
Metaproteomics: Harnessing the Power of High Performance Mass
Spectrometry to Identify the Suite of Proteins That Control Metabolic
Activities in Microbial Communities
The availability of extensive genome information for many different microbes, including unculturable
species in mixed communities from environmental samples, has enabled systems-biology
interrogation by providing a means to access genomic, transcriptomic, and proteomic information.
To this end, metaproteomics exploits the power of high-performance mass spectrometry for extensive
characterization of the complete suite of proteins expressed by a microbial community in an
environmental sample.
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■ BACKGROUND AND RATIONALE FOR
METAPROTEOMICS

The advent of genome-based science, which is founded
primarily on high-throughput DNA sequencing, enables an
unprecedented view of the molecular machinery of life. In
particular, the proliferation of large-scale genome sequencing
centers, coupled with remarkable advancements in next-
generation DNA sequencing, is revolutionizing molecular
biology. While the completion of the human genome project
over 10 years ago1,2 was a monumental technical feat, it is
important to keep in mind that this has spawned a concomitant
increase in the number of complete genome sequences
(>3 000) for a plethora of lower organisms, such as bacteria,
archaea, and viruses (see the Integrated Microbial Genomes
with Microbiome Samples Web site; http://img.jgi.doe.gov/
cgi-bin/m/main.cgi). More recent efforts have extended this

experimental genomic technology to environmental field
samples, thereby providing whole community (often termed
metagenomic) sequence information on microbial members
from various ecological communities.3 Interrogation of the
protein complement of these microbial communities (termed
either whole community proteomics4 or metaproteomics5) seeks
to identify the functional expression of the metagenome and
elucidate the metabolic activities occurring within a community
at the moment of sampling.
While genomic information provides a wealth of important

information about the potential molecular machinery that might
be employed for life processes, it does not reveal the finer-level
details of actual expression and functionthat is the realm of
RNA and proteins. The focus of systems-biology science hinges
on four key “omics” technologies: genomics for DNA,
transcriptomics for RNA, proteomics for proteins, and metab-
olomics for small molecules/metabolites. Clearly, a compre-
hensive view of molecular biology would involve an integration
of all of these. However, these omics approaches represent the
cutting-edge of experimental genome science, and each are in a
state of rapid development. Integrating their outputs is an
obvious and desirable goal, but the mechanics of how to best do
this remain somewhat elusive at the present time.
This article will focus on proteomics, which can be broadly

defined as the comprehensive characterization of the suite of
proteins for an organism, tissue, community, etc.6 In this regard,
proteomics represents the identification of functional gene
products, providing incredible information and insight into the
molecular machinery produced and utilized by organisms to
sustain the metabolic processes required for life. This is
certainly not meant to imply that RNA, metabolites, lipids, etc.
are unimportant but rather that proteins are usually regarded as
the key operational units in most metabolic pathways. From a
systems-biology perspective, the starting point for all
considerations and the key enabling data is the genome. The
DNA sequence, and thus genes, for an organism defines the
complete repertoire of all potential transcriptional and
translational biomolecules that can be used for metabolic
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activities. RNA, or more specifically mRNA, as gleaned from
transcriptome measurements, provides much more detailed
information about genome expression and thus gene activity. It
is feasible to measure RNA under a variety of experimental
conditions in order to examine how genome transcription
varies between each condition. However, the final product of
mRNA are proteins, which constitute the basic molecular
machinery that carry-out the majority of functional aspects of
cellular metabolism. It is important to keep in mind that while
measuring RNA is informative, there are additional levels of
cellular localization and regulation at the protein level (such as
post-translational modifications, controlled proteolysis/protein
turnover, for example) that are not captured in RNA
measurements. Thus, one might argue that proteomic and
metabolomic measurements provide the most informative
details about the key players most responsible for cellular
function.
The large-scale characterization of any given proteome is

accomplished by comparing measured protein or peptide data
with predicted protein or peptide data derived from genomic
information. Thus, it is vital to have complete and relevant
genome sequence information for the system being studied.
This has led to the term proteogenomics to describe the strong
linkage between genomics and proteomics.7 As implied, the
quality of the proteomic measurements is inextricably linked to
the quality of the genome or metagenomic sequence. As
follows, sequencing/assembly/annotation errors in the genome
propagate directly to proteome measurements, leading to
complications with the proteome identifications.
The technological requirements for proteomic measurements

include high throughput processing, sensitive protein/peptide
detection, large dynamic range, ability to deal with very
complex mixtures, accurate mass measurements, and ability to
structurally characterize (and resolve) peptide sequences. In
this regard, mass spectrometry (MS) has emerged as the
unchallenged leader in the field, becoming the dominant
technological platform for almost all proteomic measurements.
Early work in proteomics was conducted with two-dimensional
gel electrophoresis (2D-GE),8,9 often accompanied by MS
detection; this general approach has been supplemented by the
use of multiple dyes in a single gel electrophoresis experiment
(DIGE).10 More recently, the ability to interface multidimen-
sional liquid chromatographic separations (either off-line or
online) with MS (generally termed LC−MS) has enabled an
unprecedented glimpse into very complex samples, such as
those containing many thousands of proteolytic peptides.11,12

The advent of high-performance MS platforms, such as the
hybrid quadrupole-time-of-flight-MS (Q-TOF-MS), linear
trapping quadrupole-Fourier transform ion cyclotron reso-
nance-MS (LTQ-FTICR-MS), and linear trapping quadrupole-
Orbitrap-MS (LTQ-Orbitrap-MS), has provided much im-
proved capabilities for rapid scanning and high performance
(mass accuracy, mass resolution, dynamic range), thereby
opening the door to more advanced and discriminatory
proteomic measurements.
Single-celled organisms such as bacteria, archaea, and viruses

provide relatively straightforward test-beds upon which to
evaluate these advanced LC−MS proteome approaches. For
example, much work has been directed at the proteomic
characterization of bacteria grown in laboratory benchtop
reactors, with specific inquiries into the proteomic response
observed between dissimilar growth states (i.e., anaerobic vs
aerobic; wild-type vs metal-stressed). For a bacterium with a

genome of about 4 million base pairs, it is possible to measure
up to ∼2500−3500 proteins of the possible ∼4000 proteins,
thus characterizing the proteome in remarkable depth. These
data sets provide information that can be used to interrogate
metabolic activities by synthesizing the protein information into
broader regulatory pathways. For example, it was possible to
identify the key proteins involved in chromate reduction by
Shewanella oneidensis,13,14 which provided the information
necessary to design more detailed gene knockout experi-
ments.15

Prior successful work on microbial isolates has spawned an
acute interest in extension of the methodology to more
complex samples, such as consortia found in natural environ-
ments. In this case, the level of organismal diversity is
substantially greater than that of a laboratory cultivable isolate.
As a starting point, relevant metagenomic information for the
community to be characterized by proteomics is required. Such
information provides the catalog of all possible proteins that
could be present in a sample at any given time. Interrogation of
the metaproteome seeks to elucidate the metabolic activities
employed by the community at the moment of sampling. While
challenges remain in comprehensive metaproteomic character-
ization for natural environmental samples, as might be
expected, initial work has been focused on lower complexity
microbial communities, such as biofilms found in acid mine
drainage,16−18 sludge water bioreactor systems,19 and synthetic
communities in gnotobiotic mice.20 These systems provided an
excellent starting point to evaluate, develop, and optimize
advanced proteomic methods (and associated informatics) for
more complex systems. Even though there are notable
challenges in these systems, remarkable progress has been
made in demonstrating proteomic approaches for even more
advanced querying, such as species strain-level resolution21 and
peptide-inferred genome typing.22

Inspection of metaproteome data sets reveals information
about microbial community structure, dynamics, and functional
activities that are important for a better understanding of
various community aspects, such as microbial recruiting, how
participating organisms cooperate and compete for nutrient
resources, and how these organisms distribute metabolic
activities across the community (including defense systems).
At a slightly higher level, such information will be crucial for the
characterization of host/microbe interactions, such as bacterial/
plant or bacterial/human interfaces (i.e., the human gut
ecosystem)two research areas poised to make substantial
scientific contributions in the not so distant future.
In total, this environmental metaproteomic approach has

established a “proof-of-concept” that is beginning to facilitate
applications to a variety of important research areas, including
(i) Bioremediationcharacterizing how microbial species might
help to arrest/remediate toxic metal contamination in soils,
sediments, and ground waters. (ii) Carbon cyclingcharacter-
izing the role that microbial species have in the flow of carbon
in a given ecosystem. (iii) Bioenergycharacterizing how
microbial species might help convert cellulosic material to
biofuels (bioethanol/biodiesel/biohydrogen). (iv) Human
healthcharacterizing how microbial species impact/control
disease vs health in various body sites (i.e., oral, gastrointestinal,
genital).
This Feature will summarize the current state of

metaproteomic research, highlighting experimental and bio-
informatic details, giving several working examples, and
providing an outlook for where this field is headed. It is not
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intended to serve as a comprehensive review but rather to
provide lay readers with a broader perspective of the
experimental approach, the driving scientific questions, and
what can be learned from the resulting massive data sets.

■ EXPERIMENTAL APPROACH FOR COMPLEX
METAPROTEOME SAMPLES

Proteomic measurements can be accomplished by a variety of
mass spectrometry-based approaches, all of which center
around the unambiguous identification of the range of proteins
(or peptides) that exist in a given sample. The success of a
metaproteome measurement relies on three factors: efficient
protein extraction from a complex environmental sample,
peptide/protein separation/fractionation prior to detection,
and subsequent high-throughput unambiguous peptide/protein
identification, as illustrated in the flowchart of Figure 1. We
acknowledge that there are other versions of the experimental
protocol for metaproteome measurements, but we chose here
to highlight the technique that we feel provides the deepest
level of information. Clearly, protein extraction protocols are
designed to be unbiased, but in reality they suffer similar biases
to DNA, where the fidelity of extraction is not 100%. This is
not to say that proteomics measurements are invalid but rather
that the results of both environmental proteomics and
genomics must be evaluated honestly in the reality of the
sample preparation processes. Although the bulk of the
measurements made during the infancy of proteomics were
largely protein cataloguing, the field has matured to a more

hypothesis-driven experimental approach. These proteomic
measurements are now able to provide information regarding
the differential expression of proteins based on environmental
conditions or time points, their partitioning into various
subcellular structures, their post-translational modifications
(PTM), their involvement in protein−protein interactions,
and even their specific molar quantities.
There are essentially two basic types of LC−MS-based

proteomic measurement protocols: top-down and bottom-up.
The top-down strategy is conceptually straightforward; whole
proteins are separated via liquid chromatography by exploiting
hydrophobicity and/or charge and analyzed directly by MS and
tandem mass spectrometry (MS/MS).23−26 The resulting MS
information obtained over the course of the separation is
evaluated against a protein database to identify the proteins.
These types of measurements are useful in that the exact mass
of the protein, along with fragmentation information, can
provide details of not only the identity of the protein but also
its intact molecular form, the presence of isoforms, and
potential modifications.27 However, the same characteristic that
makes this method straightforward also complicates the analysis
when complex changes to the protein’s predicted mass occur,
i.e., post-translational modifications (PTMs), truncations, and
single nucleotide polymorphisms (SNPs). In practice, measure-
ment of the exact mass is suggestive of a potential protein
identification but is complicated by the range of possible
protein modifications that can alter predicted molecular masses
from the genome database. Clearly, mass measurement by itself

Figure 1. Experimental flowchart for sample preparation and measurement in a metaproteomic experiment. Sample collection and processing steps
must be optimized to match the nature of the material to be analyzed, in terms of biomass amount and complexity, matrix composition, sample
heterogeneity, etc. The resulting proteome sample is digested with trypsin and loaded onto a biphasic HPLC column for concomitant 2D-separation
and MS analysis via nanoelectrospray-based ionization of eluting peptides. Acquisition of parent peptide ion (MS1) mass and fragmentation (MS/
MS or MS2) information provides an experimental data set containing hundreds of thousands of spectra that can be computationally matched to the
predicted proteome obtained from the metagenome information.
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has some limitation on what it can provide, especially for an
uncharacterized mixture for which many of the potential
proteins are not even predictable. Additionally, technical
challenges involving the separation and detection of larger
proteins (>50 kDa) still exist. These challenges, coupled with
the increased complexity, homology, and species variability
intrinsic to metaproteomes, limit the extensive deployment of
top-down measurements to characterize complex environ-
mental samples at this point in time.
Bottom-up or shotgun proteomics,28−30 on the other hand,

employs additional sample processing and analysis that greatly
expand the ability to attain deep proteomic measurements. In
this strategy, proteins are first digested to peptides via proteases
such as trypsin. These peptides are then chromatographically
separated and analyzed by MS (parent molecular mass) and
MS/MS techniques (fragmentation/sequence information).
The resulting fragmentation spectrum serves as a type of
barcode that provides a means to uniquely identify a given
peptide.31 Combined with its initial mass, fragmentation data,
and in some cases its chromatographic retention time,32 the
peptide sequence is computationally determined and in most
cases assigned back to a specific protein.
Although bottom-up proteomics is the standard protocol for

LC−MS/MS-based protein identification, its very design
creates a unique problem; the resulting homogenized mixture
of proteolytic peptides must be computationally linked back to a
specific protein. Thus redundant, homologous, or isobaric
peptide species can complicate the analysis, as they may be
potentially assigned to multiple proteins in a given genome
database. This issue is exacerbated with metaproteomic
analyses, as the ratio of ambiguous peptide IDs increase at
the expense of unique ones, both of which affect the fidelity of
the final protein call.
Despite these minor issues, the power of bottom-up

proteomics has been successfully demonstrated in microbial
isolates, both cultured and uncultured, and more recently in the
study of environmental communities with established meta-
genomes.33−35 As might be expected, there was early
recognition in the value of integrating top-down with
bottom-up proteomics to exploit the power of combining the
two approaches.36

The experimental heart of any extensive proteome measure-
ment rest on two factors: effective peptide/protein separation
and unambiguous detection. For complex environmental
samples, these factors become even more crucial. For example,
not all proteins are expressed and maintained at similar or
consistent levelsthis is true even for a microbial isolate. In
fact, the dynamic range of proteins, defined as the range
between the protein of highest abundance to those of the
lowest abundance, can be on the order of 104−106 for microbial
isolates37 and perhaps significantly larger for environmental
community samples. This exceedingly wide range of protein
expression challenges the very notion of complete proteomic
characterization. However, coupling extensive separation (i.e.,
gel electrophoresis and/or liquid chromatography) with
sensitive detectors (i.e., mass spectrometers) provides the
best opportunity to accomplish this goal.
One powerful separation technology that has become widely

employed in the proteomic arena is high-performance liquid
chromatography (HPLC or LC). Like 2D-PAGE, LC
separations can also be multidimensional, employing properties
such as hydrophobicity and charge to separate biomolecules.29

HPLC is an attractive option for MS-based proteomic

detection, as separation of complex mixtures can be performed
directly online with the mass spectrometer.38,39 This simple, yet
powerful capability reduces sample handling/processing, is
automatable, generally more high-throughput, and most
importantly, enables very robust and reproducible separations
at time scales compatible with MS measurements. This latter
point is related to the duty cycle of the instrument, in that most
current mass spectrometers can scan sufficiently fast with
respect to liquid chromatographic elution profiles to handle
incomplete separations but still greatly benefit from the
reduced complexity per unit time afforded by the LC
separations, thus enhancing more comprehensive peptide
identifications from complex samples.
Several emerging fractionation methodologies/technologies

are beginning to play a critical role in metaproteomics.
Advances in online separations such as ultrahigh-pressure
liquid chromatography (UPLC) and/or stationary phase
modifications (monolithic, sub-2 μm, or microparticle shell
technologies) provide increased chromatographic resolution,
sensitivity, and speed of online LC−MS measurements.6,40−43

In addition, application and development of offline separations
serve to simplify the complex mixture upfront. Two powerful
offline methodologies, IEF and GELFrEE44,45 separate complex
protein mixtures by isoelectric point and molecular size,
respectively, and provide a starting point for three-dimensional
LC separations. Both methodologies are compatible with bulk
separations at sample amounts in line with current procedures.
Coupled together, these strategies outline a multidimensional
approach that better separates complex environmental
mixtures, thus augmenting protein detection.
Likewise, improvements to current mass spectrometers, such

as increasing their duty-cycle, selectivity, and sensitivity,46

provide additional enhancements to dynamic range. In
addition, the increased commercial availability of high mass
accuracy, high resolution instruments6,47,48 provides the means
to discriminate between homologous proteins of cohabitating
microorganisms as well as detect subtle differences and/or
modifications to expressed proteins, i.e., sequence poly-
morphisms and/or PTMs.
Although most LC−MS/MS-based proteomics studies thus

far have focused on microbial isolates, transitioning the
methodology to the study of metaproteomes mandates careful
consideration of the unique challenges posed by more complex
samples. For instance, as opposed to laboratory-cultivable
isolates that provide an essentially inexhaustible amount of
biological material, environmentally derived samples are often
biomass-limited, partly due to complications in sample
acquisition and/or restrictions due to time and expense of
sampling. In addition to biomass limitations, proper exper-
imental design revolves around several factors, such as the type
of MS-based experiments to be performed (protein cataloguing,
differential expression in various growth states, quantitation,
etc.), the separation/fractionation required (tailored to the
complexity of the sample), the level of mass accuracy and
resolution needed for unambiguous protein identification,49,50

and measurement replication for proper statistics (both
technical and biological replications.

■ BIOINFORMATIC CONSIDERATIONS
The use of high-throughput multidimensional LC−MS/MS
measurements for proteomics clearly provides an impetus to
develop robust bioinformatic approaches to convert the raw
spectral data to peptide sequence information, thus identifying
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Figure 2. Experimental data from 2D-LC−MS/MS (LTQ-Orbitrap-MS) of a simulated microbial consortium consisting of Rhodopseudomonas
palustris, Escherichia coli, Ignicoccus hospitalis, and Nanoarchaeum equitans: (A) total ion chromatogram of the 2-h reverse phase measurement of salt
pulse no. 2; (B) parent ion mass spectrum (MS1) of the peptides eluting at 67.0 min from the chromatogram in part A above. All the ions are
recorded with mass resolutions of 30 000 and mass accuracies of <5 ppm. The charge state of each peptide is denoted by “z”. Undeciphered charge
states, represented by “?”, occur when the instrument cannot fully distinguish overlapping isotopic packets; (C) zoom expansion of isobaric ion
region at nominal m/z 1169, revealing two isotopic packets (manually verified as overlapping 2+ and 4+ ions). Note that a low-resolution
measurement would not have distinguished the presence of two distinct ions here. The resulting MS/MS measurement revealed the sequence
identity (listed below) of the 2+ ion, without confusing it with the coeluting 4+ ion, even though both isotopic packets we coisolated and fragmented
creating a hybrid MS/MS spectrum.
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the proteins from which each peptide spectrum was derived.
For example, an online multidimensional LC−MS/MS experi-
ment acquires molecular masses and fragmentation information
for tens of thousands of tryptic peptides over the course of an
extended chromatographic run (which can be greater than 24
h) for each sample. This process results in the generation of
hundreds of thousands of fragmentation spectra, most of which
can be coupled with the measured mass of the parent peptide
and assigned to a specific peptide sequence. Clearly, manual
determination of the peptide sequences from these MS/MS
spectra is impractical. However, as powerful a technique as
tandem mass spectrometry is, the resulting data is essentially a
series of peak lists that, with appropriate bioinformatic
processing, can be quickly analyzed and consolidated into a
meaningful output that is both concise and informative.
In the context of environmental metaproteomics and

downstream bioinformatic processing, a predicted protein
database constructed from metagenomic information is
required to properly assign peptide sequence information, as
inferred from MS/MS-derived fragmentation patterns, to the
proteins to which the peptides were derived. Therefore, the
quality of metaproteomic data is inextricably linked to the
quality of the metagenomic analysis. Certainly, the transition in
DNA sequencing from Sanger approaches to 454 and now
Illumina has had dramatic impacts on metaproteome measure-
ments. In particular, the shorter reads accessible with the newer
sequencing approaches initially confounded metaproteome
measurements but have become addressable with improved
informatics and assembly methods.51 Obviously the best
metaproteome identifications will be dependent on searching
a comprehensive and relevant predicted database from the
metagenome for the exact same sample. Interestingly, the
reduced cost and widespread availability of high-throughput
DNA sequencing is revolutionizing (meta)genome availability.
Some researchers argue that we now should require matched
metagenomes for every sample. However, this is still not
completely feasible, and in cases where the metagenome for the
exact same sample is not available or possible, related
metagenomic data as well as synthetic metagenome databases
are also valid approaches.52,53 The inability to get exact
metagenome information, along with biological complexities
intrinsic to environmentally derived samples, i.e., homologous
proteins/domains, horizontal gene transfer, and/or strain
variation, require additional proteomic measurement con-
straints in order to maximize the number of protein
identifications while controlling the false discovery rate
(FDR). One solution employs the use of high mass accuracy,
high resolution mass spectrometers, such as FTICR or Orbitrap
instrumentation, that have the discriminatory power (<5 parts-
per-million mass accuracy) to resolve both nominally isobaric
and coeluting peptide species of similar mass to charge ratios, as
shown in Figure 2. Note that the ability to simultaneously
measure and resolve both mass and charge for the peptide ions
permits high fidelity assignments even in the complex regions
of the chromatogram. In fact, the application of high mass
accuracy allows one to achieve extraordinarily low FDR levels
(<0.1%).54

The field of proteome bioinformatics encompasses a range of
computational operations, including protein database searching
and filtering of raw mass spectra, peptide-spectrum matching
followed by peptide-to-protein assembly, data mining, graphical
representation, and data dissemination. Within the past 3−5
years, there has been a tremendous increase in the diversity and

availability of software architectures to accomplish these
functions.55 While the field is too vast to adequately detail in
this feature report, it is worth noting that some of the earlier
versions of database searching56 and peptide scoring57

methodologies have been replaced with much more advanced
bioinformatic approaches, most of which have become quite
standardized and fairly routine, leaving more attention to be
paid to other aspects of data mining and analyses.
While database searching and protein identifications are fairly

straightforward for microbial isolates, moving to a metapro-
teome measurement also raises some other challenging aspects.
For example, most proteome database search algorithms parse
peptide identifications into two categories, unique and non-
unique. Aptly named, unique peptides can unambiguously be
assigned to one specific protein within the database, whereas
nonunique are shared between two or more proteins. For
microbial community samples, this designation can be too
restrictive; there are “semi-unique” peptides that correspond to
a class of microbes whose genomes are quite similar but in fact
are designated as separate species. For example, several species
of Bacteroides exist in the human gut microbiome. While it is
easy to resolve peptides between Clostridium and Bacteroides
genera, it is more difficult to differentiate peptides between
closely related Bacteroides species (or strains). If one relies only
on the traditional unique vs nonunique classification system, it
is easy to misrepresent the data sets. To address this issue,
some informatics approaches cluster or group similar proteins
together and then report unique “protein groups” rather than
unique proteins. While this challenges the biological
interpretation, it permits a better and more accurate treatment
of the measurements and identifications.
Although database searching may be the most widely used

strategy for analyzing proteomic data, its most notable
drawback is its reliance on a user provided database. With
regard to a sequenced isolate, this is normally acceptable.
However, what type of database would one search against to
identify proteins from an environmental sample if the
metagenome was not available or was incomplete? Often, the
microbial species that populate an environmental sample are
uncultivable and thus lack complete genome sequence. This
begs the question, how does one deal with naturally
underrepresented species? Is it possible that less prevalent,
undetected community members could be contributing
proteins to the metaproteome? These proteins, if abundant
enough to exist within the sample’s defined dynamic range,
could potentially go undetected as there would be no
representative sequence in the provided metagenomic database.
These interesting dilemmas are perhaps addressable using
another bioinformatic approach termed de novo sequencing.
De novo sequencing is an alternative approach for analyzing

peptide fragmentation data. Instead of matching an observed
spectrum to a database-derived theoretical spectrum, de novo
algorithms determine the sequence of a peptide directly from
the data provided in its tandem mass spectrum.58 The major
advantage of this approach is, of course, the identification of
peptides that are nonexistent in a given database as well as
those with polymorphisms or post-translational modifications.
With regard to environmental samples, this is extremely
advantageous, as complete metagenome sequences are difficult
to acquire for numerous samples. While there is considerable
interest in these approaches, the accuracy and speed of de novo
analyses for metaproteome measurements are still limiting for
widespread implementation. The emergence of rapid-scanning
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high-resolution mass spectrometers will likely favorably impact
this area, as the availability of high resolution, high mass
accuracy measurements will greatly aid both the throughput
and accuracy of the denovo approaches.

■ RECENT EXPONENTIAL GROWTH IN
METAPROTEOMICS RESEARCH

Success in proteomics for microbial isolates has prompted the
biological research community to push this experimental
approach to natural environmental samples in which microbial
components compete and cooperate with each other. The focus
of the following section is not intended as a comprehensive
review, as this has been featured recently elsewhere34,35,59−63

but rather is meant to provide a synopsis of current work and
recent developments in this field.
The development of multidimensional LC−MS/MS tech-

nology for characterizing microbial isolates has greatly
expanded the accessible proteome range of 2D-GE work,
thereby opening a new regime of proteome characterization38,64

that enables the identification of several thousand proteins from
individual microorganisms.65,66 This provides an approximate
order of magnitude increase in the range of the measured
proteomes, which permits a much deeper and thus more
comprehensive glimpse into the molecular activities of
microorganisms.
One of the first large-scale whole community proteome

measurements involved an native microbial consortium from
acid mine drainage.18 Extension of this approach was used for
the strain-resolved characterization of the dominant microbial
species22,67 and revealed genome recombination as a crucial
component for adaptation to specific ecological niches.21

Further studies of this system uncovered the ecological
distribution of member organisms and provided information
about initial microbial colonization, subsequent recruitment of
microbial membership, and aging/maturing of the biofilms.68,69

More recent work has been directed at various quantification
approaches (both label-free and stable isotope labeling) for
metaproteomics, including the demonstration of extensive
isotopic labeling of an environmental biofilm community in
the lab.70,71 Additionally, the use of stable isotope probing
(SIP) has been demonstrated for metaproteomics, allowing for
the characterization of microbial and protein turnover in a
microbial community.72−75

Metaproteomic measurements have tended to focus on three
major types of ecosystems: (1) aqueous (lakes and oceans), (2)
terrestrial (soils, sediments), and (3) eukaryotic host micro-
biomes (termites, mice, plants, and humans). For aqueous
ecosystems, metaproteomics has been used to decipher
biological information about microbial populations in either
highly productive or nutrient-limited ocean ecosystems. For
example, investigation of a highly productive coastal upwelling
system revealed abundant microbial proteins involved in the
prevention of oxidative damage and protein refolding.76 Related
work revealed how nutrient transport functions dominate the
SAR11 metaproteome at nutrient-limited locations in the
Sargasso Sea;77 this general approach was extended to
investigate ocean-scale shifts in microbial nutrient utilization
and energy transduction.78 These studies illustrate the power of
metaproteomics for characterizing the functional protein
signatures that reveal metabolic information for microbes
directly in their natural environmental ecosystems, thereby
providing insight into how nutrients are utilized, how microbial
life cycles over time, and how microbes cooperate and compete

with other members of their ecosystems. Metaproteomics has
also begun to play a role in bioengineering systems by
providing key microbial metabolic information that can be used
to custom design and fine-tune industrial operations. For
example, metaproteomics has been used as a critical research
component for investigating and optimizing sewage sludge
treatment by biological agents.5,79,80

For terrestrial ecosystem research, most work is focused on
characterization of microbes in soil in an effort to better
understand carbon/nitrogen flow and contaminant remedia-
tion.81 For example, metaproteomics has helped characterize
microbial metabolic activities relevant for bioremediation at
nutrient-stimulated,82−84 xenobiotic,85 hydrocarbon,86,87 and
heavy metal-contaminated sites.88,89 These studies provide not
only important information about how microbes can be used in
industrial cleanup operations but also provide a level of
information that can be used in a predictive fashion to custom-
design microbes for specific applications.
Recent advances in in situ proteome extraction techniques

from soils have opened the door to a much deeper level of
metaproteome measurement.90−93 Soil metaproteomics has
become a high interest research target area, although significant
challenges with regard to microbial diversity, environmental
matrixes, and limited metagenomic information complicate this
issue at present. Exciting new applications are beginning to
emerge in the characterization of permafrost soils94 as well as a
broader characterization of the earth’s soil microbiome (the
Terragenome project; http://www.terragenome.org/about/).
In perhaps the most complex level of microbial metaproteo-

mics, there is substantial interest in understanding the
symbiotic/pathogenic relationships between microbes and
their eukaryotic hosts. For example, to better understand the
basis of cellulose degradation by termites, metaproteomics was
used to characterize the functional activities of uncultivable
symbiotic microbes in the termite hindgut.95 Metaproteomics
has also been used to investigate factors mediating plant-
microbial interactions, in particular focusing on the proteome
differences between lab cultured microbes vs their plant
symbiont counterparts96 or factors influencing crop rhizosphere
communities.97,98

The last 3−5 years has seen an explosion of research interest
in the human microbiome, fueled primarily by health-related
issues. Microbes vastly outnumber human cells in even healthy
individuals. This necessitates a thorough understanding of both
normal (symbiotic) and diseased (dysbiotic) states, specifically
with regard to microbiome functional dynamics. In response to
the early interest in characterizing a possible microbial basis for
periodontal disease, a novel 3D peptide fractionation method
was used with tandem MS to characterize human salivary
microbiota,99 and proteomics was used to study Porphyromonas
gingivalis as part of a model oral microbiome community.100

One of the crucial microbe-host ecosystems is the human
gut, which provides the impetus for focused research in
integrated microbial metagenomics and metaproteomics. For
example, metaproteomics has been employed to examine the
microbiota in the developing human infant GI tract, although
the measurement depth was very limited in this case.101 This
approach has also revealed temporal stability of a core
proteome for an established intestinal microbiome of a healthy,
adult human.53 A more recent extensive metaproteome study
focused on the adult gut microbiomes for healthy, matched,
human twins and provided a glimpse into the highly integrated
relationship between microbial and human proteins.102
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Numerous proteins were identified from the most dominant
bacterial members, a portion of which are shown in Table 1,
revealing a remarkable insight into which bacteria are
metabolically active and, more specifically, which metabolic
activities are most prevalent. As might be expected, the
functional distribution of COGs (clusters of orthologous
groups) predicted f rom the metagenome were somewhat distinct
from what was actually observed in the metaproteome, lending
credence to the notion that metagenome analysis alone is not
sufficient to capture the actual metabolic activities in progress at
the time of sampling. Interestingly, several human proteins
were detected in these enriched bacterial samples and provided
information about evidence of host innate immunity response
to the microbiome. The reader is referred to reference 102 for
further details on specific human proteins and their relation to
the human host response to the microbiome. The integrated
metagenomic/metaproteomic approach has now been extended
to examine healthy vs diseased conditions in the human gut
microbiome, specifically focusing on matched twins that were
either healthy or had Crohn’s disease.103 Notable differences in
bacterial species as well as functional signatures were observed
and provided insight into the relationship between intestinal
inflammation and microbiome structure/function.

■ OUTLOOK
With regard to whole community proteome measurements,
there are obvious concerns about the complexity and species/
protein dynamic range of these systems. However, these
challenges provide the spark to development of the next
generation of proteomic approaches with a specific focus on
superior separation and measurement technologies. On the
basis of the explosion of analytical technology in the past 5
years, there is no reason to expect a slow down. Better
chromatographic methods are continuing to emerge, and
likewise, faster scanning, higher performance mass spectrom-
eters are becoming common-place, thereby providing impor-
tant new capabilities that can be integrated into proteomic
workflows as they become available. In fact, the incorporation
of such technologies into existing workflows often provides
dramatic improvements, even in the absence of other changes
specific to sample acquisition or preparation. Similarly,
advancements in multidimensional chromatography and
depletion approaches (for abundant proteins) are dramatically
increasing the accessible dynamic range of proteome measure-
ments, which will no doubt lead to more robust and biologically
informative measurements.
The ability to conduct environmental metaproteomic

measurements, in particular for unculturable organisms, is
already generating a new standard of molecular level inter-
rogation. Because it is possible to get metagenomic information
on unculturable organisms, this opens the door to other omics
techniques of characterization as well. The main point here is
that systems biology science can be taken to the field and is not
limited to lab-based cultures for study. The simultaneous
development, advancement, and integration of closely related
metagenomic and metaproteomic approaches are paving the
way toward the characterization of lower complexity microbial
consortia, as discussed in detail in the previous section. Such
information provides a detailed look into how communities
assemble (even at the strain-resolved level), how they distribute
metabolic activities, how they progress and mature with time,
and how they respond to environmental perturbations. Though
moderate challenges lie ahead in applying this proteomicT
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approach to very complex communities, such as those found in
the human gut or in soils, the incredible progress over the past
5 or so years in metaproteomics research suggests that the
groundwork has been laid for enhancing the success of these
studies as well.
While it is difficult to speculate too far into the future, it

would be remiss to end this Feature without a discussion of
where metaproteomics is headed and what is likely to be
delivered by this approach. On the basis of present activity in
the field, it is reasonable to expect that very detailed, perhaps
even comprehensive, proteome maps of many major microbial
communities will be available within the next 5−10 years. This
undoubtedly will revolutionize our understanding of microbial
ecology, in particular for metabolic activities, regulatory
processes (and interactions), and species interaction dynamics.
When integrated with other systems biology-based tools (i.e
other omics technologies), it may be possible to obtain
extensive enough molecular-level information to permit the
construction of detailed, high-resolution regulatory maps of
biological function. This would have an enormous impact on a
variety of research fields. For example, it would be possible to
quickly ascertain the functional potential of microbes for
various biotechnological applications such as bioenergy
production, environmental cleanup, carbon sequestration,
chemical and pharmaceutical synthesis, and even help unravel
the nature of microbes-human host relationships. With regards
to the latter, there is, at present, a very poor understanding of
not only how microbes interact with each other but also how
they interact with their various hosts, i.e., plant-microbe
(endophytic or pathogenic) or human-microbe (beneficial vs
pathogenic).
Although often ignored due to their microscopic sizes,

microbes comprise the overwhelming number of living
organisms on earth. The effect they have on influencing their
environments, including the healthy human “ecosystem,” seems
obvious but remains largely unexplored. Metaproteomics holds
tremendous potential to be one of the key approaches to help
unravel this information, even in unculturable environmental
systems.
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