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Metagenomic Analyses: Past and Future Trends�
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Metagenomics has revolutionized microbiology by paving the way for a cultivation-independent assessment
and exploitation of microbial communities present in complex ecosystems. Metagenomics comprising con-
struction and screening of metagenomic DNA libraries has proven to be a powerful tool to isolate new enzymes
and drugs of industrial importance. So far, the majority of the metagenomically exploited habitats comprised
temperate environments, such as soil and marine environments. Recently, metagenomes of extreme environ-
ments have also been used as sources of novel biocatalysts. The employment of next-generation sequencing
techniques for metagenomics resulted in the generation of large sequence data sets derived from various
environments, such as soil, the human body, and ocean water. Analyses of these data sets opened a window into
the enormous taxonomic and functional diversity of environmental microbial communities. To assess the
functional dynamics of microbial communities, metatranscriptomics and metaproteomics have been developed.
The combination of DNA-based, mRNA-based, and protein-based analyses of microbial communities present
in different environments is a way to elucidate the compositions, functions, and interactions of microbial
communities and to link these to environmental processes.

The total number of microbial cells on Earth is estimated to
be 1030 (126). Prokaryotes represent the largest proportion of
individual organisms, comprising 106 to 108 separate genospe-
cies (112). The genomes of these mainly uncultured species
encode a largely untapped reservoir of novel enzymes and
metabolic capabilities. Metagenomics bypasses the need for
isolation or cultivation of microorganisms. Metagenomic ap-
proaches based on direct isolation of nucleic acids from envi-
ronmental samples have proven to be powerful tools for com-
paring and for exploring the ecology (11) and metabolic
profiling of complex environmental microbial communities
(20, 125), as well as for identifying novel biomolecules by use
of libraries constructed from isolated nucleic acids (18, 27, 42,
108, 116). In 1985, Pace et al. (84) were the first to propose the
direct cloning of environmental DNA. This approach was used
for cloning of DNA from picoplankton in a phage vector for
subsequent 16S rRNA gene sequence analyses (103). The first
successful function-driven screening of metagenomic libraries,
termed zoolibraries by the authors, was conducted by Healy et
al. (47).

The construction of metagenomic libraries and other DNA-
based metagenomic projects are initiated by isolation of high-
quality DNA that is suitable for cloning and covers the micro-
bial diversity present in the original sample. DNA isolation,
especially from extreme environments, is still a technological
challenge. Reasons for this include the reluctance of many
microorganisms present in these samples to lyse by protocols
that have been developed mainly for DNA extraction from

mesophilic samples and the release of very stable nucleases
upon cell lysis. Nevertheless, significant progress has been
made, and various methods allowing the isolation of high-
quality DNA from a variety of environments, i.e., soil (45, 87,
134, 139), marine picoplankton (117), contaminated subsur-
face sediments (1), groundwater (128), hot springs and mud
holes in solfataric fields (94), surface water from rivers (145),
glacier ice (109), Antarctic desert soil (48), and buffalo rumens
(25), have been developed.

Initially, metagenomics was used mainly to recover novel
biomolecules from environmental microbial assemblages. The
development of next-generation sequencing techniques and
other affordable methods allowing large-scale analysis of mi-
crobial communities resulted in novel applications, such as
comparative community metagenomics, metatranscriptomics,
and metaproteomics (14, 111). The correlation of the compre-
hensive data sets derived from these approaches with environ-
mental parameters allows us to unravel complex ecosystem
functions of microbial communities.

In this review, an overview of the different applications of
metagenomics and an outline of the recent advances in this
fast-developing field are given.

BIOPROSPECTING OF METAGENOMES

In principle, the techniques for the recovery of novel biomol-
ecules from environmental samples can be divided into two
main approaches: function-based and sequence-based screen-
ing of metagenomic libraries (18, 27, 42). Both screening tech-
niques comprise the cloning of environmental DNA and the
construction of small-insert or large-insert libraries (Fig. 1).
Subsequently, the resulting metagenomic libraries are used to
transform a host, which is in most cases Escherichia coli (18,
42). As significant differences in expression modes between
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different taxonomic groups of prokaryotes exist and only 40%
of the enzymatic activities may be detected by random cloning
in E. coli (32), additional hosts, such as Streptomyces spp. (136),
Thermus thermophilus (3), Sulfolobus solfataricus (2), and di-
verse Proteobacteria (17), have been employed to expand the
range of detectable activities in metagenomic screens.

Depending on the desired insert size, metagenomic libraries
have been constructed using plasmids (up to 15 kb), fosmids,
cosmids (both up to 40 kb), or bacterial artificial chromosomes
(�40 kb) as vectors. The choice of the vector system depends
on the DNA quality, targeted genes, and screening strategy
(18). Small-insert libraries can be employed for the identifica-
tion of novel biocatalysts encoded by a single gene or a small
operon, whereas large-insert libraries are required to recover
large gene clusters, which code for complex pathways (18).
Construction and screening of both types of metagenomic li-
braries have resulted in the identification of many novel bio-
catalysts, e.g., lipases/esterases (15, 26, 48, 49), cellulases (25,
47), chitinases (50), DNA polymerases (109), proteases (139),
and antibiotics (95). To date, lipases/esterases are probably the
biocatalysts which have been most frequently recovered from
metagenomes.

In the following, a short overview of the two screening ap-
proaches, including recent examples, is given (for a detailed
list, see references 27 and 107).

FUNCTION-BASED SCREENING

Most of the screens for the isolation of genes encoding novel
biomolecules are based on the metabolic activities of meta-
genomic-library-containing clones. As sequence information is
not required, this is the only strategy that bears the potential to
identify entirely novel classes of genes encoding known or
novel functions (18, 27, 38, 42, 96). Three different function-
driven approaches have been used to recover novel biomol-
ecules: phenotypical detection of the desired activity (7, 38,
68), heterologous complementation of host strains or mutants
(13, 95, 109, 137), and induced gene expression (128, 129, 141).

In most cases, phenotypical detection employs chemical dyes
and insoluble or chromophore-bearing derivatives of enzyme
substrates incorporated into the growth medium, where they

register the specific metabolic capabilities of individual clones.
(27). A recent example of such an activity-driven screen tar-
geted genes encoding bacterial �-D-glucuronidases, which are
part of the human intestinal microbiome. These enzymes have
putatively beneficial effects on human health (38). A meta-
genomic library comprising 4,600 clones derived from bacterial
DNA extracted from pools of feces was screened using an E.
coli strain which is deficient in �-D-glucuronidase activity. In
this way, 19 positive clones, of which one exhibited strong
�-D-glucuronidase activity after cloning of the corresponding
gene into an expression vector, were detected (38). Another
example for an activity-based screen by direct detection of
phenotypes was published by Beloqui et al. (7). In order to
identify novel glycosyl hydrolases, E. coli clones harboring meta-
genomic fosmid libraries derived from cellulose-depleting mi-
crobial communities of a fresh cast of earthworms were
screened for their ability to hydrolyze p-nitrophenyl-�-D-gluco-
pyranoside and p-nitrophenyl–�-L-arabinopyranoside. Two of
the recovered glycosyl hydrolases had no similarity to any
known glycosyl hydrolases and represented two novel families
of �-galactosidases/�-arabinopyranosidases.

A different category of function-driven screens is based on
heterologous complementation of host strains or mutants of
host strains which require the targeted genes for growth under
selective conditions. This technique allows a simple and fast
screening of complex metagenomic libraries comprising mil-
lions of clones. Since almost no false positives occur, this ap-
proach is highly selective for the targeted genes (109). A recent
example is the complementation-based screen of 446,000
clones containing a soil-derived metagenomic library for genes
that confer resistance to tetracycline, �-lactams, or aminogly-
coside antibiotics, which resulted in the identification of 13
different antibiotic-resistant clones (24a). Further examples for
screens employing heterologous complementation include the
identification of genes encoding lysine racemases (13), antibi-
otic resistance (21, 95), enzymes involved in poly-3-hydroxybu-
tyrate metabolism (137), DNA polymerases (109), and
Na�/H� antiporters (71).

In 2005, Uchiyama et al. (128) introduced a third type of
activity-driven screen, which was termed substrate-induced

FIG. 1. Metagenomic analysis of environmental microbial communities based on nucleic acids.
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gene expression screening (SIGEX). This high-throughput
screening approach employs an operon trap gfp expression
vector in combination with fluorescence-activated cell sorting.
The screen is based on the fact that catabolic-gene expression
is induced mainly by specific substrates and is often controlled
by regulatory elements located close to catabolic genes (128).
To perform SIGEX, metagenomic DNA is cloned upstream of
the gfp gene, thereby placing the expression of gfp under the
control of promoters present in the metagenomic DNA.
Clones influencing gfp expression upon addition of the sub-
strate of interest are isolated by fluorescence-activated cell
sorting (128). In this way, Uchiyama et al. (128) isolated aro-
matic-hydrocarbon-induced genes from a metagenomic library
derived from groundwater. One drawback of this approach is
the possible activation of transcriptional regulators by effectors
other than the specific substrates (33).

A similar type of screen, designated metabolite-regulated
expression (METREX), has been published by Williamson et
al. (141). To identify metagenomic clones producing small
molecules, a biosensor that detects small diffusible signal mol-
ecules that induce quorum sensing is inside the same cell as the
vector harboring a metagenomic DNA fragment. The main
component of the biosensor is a quorum-sensing promoter
which controls the reporter gfp gene. When a threshold con-
centration of the signal molecule encoded by the metagenomic
DNA fragments is exceeded, green fluorescent protein (GFP)
is produced. Subsequently, positive clones are identified by
fluorescence microscopy (141). Recently, Guan et al. (41) iden-
tified a new structural class of quorum-sensing inducers from
the midgut microbiota of gypsy moth larvae by employing
METREX. A monooxygenase homolog which produced small
molecules that induced the activities of LuxR from Vibrio fis-
cheri and CviR from Chromobacterium violaceum was detected.

In 2010, Uchiyama and Miyazaki (129) introduced another
screen based on induced gene expression, termed product-
induced gene expression (PIGEX). In this reporter assay sys-
tem, enzymatic activities are also detected by the expression of
gfp, which is triggered by product formation. In order to screen
for amidases, the benzoate-responsive transcriptional regula-
tor BenR is used as a sensor. Recombinant E. coli strains
harboring the sensor and 96,000 metagenomic clones derived
from activated sludge were cocultured in microtiter plates in
the presence of the substrate benzamide. In response to ben-
zoate production by the metagenomic clones, the sensor cells
fluoresced. In this way, three novel genes encoding amidases
were identified.

SEQUENCE-BASED SCREENING

The application of sequence-based approaches involves the
design of DNA probes or primers which are derived from
conserved regions of already-known genes or protein families.
In this way, only novel variants of known functional classes of
proteins can be identified. Nevertheless, this strategy has led to
the successful identification of genes encoding novel enzymes,
such as dimethylsulfoniopropionate-degrading enzymes (131),
dioxygenases (80, 118, 148), nitrite reductases (6), [Fe-Fe]-
hydrogenases (102), [NiFe] hydrogenases (75), hydrazine oxi-
doreductases (67), chitinases (50), and glycerol dehydratases
(61).

For example, Bartossek et al. (6) detected genes encoding
homologs of copper-dependent nitrite reductases (NirK) in
ammonia-oxidizing archaea derived from different environ-
ments, such as soil, sediment, freshwater, chicken manure, and
invertebrates, by using a PCR-based approach. Based on de-
duced amino acid sequences of NirK proteins from bacteria
and two archaeal homologs, different sets of degenerated prim-
ers for the amplification of nirK-related genes from archaea
were designed and used for amplification. In this way, the
authors demonstrated that archaeal nitrite reductases are
ubiquitous and contribute to the global biogeochemical nitro-
gen cycle. In order to analyze the diversity and abundance of
herbicide-degrading dioxygenases encoded by tfdA-like genes
in soil, a quantitative kinetic PCR assay was designed by
Zaprasis et al. (148). A total of 437 tfdA-like sequences were
identified by employing five different primer sets, which tar-
geted conserved regions of tfdA. Approximately 1.0 � 106 to
65 � 106 copies of novel tfdA-like genes per gram of dry soil
were calculated. This indicated the presence of unknown her-
bicide-degrading dioxygenases in soil (148).

In order to gain comprehensive insights into the available
sequence space of the genes of interest, PCR-based screening
approaches have been combined with large-scale pyrosequenc-
ing of amplicons. The thereby-collected sequence information
can subsequently be used to design probes which are suitable
to recover full-length versions of the target genes. This ap-
proach was introduced by Iwai et al. (54). The authors termed
it gene-targeted metagenomics (GT-metagenomics). It was ap-
plied to recover genes encoding aromatic dioxygenases from
polychlorinated-biphenyl-contaminated soil samples. The au-
thors employed a PCR primer set that was directed against a
524-bp conserved region which confers substrate specificity to
biphenyl dioxygenases. Totals of 2,000 and 604 sequences were
retrieved from the 5� and 3� ends of the PCR products, respec-
tively. Based on alignments, the sequences were assigned to 22
(5�-end) and 3 (3�-end) novel clusters that did not include
previously known sequences. Thus, a larger variety of genes
putatively involved in the carbon cycle were detected than
previously assumed (54). To assess the diversity of bacterial
genes involved in the demethylation of dimethylsulfoniopropi-
onate in marine environments, a similar approach has been
applied. Varaljay et al. (131) amplified dmdA genes, encoding
dimethylsulfoniopropionate demethylase, from composite
free-living coastal bacterioplankton DNA by employing differ-
ent primer pairs which targeted 10 different clades and sub-
clades of DmdA. Subsequently, the sequences of the resulting
PCR products were determined by pyrosequencing. With
�90% nucleotide sequence identity, approximately 62,000 se-
quences were assigned to more than 700 clusters of environ-
mental dmdA sequences.

MINING OF METAGENOMES FROM
EXTREME ENVIRONMENTS

To date, the majority of biomolecules are derived from meta-
genomic libraries which have been constructed from temperate
soil samples (70, 111). However, extreme environments, such
as solfataric hot springs (94), Urania hypersaline basins (27),
glacier soil (147), glacial ice (109), and Antarctic/Arctic soil
(15, 48, 55), represent an almost untapped reservoir of novel
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biomolecules with biotechnologically valuable properties. Al-
though the diversity of microbial communities present in most
extreme habitats is likely to be low, these environments are
nevertheless an interesting source for novel biocatalysts that
are active under extreme conditions (116).

Recently, a number of metagenomic libraries derived from
the above-mentioned extreme habitats have been constructed.
The majority of these libraries have been mined for novel
lipases/esterases. Rhee et al. (94) constructed large-insert fos-
mid libraries from environmental samples originating from
solfataric hot springs in Indonesia. Function-driven screening
resulted in the identification of a novel esterase, which was
classified as a new member of the hormone-sensitive lipase
family. This enzyme exhibited a high temperature optimum
and high thermal stability. Additionally, Ferrer et al. (28) con-
structed a metagenomic library derived from the brine seawa-
ter interface of Urania hypersaline basins. Five novel esterases
which showed no significant amino acid sequence similarity to
known esterases were identified. All of these enzymes dis-
played habitat-specific properties, such as a preference for high
hydrostatic pressure and salinity.

Samples of an extreme environment were also used to iso-
late the first metagenome-derived DNA-modifying enzymes by
a function-based approach. Small-insert and large-insert meta-
genomic libraries derived from glacier ice were constructed
(109). An E. coli mutant that carries a cold-sensitive lethal
mutation in the 5�-3� exonuclease domain of the DNA poly-
merase I was employed as a host for the metagenomic libraries.
Only recombinant E. coli strains complemented by a gene
conferring DNA polymerase activity were able to grow. Nine
novel DNA polymerases or domains typical of these enzymes
were identified and exhibited only weak similarities to known
genes.

ASSESSMENT OF TAXONOMIC AND FUNCTIONAL
DIVERSITY OF MICROBIAL COMMUNITIES

Microbial diversity in environments such as soil, sediment,
or water has been assessed by analysis of conserved marker
genes, e.g., 16S rRNA genes (72, 77). In addition, large data-
bases of reference sequences, such as Greengenes (22), SILVA
(92), or Ribosomal Database Project II (RDP II) (16), provide
an important and useful resource for rRNA gene-based clas-
sification of microorganisms. In addition, other conserved
genes, such as recA or radA and genes encoding heat shock
protein 70, elongation factor Tu, or elongation factor G (132),
have been employed as markers for phylogenetic analyses.

The employment of next-generation sequencing technolo-
gies, such as pyrosequencing of 16S rRNA gene amplicons,
provided unprecedented sampling depth compared to tradi-
tional approaches, such as denaturing gradient gel electro-
phoresis (DGGE) (81), terminal restriction fragment length
polymorphism (T-RFLP) analysis (29, 123), or Sanger se-
quencing of 16S rRNA gene clone libraries (113). However,
the intrinsic error rate of pyrosequencing may result in the
overestimation of rare phylotypes. Each pyrosequencing read
is treated as a unique identifier of a community member, and
correction by assembly and sequencing depth, which is typically
applied during genome projects, is not feasible (51, 64).

To assess microbial community composition, the rRNA

gene-based approach employed is increasingly complemented
or replaced by shotgun sequencing of microbial community
DNA (Fig. 1). Direct sequencing of metagenomic DNA has
been proposed to be the most accurate approach for assess-
ment of taxonomic composition (135). The major advantage of
this approach is the avoidance of bias introduced by amplifi-
cation of phylogenetic marker genes. In 2004, two landmark
publications described the application of shotgun sequencing
to assess the compositions and functions of microbial popula-
tions of an acid mine drainage biofilm (127) and the Sargasso
Sea (132). In addition, large-scale sequencing of the low-diver-
sity acid mine drainage biofilm allowed genome reconstruction
of the dominant bacterial species (127). Nearly complete ge-
nomes of Leptospirillum group II and Ferroplasma type II or-
ganisms and partial genomes of three other microorganisms
were recovered. In addition, the reconstruction of main met-
abolic pathways provided insights into survival strategies of
microbes living in an extreme environment.

The introduction of next-generation sequencing platforms,
such as the Roche 454 sequencer (73), the SOLiD system of
Applied Biosystems (9), and the Genome Analyzer of Illu-
mina, had a big impact on metagenomic research (9). The
advances in throughput and cost reduction have increased the
number and size of metagenomic sequencing projects, such as
the Sorcerer II Global Ocean Sampling (GOS) project (12, 98)
and the metagenomic comparison of 45 distinct microbiomes
and 42 viromes (24). The analysis of the resulting large data
sets allowed the exploration of the taxonomic and functional
biodiversity and of the system biology of diverse ecosystems
(111).

A crucial step in the taxonomic analysis of large meta-
genomic data sets is called binning. Within this step, the se-
quences derived from a mixture of different organisms are
assigned to phylogenetic groups according to their taxonomic
origins. Depending on the quality of the metagenomic data set
and the read length of the DNA fragments, the phylogenetic
resolution can range from the kingdom to the genus level
(146). Currently, two broad categories of binning methods can
be distinguished: similarity-based and composition-based ap-
proaches. The similarity-based approaches classify DNA frag-
ments based on sequence homology, which is determined by
searching reference databases using tools like the Basic Local
Alignment Search Tool (BLAST) (52, 78). Examples of bioin-
formatic tools employing similarity-based binning are the
Metagenome Analyzer (MEGAN) (52), CARMA (62), or the
sequence ortholog-based approach for binning and improved
taxonomic estimation of metagenomic sequences (Sort-
ITEMS) (79). CARMA assigns environmental sequences to
taxonomic categories based on similarities to protein families
and domains included in the protein family database (Pfam)
(30), whereas MEGAN and Sort-ITEMS classify sequences by
performing comparisons against the NCBI nonredundant and
NCBI nucleotide databases (101). One pitfall of these ap-
proaches is that taxonomic classification of the metagenomic
data sets relies on the use of reference databases that contain
sequences of known origin and gene function. To date, the
common databases are biased toward model organisms or
readily cultivable microorganisms. This is a major limitation
for taxonomic classification of microbial communities in eco-
systems, as up to 90% of the sequences of a metagenomic data
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set may remain unidentified due to the lack of a reference
sequence (53). In contrast, composition-based binning meth-
ods analyze intrinsic sequence features, such as GC content
(10), codon usage (5), or oligonucleotide frequencies (59, 100),
and compare these features with reference genome sequences
of known taxonomic origins. Tools such as PhyloPythia (76),
TETRA (121, 122), and the taxonomic composition analysis
method (TACOA) (23) allow direct classification of short sin-
gle reads.

Recently, Web-based metagenomic annotation platforms,
such as the metagenomics RAST (mg-RAST) server (78), the
IMG/M server (74), or JCVI Metagenomics Reports
(METAREP) (39) have been designed to analyze meta-
genomic data sets. Via generic interfaces, the uploaded envi-
ronmental data sets can be compared to both protein and
nucleotide databases, such as the Gene Ontology (GO) data-
base (4), the Clusters of Orthologous Groups (COG) database
(120), and the Pfam (30), NCBI (101), SEED (83), and Kyoto
Encyclopedia of Genes and Genomes (KEGG) (57) databases.
In this way, multiple metagenomic data sets derived from var-
ious environments can be compared at various functional and
taxonomic levels (39). Recent examples of metagenomic sur-
veys of whole microbial communities include those studying
the hindgut microbiota of a wood-feeding higher termite (138),
glacier ice (110), sludge communities subjected to enhanced
biological phosphorus removal (34), a biogas plant microbial
community (63), and Minnesota farm soil (125).

METATRANSCRIPTOMICS

Metagenomics provides information on the metabolic and
functional capacity of a microbial community. However, as
metagenomic DNA-based analyses cannot differentiate be-
tween expressed and nonexpressed genes, it fails to reflect the
actual metabolic activity (114). Recently, sequencing and char-
acterization of metatranscriptomes have been employed to
identify RNA-based regulation and expressed biological signa-
tures in complex ecosystems (Fig. 1) (46). So far, metatran-
scriptomic studies of microbial assemblages in situ are rare.
This is due to difficulties associated with the processing of
environmental RNA samples (149). Technological challenges
include the recovery of high-quality mRNA from environmen-
tal samples (99), short half-lives of mRNA species (91), and
separation of mRNA from other RNA species (114).

Until recently, metatranscriptomics had been limited to the
microarray/high-density array technology (46, 86, 140) or anal-
ysis of mRNA-derived cDNA clone libraries (90, 119). These
approaches have produced significant insights into the gene
expression of microbial communities but have limitations. A
microarray gives information about only those sequences for
which it was designed. The detection sensitivities are not equal
for all imprinted sequences, as results are dependent on the
chosen hybridization conditions. Low-abundance transcripts
are often not detected. Although transcript cloning avoids
some of these problems through random amplification and
sequestering of mRNA fragments, it introduces other biases
associated with the cloning system and the host of the libraries.
The limitations of both approaches can be circumvented by
application of direct cDNA sequencing employing next-gener-
ation sequencing technologies. This provides affordable access

to the metatranscriptome and allows whole-genome expression
profiling of a microbial community. In addition, direct quanti-
fication of the transcripts is feasible (31, 66, 91, 106, 130).
Leininger et al. (66) were the first employing pyrosequencing
to unravel active genes of soil microbial communities. In this
way, the activity and importance of ammonia-oxidizing archaea
in soil ecosystems have been shown (66). Other metatranscrip-
tomic studies employing direct sequencing of cDNA have tar-
geted the ocean surface waters from the North Pacific subtrop-
ical gyre (31), coastal waters of a fjord close to Bergen, Norway
(36, 91, 106), a phytoplankton bloom in the Western English
Channel (37), and soil samples from a sandy lawn (130).

Recently, Shi et al. (106) showed the involvement of small
RNAs (sRNAs) in many environmental processes, such as car-
bon metabolism and nutrient acquisition, by comparison of
metatranscriptomic data sets from the Hawaii Ocean Time-
series station ALOHA (58). They found that a large propor-
tion of cDNA sequences were not homologous to known genes
encoding proteins. Almost a third of these unassigned cDNA
sequences showed similarities to intergenic regions of micro-
bial genomes in which sRNA molecules are encoded. Thirteen
known sRNA families were identified in the metatranscrip-
tomic data set by searching the RNA family database Rfam
(35). In addition, a large fraction of the metatranscriptomic
data set could not be assigned to any known sRNA family, but
these unassigned reads exhibited a high nucleotide identity to
intergenic regions found in microbial genome sequences.
These sequences displayed characteristic conserved secondary
structures and were often flanked by potential regulatory ele-
ments. This indicated the presence of so-far-unrecognized pu-
tative sRNA molecules and provided evidence for the impor-
tance of sRNAs for the regulation of microbial gene expression
in response to changing environmental parameters (106).

METAPROTEOMICS

The proteomic analysis of mixed microbial communities is a
new emerging research area which aims at assessing the im-
mediate catalytic potential of a microbial community. In 2004,
Wilmes and Bond (143) coined the term “metaproteomics” as
a synonym for large-scale characterization of the entire protein
complement of environmental microbiota at a given time
point. In this landmark study, the proteins produced by a
microbial community derived from activated sludge were ana-
lyzed by two-dimensional polyacrylamide gel electrophoresis
and mass spectrometry. Highly expressed proteins, such as an
outer membrane protein and an acetyl coenzyme A acyltrans-
ferase, were identified. These enzymes putatively originated
from an uncultured polyphosphate-accumulating Rhodocyclus
strain that was dominant in the activated sludge (143).

So far, one of the most comprehensive metaproteomic stud-
ies has been conducted by Ram et al. (93), who analyzed the
gene expression, key activities, and metabolic functions of a
natural acid mine drainage microbial biofilm by mass spec-
trometry. In this way, more than 2,000 proteins from the five
most abundant microorganisms were identified. In addition,
357 unique and 215 novel proteins were detected. One highly
expressed novel protein was capable of iron oxidation, a pro-
cess central to acid mine drainage formation. This study and
other studies provided comprehensive insights into microbial
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communities that exhibited a relatively low complexity (21, 40,
69, 93), i.e., communities derived from a continuous-flow bio-
reactor fed with cadmium (65), activated sludge (85, 142–144),
and the phyllosphere (19). In addition, metaproteomic ana-
lyses of microbial communities displaying a high complexity,
such as communities present in the hindguts of termites (138),
sheep rumens (124), human fecal samples (60, 133), human
saliva samples (97), marine samples (56, 115), dissolved or-
ganic matter from lake and forest soil (105), and contaminated
soil and groundwater (8), were carried out but at a lower
resolution (for a review, see reference 104). Nevertheless, it is
a daunting task to detect and identify all proteins produced by
a complex environmental microbial community. Challenges for
metaproteomic analyses include uneven species distribution,
the broad range of protein expression levels within microor-
ganisms, and the large genetic heterogeneity within microbial
communities (104). Despite these hurdles, metaproteomics has
a huge potential to link the genetic diversity and activities of
microbial communities with their impact on ecosystem func-
tion.

CONCLUSIONS

Metagenomics is one of today’s fastest-developing research
areas. Since 1998, when the term “metagenomics” was coined
by Handelsman et al. (43), great progress has been made. In
the beginning, metagenomics was driven mainly by the search
for novel biomolecules in microbial communities derived from
temperate environments. The development of improved DNA
isolation methods, cloning strategies, and screening techniques
allowed the assessment and exploiting of microbial assem-
blages from extreme and inhospitable environments, such as
solfataric hot springs, hypersaline basins, and ice.

With the launch of next-generation sequencing techniques,
more and increasingly complex environmental sequence data
sets were produced, which in turn led to the development of
various bioinformatic tools for the analysis and comparison of
these data sets with respect to taxonomic and metabolic diver-
sity. To date, more than 210 different metagenomes have been
sequenced from a large variety of environments, such as soil,
global oceans, the human gut, and feces (39). Metagenomics is
now also applied to medical or forensic investigations. In 2009,
the Human Microbiome Project (88) was founded. This initia-
tive aims to map microbial communities that are associated
with the human gut, mouth, skin, or vagina. In addition, extinct
species, such as the woolly mammoth (89) and Neanderthals
(82), have been analyzed by metagenomic approaches. To take
full advantage of this large amount of information, improved
integrated analysis tools and comprehensive databases are
needed.

In recent years, studies of the gene expression and protein
production of microbial communities emerged to complement
DNA-based metagenomic analyses. Metatranscriptomics and
metaproteomics are approaches that have the potential to al-
low us to understand the functional dynamics of microbial
communities. In combination with metagenome DNA analysis,
these approaches offer significant promise to advance the mea-
surement and prediction of the in situ microbial responses,
activities, and productivity of microbial consortia. In addition,
analyses of the thereby-generated comprehensive data sets

have an unprecedented potential to shed light on ecosystem
functions of microbial communities and evolutionary pro-
cesses.
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