment as well as
their microgeochemical functions. Here, we have grouped
the metaproteomic studies in the marine science literature
(Table 1) into three main thematic blocks, and some from
each block are discussed below.

3.1. Protein expression in microbial communities and their
in situ physiological states

The first metaproteomic study of aquatic microbial assem-
blages compares the protein expression in various samples
from Chesapeake Bay using the 2-DE method and identifies
the excised protein spots using LC-MS/MS coupled with MS–
BLAST searching [1]. Spot numbers on 2-DE gel range from 155
to 207, with the most similar protein files sharing 70% of the
common spots to the less similar ones sharing 30% of the
common spots in Chesapeake Bay metaproteome samples.
However, the protein information is too limited in that only
three proteins were tentatively identified owing to the lack of
a substantial DNA sequence database. The study, for the first
time, demonstrates the raw power of metaproteomics using
the 2-DE approach for exploring natural microbially expressed
proteins to open up the natural marine microbial world to
closer scrutiny, and also presents its difficulties in application.
Later, another study investigated the SAR11 metaproteome at
low-nutrient extremes in the up-welling system of the Sargasso
Sea using the high- throughput non-gel based strategy of 2-D LC
coupled to LTQ MS/M [28]. A total of 6533 peptides matched to
1042 proteins are identified, among them mass spectra from
SAR11 transporters (such as periplasmic substrate-binding
proteins for phosphate, amino acids, phosphonate, sugars and
spermidine) are highly abundant, which support the view of
extreme competition for multiple nutrients in oligotrophic
systems and the competitive capability of cells via maximizing
their nutrient uptake activity, particularly those involving
phosphorus uptake, in nutrient-depleted environments.

In contrast to oceanic and periodic upwelling in the
Sargasso Sea, coastal upwelling is the most common system
in the ocean, and is usually characterizedwith the high primary
production caused by nutrient enrichment and high-intensity
mixing. Different from the study of the Sargasso Sea which
focuses on the transporters of SAR11 clade, another study
targets this highly productive region during an upwelling period
on the Oregon shelf to reveal the dominantmetabolic processes
occurring withinmarine bacterial communities in their natural
environment [29]. In this latter study, 7151 distinct peptide
sequencesmapped to 13469 eCDSs are detected and 481 unique
Please cite this article as: Wang D-Z, et al, Marine metaproteom
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protein families are identified using 2-D LC MS/MS. Among
them, transport proteins again are highlighted and account for
11 out of the 25 most abundantly represented protein families.
Interestingly, SAR11 transport proteins also contribute a signif-
icant proportion to the total spectral count, but even excluding
SAR11 eCDSs, there are still nine transport protein families
ranked in the top 25. These results support the hypothesis
concerning the importance of effective nutrient scavenging for
the adaptation of microbial cells either in nutrient replete or
deplete conditions, and a determining factor in microbial com-
petition and survival. However, differences between oceanic and
coastal upwelling systems should be expected. Results from the
two studies show that SAR11 phosphate and phosphonate
transporters are abundant in the ocean gyre ecosystem but
nearly absent from the Oregon shelf upwelling system. Mean-
while, other studies show that the proteins involved in phos-
phorus transport are more abundant in terms of phosphate-
starvation [30,31], this further demonstrates that oceanic
oligotrophic gyre surfacewater hasmore chance to be subjected
to phosphorus-limitation than productive coastal surface
water. In addition, the substrates of SAR11 transport proteins
are mainly carbon- and nitrogen-containing compounds, but
not phosphate, suggesting that carbon and nitrogen, rather
than phosphorus, are the major factors for the niche differen-
tiation and productivity limitation in this productive region.
Themetaproteome of the Oregon shelf microbial community is
mainly matched to the SAR11 clade, Roseobacter clade, oligotro-
phic marine gammaproteobacteria group and OM43 clade, and
therefore one of the most important characteristics of proteo-
mics might be that metaproteomics provides taxon-specific
confirmation of the gene expression in the natural community,
for example the expression of the OM43 clade methanol
dehydrogenase in the above studies, suggesting that the
metabolism of one-carbon compounds by thesemethylotrophs
might play a key role in biogeochemical processes in the coastal
ocean.

Different from the above studies which lacked quantita-
tive information, a semi-quantitative method using peptide
spectral counting was introduced to perform a comparative
metaproteomic study targeting at the membrane proteins
expressed by the in situ microbial consortia of surface water
from an oligotrophic gyre to a productive coastal upwelling
region [32]. Along a natural gradient in nutrient concentra-
tions from the open ocean to coastal region in the South
Atlantic, a suite of 10 surface seawater samples targeting the
size fraction less than 0.8 μm, was analyzed using LC-MS/MS
to compare the metaproteomic profiles. Totally, 5389 peptides
hitting 2273 proteins are identified, with an average of 428 ± 158
distinct membrane proteins per sample, which is fewer than the
1042 proteins detected in a previous whole-cell metaproteomic
study in the Sargasso Sea [28]. More interestingly, the compara-
tive membrane metaproteomics revealed ocean-scale shifts in
microbial nutrient utilization and energy transduction along an
environmental gradient. Compound-specific transport proteins
showed a regular distribution along the gradient, for example,
urea and ammonia transporters dominate in the open ocean.
Two types of energy transduction are characterized: one is light
energy transduction represented by proteorhodopsin, a light-
driven proton pump providing cells with a way to generate
energy from sunlight. Four conserved peptide groups from it are
ics: Current status and future directions, J Prot (2013), http://
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Fig. 1 – Typical workflow formarinemetaproteomic analysis. Following common sample preparation, two strategies have been
developed: 1) polyacrylamide gel electrophoresis coupled either withmatrix-assisted laser desorption/ionization time-of-flight
mass spectrometry analysis or with electrospray ionization source tandem mass spectrometry analysis, and 2) liquid
chromatography coupled with electrospray ionization source tandem mass spectrometry.
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described and different peptide groups have a different
distribution feature. In addition, the first verification of in situ
protein expression of light-driven proton pumps outside the
alpha-proteobacterial SAR11 clade is an intriguing finding in
this study. Another one is the mechanical energy transduction
exhibited by TonB-dependent transporters (TBDTs), which is
known to utilize energy from the cytoplasmic proton motive
force resulting in conformational shift of TonB's structure to
Please cite this article as: Wang D-Z, et al, Marine metaproteom
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transport nutrients across the outer membrane of Gram-
negative bacteria. TBDTs account for 19% of all detected
spectra and are found in each sample, suggesting their
activities are important for microbial nutrient acquisition.
Furthermore, archaeal ammonia monooxygenase proteins
found in the upwelling region suggest archaeal nitrification in
nutrient-rich surface waters. Meanwhile, the viral proteins
identified in each sample further confirm ubiquitous viral
ics: Current status and future directions, J Prot (2013), http://
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Table 1 – Summary of metaproteomic studies in marine science from a literature search.

Sample description
(sampling depth)

Peptides/proteins
identified

Protein/peptide
separation
method

MS
platform

Database used Quantification Reference/
year

Microbial community
Estuary surface samples (1 m) 11/3 2-D PAGE + LC MALDI-TOF

MS, Q-TOF
MS/MS

Protein sequence database from the Matrix
Science Mascot web

Yes [1]/2005

Oceanic surface samples (5 m) 6533/1042 2-D LC LTQ MS/MS SAR11/Prochlorococcus/Synechococcuse eCDS
from Sargasso Sea metagenome as well as
genomes from sequenced isolates

No [28]/2008

Coastal upwelling samples (10 m) 7151/481a 2-D LC LTQ-Orbitrap
MS/MS

Translated GOS2-11 eCDS database as well as
genomics from two Oregon coastal isolates [31]

No [29]/2011

Oceanic and coastal upwelling
samples
(5–8 m)

5389/2273 1-D LC (reverse-phase
chromatography)

LTQ-Orbitrap
MS/MS

Extensive database from the GOS metagenomics
project containing over 600,000 predicted proteins

Yes [32]/2010

Marine organic matter
POM samples (41, 200, 500, 1000 m) −/505 1-D PAGE + LC LTQ MS/MS Constructed protein database form National

Center for Biotechnology Information (NCBI)
containing 780573 protein entries from the major
planktonic communities

No [34]/2010

DOM samples (10, 75, 3000 m) 286/182 1-D PAGE + LC LTQ-Orbitrap
MS/MS

Combined protein database downloaded from
NCBI and the Moore Foundation marine
microbial peptide dataset

Yes [35]/2011

DOM samples (10 m) 993/367 1-D PAGE + LC LTQ-Orbitrap
MS/MS

GOS combined assembly protein database Yes [33]/2013

POM and sediment samples
(4, 50, 100, 40, 60, 100 m)

−/207, 11, 22, 136, 53, 82 -/52,24,23 1-D PAGE + LC LTQMS/MS Constructed database containing proteomes
of two diatom isolates and an SAR11 clade isolate

No [36]/2012

Microbial community from special habitats
Cold seep sample −/356 1-D PAGE + LC LTQ-Orbitrap

MS/MS
Custom Mascot database based on ORF predictions
according to the metagenomic data

No [37]/2012

Symbiotic sample −/2819 1-D PAGE + LC, 2-D LC LTQ-Orbitrap
MS/MS

Databases composed of the symbiotic
metagenomes and the genomes of related
organisms

Yes [38]/2012

Algal bloom water sample −/− 1-D PAGE + LC LTQ MS/MS Database created using corresponding
metagenomics database

Yes [39]/2012

‘Separation’-the method to separate proteins: one dimensional electrophoresis (1-DE), two-dimensional electrophoresis (2-DE); 1/2-D LC, two-dimensional liquid chromatography; MALDI-TOF,
matrix-assisted laser desorption ionization-time of flight; LTQ MS/MS, linear trap quadrupole tandem mass spectrometer.
a Refers to protein families;
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infection and biogeochemical roles of viruses in the marine
ecosystem.

3.2. Metaproteomic characterization of marine organic
matter

Marine OM plays an important role in oceanic and global
carbon cycling, which in turn impacts weather. Understand-
ing the processes involved in the production, transformation,
remineralization and protection of OM in the oceans has been
a primary goal of marine biogeochemists and oceanographers
over the past few decades. Proteins, as the actual machinery
that brings about cell growth, proliferation and homeostasis,
are a major component of OM, and therefore, the study of
proteins should provide new insights into the biogeochemical
cycling of OM in the ocean. Recently, a metaproteomic study
focusing on the dissolved organic matter (DOM) in the surface
seawater of the South China Sea reveals protein composition
and origin and its protectionmechanism [33]. Using a shotgun
proteomic approach, a total of 993 unique peptides matching
to 367 protein groups are identified from four surface DOM
samples within the size fraction between 5 kDa and 0.2 μm.
Based on bioinformatics analysis, about half of the proteins
did not have an exact taxonomic classification or function,
suggesting that more effort should be devoted to explore gene
pools in the marine environment. In terms of the proteins
identified, the Rhodospirillaceae, Prochlorococcus, SAR11 clade
and viruses are the major contributors to the dissolved protein
pool. Similarly, viral proteins are also reported to exist in
surface water samples [29,32]. All of these again demonstrate
the notable roles of viruses in ocean carbon and nutrient
cycling. Interestingly, the proteins involved in transport and
other cellular processes are highly detected, whichmight result
from microbial secretion or detrital proteins.

Particulate organic matter (POM) represents the link
between marine surface primary production and the burial
of OM in marine sediments, and plays important roles in
regulating marine carbon cycling and global climate. A recent
report characterizes the metaproteome of POMwithin a water
column to see what happens from the surface down to deep
water [34]. The authors collected POM of over 0.7 μm size from
near the surface (41 and 200 m) and mesopelagic layers (500
and 1000 m) in an up-welling system in the South China Sea,
and confidently identify 505 proteins. Proteins derived from
the Cyanobacteria dominate throughout the whole water
column, although particulate protein composition varies at
different layers. Their study further confirms that living
marine organisms are an important source of POM. More
importantly, specific proteins are detected, such as archaeal
ammonia monooxygenases, in the 200, 500 and 1000 m POM
samples, together with the same proteins that were found at a
coastal upwelling region in South Atlantic surface waters,
probably demonstrating that the Archaea are important
nitrifiers and widely distributed in the oceans, even from the
surface down to the deep ocean. Certainly, proteins involved in
transport or nutrient utilization, stress responses or adaptation,
and energy generation are detected and the distribution at
different layers are described, indicating that different biolog-
ical processes occur along thewater column. Another finding of
this study is that it provided some insights into the fate of
Please cite this article as: Wang D-Z, et al, Marine metaproteom
dx.doi.org/10.1016/j.jprot.2013.08.024
particulate proteins, such as remineralization of POM and
mechanisms of protecting OMs from degradation. Recently,
the protein profiles of DOM are targeted in the water column at
the oligotrophic region [35]. In this study, three samples with
size fraction less than 0.7 μm were collected at the surface (10
and 75 m) and bathypelagic (3000 m) layers. Each sample was
separated into two fractions with a cut-off of 0.2 μm. In total,
182 proteins and 286 peptides are identified. The highest
protein number is detected in the samples at the 75 m layer
while the other two samples show an insignificant difference.
In addition, the protein number in each sample with size less
than 0.2 μm is comparable. When examining the functional
classification (excluding the non-functional annotation proteins)
for the fraction over 0.2 μm,proteins involved in lipid, amino acid
and inorganic ion transport and metabolism, photosynthesis,
and cell wall or membrane or envelope biogenesis are more
highly detected in the 75 m layer sample than in the other
two samples, while proteins involved in translation, ribosomal
structure and biogenesis, and defense mechanisms are more
abundant in the 3000-m layer. For the fraction less than 0.2 μm,
urea ABC transporter is the frequently detected cyanobacterial
protein only in the 10 m sample, and the MR involved in energy
production and conversion is the abundant archaeal protein in
samples from the 75 and 3000 m layers. These results indicate
the diverse and dynamic feature of dissolved proteins along the
water column and the biological activities at different water
depths. The above two studies also discuss the inputs and
preservation mechanism of proteins from the upper water layer
down to the deep sea. More recently, a study was conducted to
identify and track proteins through the water column in the
Bering Sea, during and after a diatom bloom [36]. In the surface
water, 207 proteins are identified, decreasing through the water
column to 52 in the post-bloom shelf surface sediment, to finally
24 in thedeeper basin sediment.Most of theproteins identified in
POMsamples are of diatomorigin,whichmight be closely related
to the spring bloom. The preferentially retained proteins during
recycling are the organelle-bound, transmembrane, photosyn-
thetic, and light harvesting related proteins,which are also found
in POM in themesopelagic layers in thewestern South China Sea
[34]. All these findings suggested that organelle and membrane
protection play important roles in protein preservation.

3.3. Metaproteomic analysis of microbial communities
from special habitats

Marine microorganisms live in complex and/or extreme
ecosystems, and can be exposed to high levels of salinity,
temperature and pressure gradients, as well as oxidative
conditions, etc. and, therefore, they have developed various
ways of protecting themselves against these environmental
challenges. Several metaproteomic studies on special marine
habitats, for example, amarine cold seep [37], a symbiotic system
[38], or sudden events, i.e. a phytoplankton bloom [39] are
reported. A dynamic succession of populations at genus-level
in the North Sea is traced and the bacterioplankton response
to a diatombloomusing bothmetagenomic andmetaproteomic
approaches with emphasis on the expression of carbohydrate-
active enzymes and phosphate acquisition is investigated
[39]. The results indicate that the distinct populations of
Bacteroidetes, Gammaproteobacteria and Alphaproteobacteria are
ics: Current status and future directions, J Prot (2013), http://

http://dx.doi.org/10.1016/j.jprot.2013.08.024
http://dx.doi.org/10.1016/j.jprot.2013.08.024


7J O U R N A L O F P R O T E O M I C S X X ( 2 0 1 3 ) X X X – X X X
specialized for successive decomposition of algal-derived
OM, suggesting that a series of ecological niches resulting in
a bloomof special populations is provided by the algal substrate
availability. This revealed the mechanism whereby planktonic
species compete with each other in such a seemingly homoge-
neous habitat, thus again demonstrating metaproteomics as a
powerful tool to illustrate the relationship between microbial
communities and their habitats. Another study investigates an
unusual marine habitat (cold seep sediments) also using a
combination of themetagenomic andmetaproteomic approach
[37]. These powerful tools allow an assessment of the major
metabolic pathways involved in sulfate dependent anaerobic
oxidation of methane in cold seep sediments, where the
associated microbial community is dominated by free-living
anaerobic methanotrophic archaea-1 (ANME-1). In this environ-
ment, 245 of the 356proteins identified are expressedbyANME-1.
The key enzymes involved in the reverse methanogenesis
pathway are identified and a complete dissimilatory sulfate
reduction pathway is detected in the sulfate-reducing
Deltaproteobacteria. One more report involves the study of a
symbiotic microbial community in the deep sea, which is
characterized by low nutrient and energy availability [38],
andmetaproteomics combinedwithmetabolomics is applied to
investigate the intricate network of metabolic interactions
between the host and its symbionts. A total of 2819 proteins
and 97 metabolites are identified and quantified, and some
previously undescribed pathways are proposed, which include
pathways for symbiont assimilation of the host waste products
(acetate, propionate, succinate and malate), the potential use
of carbon monoxide and hydrogen, CO2 fixation and sulfate
reduction, and thus indicate that the strong stress in such an
oligotrophic environment shapes the closed relationship
between the host and symbionts through strict natural
selection.
4. Challenges and perspectives of marine
metaproteomics

Although metaproteomics has been applied to answer a
variety of scientific questions concerning marine ecosystems
and has shown its power in revealing special features of
mixed marine samples and overall microbial ecosystem
function, there are still obstacles standing in the way of the
application of metaproteomics in marine science.

First of all, protein sample preparation for MS analysis. The
success of metaproteomic analysis relies on unbiased protein
extraction from a complex environmental sample [40]. For
microbial isolates, the dynamic range of expressed proteins can
reach the order of 104–106, even larger with a complex environ-
mental community [41]. Due to this, there are problems such as
low abundant proteins and effectiveness of cell lysis among
different species as well as the presence of minorities in a
microbial community which are hard to include in the extracts.
Thus, the challenges in complete proteomic characterization due
to organismal complexity and the wide-range of protein expres-
sion force us to improve the protocols of protein extraction.Many
studieshavemadegreat efforts on this aspect, suchas soil [42,43],
sediment [7], wastewater treatment biofilm [44], and marine
biofilm [45]. For the marine environment, up to now, few studies
Please cite this article as: Wang D-Z, et al, Marine metaproteom
dx.doi.org/10.1016/j.jprot.2013.08.024
report on a comparison of methods. One study compares three
procedures to extract proteins from GF/F filter, and finds that
sonication is good to help protein release to the lysis buffer, and
finally compares 2-DE and 1-D SDS PAGE combining LC-MS/MS
[46]. The results show that 2-DE is not a goodmethod for protein
separation due to the highly smeared staining background,
similarly seen in other studies [1,47]. The other reasons for the
disadvantages involved in using 2-DE for metaproteomic studies
include limitations in the molecular size, pI range, and hydro-
phobicity of the proteins that can be analyzed, as well as low
throughput and its time consuming nature even with automatic
techniques. Standard proteomics based on the LC-MS system
greatly fill the gap, especially increasing by 1–2 orders of
magnitude the dynamic range so as to further enhance the
detection of lowabundance proteins in samples, and the strategy
is known to be cost-effective. On the other hand, pre-fixation as
soon as the samples are collected might often be ignored.
Intracellular protein expression is a dynamic process, so either
using chemical reagents such as chloramphenicol or protease
inhibitor cocktail to stop protein synthesis and inhibit protease
activities [1] or collecting samples as fresh as possible [32,39] to
keepmicrobial communities at an in situ status are alternatives.
However, care should be taken because the former probably
alters the physiologic status thus lowering the power of
metaproteomics to investigate the real world of microbial
consortia, while the latter will be restricted when a large
volume of water is needed. Both of these problems will be
addressed by improving the effectiveness of protein extraction
and enhancing the sensitivity of MS.

Secondly, the effectiveness of protein identification is
directly and greatly restricted by the correlation between the
community composition and the databases for searching. For
example, using the GOS metagenomic library, a database
closely related to the sample suite, 6.2 times asmany peptides
were identified than when searching against the GenBank
nonredundant database [32]. Another study extends the
database using the Thaps database plus the GOS Combined
Assembly Protein database, which contains over 6 million
marine microbial proteins sequenced from genomic data, to
identify proteins from diatom post-bloom shelf sediment, but
no unique bacterial protein is identified with confidence [36].
The evidence is strong because the sample for testing is
thought to be microbial protein dominated. Nowadays, more
and more studies suggest using a database dependent on the
generation of environment-specific metagenomes [32,37,39].
Another way to resolve the problem is to devote time and
effort to the development of de novo methods [48–50]. Efforts
using the traditional method continue to bring additional
microbial lineages into culture, but this is difficult and
time-consuming because it is well known that more than
90% of microorganisms are hard to be cultured successfully.
In addition, it is impossible to sequence all the organism
genomes in a microbial community. However, whole genomic
sequences of isolates will serve as a complement for the
environment-specific metagenomes [28,29]. For genome
annotation, although the great advantages of the new DNA
sequencing technologies can undoubtedly generate vast
quantities of DNA sequences of high quality, the use of
fragmentary metagenomic datasets can still be restricted if
sequences cannot be accurately assigned to the correct
ics: Current status and future directions, J Prot (2013), http://
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organism. Many studies show a fraction of unknown proteins
without any functional annotation or taxonomic assignment
[29,33–35], and the reasons are probably first the fitness of the
database chosen for searching; second, the low quality of the
mass spectra to bematched to the distinct sequence in order to
distinguish its ortholog belonging to other organisms; and the
lackof a definite annotationof the protein orDNAsequence, the
homologies of which do not exist in the database.

Thirdly, due to the high-throughput protein datasets in a
typical metaproteomic experiment, how to pick up the
bio-information available and present the proteomic data for
visualization by readers is difficult for a biologist without good
computer science training. Fortunately, a good review now
provides detailed information concerning the visualization of
proteomic data [27]. However, more effort should be devoted
to resolve this problem and to make software more available
and easier-to-use.

Although challenges in metaproteomic studies confront
marine scientists, the metaproteomic approach has shown
its powerful capability and great potential in promoting
understanding of in situ microbial communities and their
interaction with the environment. Up to now, environmental
microbiology lies at the heart of ecology, and integrative
approaches (which associate the in situ investigation of the
diversity and functions of microbes with physical/chemical
characterization of their environment and in vitro molecular
and physiological microbiology) are being applied to provide
new opportunities for outstanding discoveries. For marine
science, where there is little knowledge due to the difficulties
in sample collection and the inaccessibility of many regions,
applied metaproteomics still has much space to develop.
Probably, two types of studies will be prevalent in the future,
based on how many species are in an environment sample
of concern. On the one hand, there must be a species or group
which is dominant in an ecosystem, which can then be
considered as the key species or group or special target of
interest. Metaproteomic investigations in the Sargasso Sea
[28] andmarine cold seep [37] provide examples of this aspect.
A novel method using microwave cell fixation and flow
cytometric sorting is now available for metaproteomic and
metagenomic analysis [51], thus making the aim of identify-
ing the metaproteome of a defined oceanic microbial popula-
tion possible. This might be useful for relatively less complex
microbial communities such as communities during an algal
bloom. In addition, the physiology of species cultivation in the
laboratory might be validated using this approach in the
natural environment. Furthermore, a new technique based on
single-cell genomic or proteomic analysis has been addressed,
which might possibly be a more powerful tool applied in
the future. On the other hand, efforts should continue to be
devoted to the interactions among populations in environ-
mental communities in order to uncover the functioning of
the microbial community in the natural environment, of
which some might be focused on unknown or little known
ecosystems. Furthermore, quantitative metaproteomics has
been used in several studies (see Table 1), mostly using the
semi-quantitative method, and this will provide more infor-
mation concerning the level of protein expression in both the
aspects mentioned above. In all, metaproteomics together
with other omics approaches will greatly support studies in
Please cite this article as: Wang D-Z, et al, Marine metaproteom
dx.doi.org/10.1016/j.jprot.2013.08.024
marine science, thus making the real microbial world and the
ecological functions involved more clearly revealed to us in
the future.
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