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Functional Metagenomics: Recent
Advances and Future Challenges

LUDMILA CHISTOSERDOVA*

Department of Chemical Engineering, University of Washington, Seattle WA 98195,
USA ' ‘ '

Abstract

Metagenomics is a relatively new but fast growing field within environmental biology
directed at obtaining knowledge on genomes of environmental microbes as well as of
entire microbial communities. With the sequencing technologies improving steadily,
generating large amounts of sequence is becoming routine. However, it remains dif-
ficult to connect specific microbial phyla to specific functions in the environment. A
number of ‘functional metagenomics’ approaches have been implemented in the recent
years that allow high-resolution genomic analysis of uncultivated microbes, connect-
ing them to specific functions in the environment. These include analysis of niche-
specialized low complexity communities, reactor enrichments, and the use labeling
technologies. Metatranscriptomics and metaproteomics are the newest sub-disciplines
within the metagenomics field that provide further levels of resolution for functional
analysis of uncultivated microbes and communities. The recent emergence of new
(next generation) sequencing technologies, resulting in higher sequence output and
dramatic drop in the price of sequencing, will be defining a new era in metagenomics.
At this time the sequencing effort will be taken to a new level to allow addressing new,
previously unattainable biological questions as well as accelerating genome-based
discovery for medical and biotechnological applications.

P ':*Td whom correspondence may.be addressed (milachis@u.washington edu)

Abbreviations: WGS, Whole-Genome Shotgun; bp, base pairs; Mb, 1,000,000 base pairs; Gb,

v 7+ 1,000,000,000 base pairs.
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Introduction B

Metagenomics is a fast growing and diverse field within environmental biology di-
rected at obtaining knowledge on genomes of environmental microbes, without prior
cultivation, as well as of entire microbial communities. Other terms are also used to
describe this methodology: environmental genomics, ecogenimics, community genom-
ics, megagenomis. For the purposes of this review, all these terms are interchangeable.
The term ‘functional metagenomics’, in a broad sense, is meant to reflect a connection
between the identity of a microbe, or a community, uncovered via metagenomics
and their respective function(s) in the environment. The power of metagenomics is
in allowing one to tap into the vast metabolic potential of uncultivated microbes that
represent the majority of microbes on Earth, including entirely novel microbes and
novel metabolic pathways. The two main and principally distinct outcomes of the
metagenomic approach are the emerging new outlook at the complexity of microbial
communities, in terms of both species diversity and community dynamics, and iden-
tification of genetic determinants for production of biologically active molecules and
processes that carry a potential for medical and biotechnologcial applications. Recent
advances in next-generation (ultra-high throughput) sequencing Léchnologies, resulting
in a dramatic drop in the price of DNA sequencing, bring about the promise of a new
era in metagenomics, when the sequencing effort will be taken to a new level, to allow
addressing new, previously unattainable biological questions, as well as accelerating
genome-based discovery for biotechnological applications.

Despite its short history, metagenomics has recently become a mainstream approach
in every field under the umbrella of biological sciences, and the term itself became
a household name. As a reflection of the community interest, the already profound
impact, and the future potential of metagenomics, the field is a subject of intense
discussion, resulting in a steady stream of reviews covering every topic in the field,
from strategies and methodologies of metagenomics (Handelsman 2004; Schloss
and Handelsman, 2005; Snyder et al., 2009), to industrial and medical applications
(Warnecke and Hess, 2009; Li et al., 2009; Preidis and Versalovic, 2009), to the bio-
informatics issues (Markovitz et al., 2008; Kunin et al., 2008; Lapidus 2009). By no
means does this review intend to comprehensively cover all the work conducted in
the past that involved metagenomic or functional metagenomic approaches. Instead, it
will pursue two major goals: highlighting the recent advances specifically addressing a
connection between the function and phylogeny in the environment, via high resolution
metagenornics, metatranscriptomics and metaproteomics, and offering an outlook at
the future of metagenomics that will rely on the newest sequencing technologies as .
well as on considerably evolved data management infrastructures.

Brief history of metagenomics

As genomics, starting in mid-nineties, has revolutionized the entire range of biological
sciences, so did metagenomics-a decade or so later. However, the history of metagen-
omics should probably be traced back to the work of Staley and Konopka (1985), first
reporting on ‘great plate count anomaly’, and the works of the Woese group, identifying
the 16S rRNA gene as a marker molecule for assessing microbial diversity (Woese
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1987). The practical use of 16S rRNA analysis as a tool for phylogenetic profiling of
microbial communities has been pioneered by the Pace group in early nineties (Schmidt
etal., 1991), constituting the onset of metagenomics as a sub-field of microbial écology,
albeit without an official name. The term ‘metagenomics’ was coined almost a decade
later by the Handelsman group (Handelsman et al., 1998) and was instantly embraced
by the scientific community. In this latter case, the term referred to the functional
analysis of mixed environmental DNA captured as large size inserts after a screen for
aspecific activity, thus also providing one meaning to ‘functional metagenomics’. The
two seminal works that defined the most widely accepted meaning of metagenomics,
the random whole-genome shotgun (WGS) sequencing-based analysis of microbial
populations, were published in quick succession in 2004. One describes analysis
of an artificially simple community, of a biofilm growing on the surface of an acid
mine drainage (Tyson et al., 2004), and the other describes a much more complex
community of the Sargasso Sea (Venter at al., 2004). The significance of these two
early studies is two-fold. On the one hand, they ultimately defined the path for future
metagenomic projects. On the other, they provided important insights into the scale of
the sequencing effort that would be required for analyzing communal DNA using this
method, spanning a range of scenarios from very simple to very complex. Accord-
ingly, the outcomes of these projects regarding the knowledge on specific members of
the communities interrogated were dramatically different. The former (with only 76
Mb sequencing effort) resulted in assembly and analysis of almost complete genomes
of the dominant species, including accurate metabolic reconstruction and detection
of strain-specific genomic variants. The latter, with a much larger sequencing effort
(almost 2 Gb) resulted in very fragmented assemblies even for the most abundant
species, with most of the dataset being represented by singleton sequencing reads.
The stage has been set for a flood of WGS-sequencing-based projects to follow. At
the moment of writing, 167 projects are listed in the GOLD database (Liolios et al.,
2008), and results from 57 of these have been already published.

Over the same time, breakthroughs in developing alternative sequencing lechnolo-
gies occurred, promising a significantly higher throughput and significantly reduced
cost of sequencing, and these new (known as next-generation) sequencing technologies
have been immediately tested in metagenomic applications (Edwards et al:, 2006).
These new sequencing technologies have also enabled a new subfield of metagen-
omics, termed metatranscriptomics, (i.e. shofgun characterization of environmental
transcripts) that is developing incredibly quickly. Another subfield, metaproteomics
(i.e. analysis of community protem pools) is emerging, signaling the arrival of a whole
new era of metagenomiics.

Current state of metagénomics (and how it can be improved)

It has been just over five years since the onset of WGS-sequencing-based metageom-
“ics. How has the field progressed towards its maturity and how has it changed since

. the semmal works published in 2004? About a decade ago, while discussing the fate
' ~of microbial genomics, Dr. Woese has lamented the fact that microbiologists have
“never developed an appropriate, overarching concept for the field, the need for which

he th'_ox)gfht critical (Woese 1998). The same can be said today about metagenomics.
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For the past five years, the field has mostly operated in a ‘Wild West’ fashion, with
no concerted effort, little broad-scale coordination, and in the absence of established
‘gold standards’. Individual scientists have been spearheading individual metagenomic
projects, mostly on a small scale, as dictated by the economics of sequencing, often
times without prior knowledge on the structure or the complexity of the community
in question. However, the complexity of natural communities as a challenge to me-
tagenomics has been recognized from the very start. Venter and colleagues (2004)
have modeled a sequence coverage level that would be required to identify most of the
genomes in the Sargasso Sea sample, concluding that at least an order of magnitude
larger sequencing effort was necessary. Another early metagenomic project that inter-
rogated an even more complex community, the one inhabiting soil, resulted in a similar
conclusion, admitting significant under-sampling (Tringe et al., 2005). However, the
effort toward significantly deeper sampling was deemed not feasible and thus not
necessary. As a result, most of the metagenomic projects carried out so far have been
following the path of under-sampling, the disregard for community complexity vali-
dated by the broad use of a method called gene-centric analysis (Tringe et al., 2005).
This method (a poor man’s approach to metagenomics) treats a community (mostly
represented by singleton reads, frequently of poor quality) as an aggregate, ignoring
the context of individual species. Each read is automatically assigned to a functional
category, and this way functional profiles of communities can be created. Communi-
ties then can be compared to each other in terms of functional profiles (Tringe et al.,
2005). This approach performs rather well with singleton sequencing reads generated
by the Sanger technology, with approximately 90% of genes being found to encode
at least one and sometimes two putative polypeptides. However, the resolution of this
approach drops further when it comes to functional gene annotation. This task relies
on the content of the current gene and protein databases, which are heavily biased
toward model organisms that do not fully represent the diversity of the organisms in
the environment (Woese 1998). The problem of annotation of environmental genes
‘persists beyond the lack of close homologs for the genes represented in metagenomic
databases. In databases most frequently used to aid in annotation of metagenomic
sequences (such as the non-redundant NCBI database, the SEED database), many
of the specialized biochemical pathways are poorly annotated. Thus, even if close
homologs are present, their most likely functions may be called incorrectly. Even if
the functions of genes can be predicted with precision based on a homolog match,
placing them into the context of specific metabolic pathways is not always possible
with the gene-centric approach and out of the context of a metabiolic make up of an
individual organism. For example, the citric acid cycle (whose main role is in energy’
generation) and the methylcitric acid cycle (whose main role is in propionate utiliza-
tion) share a number of genes and enzymes in common. The precise differentiation
between the two pathways can only be achieved-having the knowledge on an entire
or almost entire gene complement, and in the context of an individual genome.

The problems described above are even more severe when it comes to the analy-
sis and annotation of the shorter reads currently produced by the 454 sequencing
technology (Wommack et al., 2008); In the works published so far; mostly based on

the earlier versions of the 454 technology that produced 100 to 200 bp reads, up to -

70 per cent of reads could not be 4classiﬁéd (Edwards’et al; 2006;‘ Dinsdale et al., . ;
2008; Brulc et al., 2009; Thurber et al., 2009). Ironically, despite the hype about the-
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significantly higher throughput and lower cost of 454 sequencing (compared to the
Sanger-based sequencing), the metagenomic projects employing this technology
tend to produce datasets of relatively small size, deeming the functional profiling and
comparative genomics tasks almost useless exercises when it comes to communities
of high complexity.

How can this situation be improved? One obvious way is to commeasure the se-
quencing effort with the complexity of the community. Predictions can be easily made
for how much raw sequence is required to obtain good coverage for dominant species
(Kunin et al., 2008). If the goal of the study is to obtain insights into the genomes of
the minor members of the community, creative approaches such as specific enrich-
ment strategies can be applied. Such approaches, guided by a specific goal, should
enable functional insights into the community as a'whole or into specific members
of the community, resulting in a more complete and meaningful interpretation of the
sequence data. This in turn wiil enable a high-resolution biological knowledge that
constitutes functional genomics in a broader sense.

Approaches to functional metagenomics

One of the simple questions typically asked via metagenomics is “Who is there?”.
Phylogenetic profiling via metagenomics is straightforward as the 168 (or 18S) rRNA
genes are easily recognizable and the growing databases of these genes allow for
rather precise phylogenetic assignments (Tringe and Hugenholtz, 2008). The more
difficult question asked via metagenomics is “What are they doing?”. This question
can be approached via the gene-centric analysis as a number of functional genes that
are hallmarks for major biogeochemical processes are well recognizable (Tringe et
al., 2005; Kunin et al., 2008). The most difficult question asked via metagenomics is
“Who is doing what?” as this requires establishing a connection between the func-
tion and an organism. The resolution of such knowledge can range from as low as a
phylum level to as high as strain level. Below, a number of exemplary projects that
succeeded in this goal are highlighted. Examples of single species genomes assembled
from metagenomic data are presented in Table 1. ‘ :

METAGENOMICS OF LOW COMPLEXITY COMMUNITIES

The acid main drainage (AMD) community remains the poster child of metagenom-
ics (Tyson et al., 2004). A modest sequencing effort of 76 Mb has been sufficient
for high coverage of the genomes of the dominant species of this low complexity
community. Two main lessons learned from assembling separate genomes from a
communal sequence pool have been the use of relaxed stringency criteria for sequence
alignment, in anticipation of polymorphisms, and the necessity of binning, i.e. assign-
- ment of scaffolds to organism types (in this case by the G+C content as well as read
~depth). As a result, nearly complete genomes (at 10X coverage) were assembled of a

» 'Lepzospmllum group II bacterium and a Ferroplasma group II archaeon. Two other
" .~genomes. (Leptospirillum group Il and Ferroplasma group 1) have been covered at

‘_;3X Reconstruction of the metabolism of these species has provided important insights
) f into thelr eco]oglcal roles and the function of the community. Both the Leptospirilium



Table 1. Examples of single species genomes extracted from metagenomic sequences

ove

VAOQYEASOLSIHD) "]

Organism/ environment Sequencing  Number of contigs/ Largest contig/ Sequence  Genome size (Mb) Reference
: effort (Mb) scaffolds . scaffold (Mb)  coverage (x)

" C. Cloacamonas acidiminovorans/ reactor 1,120 1 7 , 2246 10.9 22 . Pelletier et al., 2008
Cenarchaéum symbiosum/ sponge 50 1 2,045 >8 2.0 Hallam et al., 2006
Kuenenia stuttgartensis/ reactor 150 5 2,200 22 4.2 Strous et al., 2006
Leptospirillum sp. group I/ AMD . 76 70 137 10 22 Tyson et al., 2004
Ferroplasma sp. group 1I/ AMD 76 - 59 138 10 1.8 Tyson etal., 2004
Gammaproteobacterium 3/ worm : 204 22 1,908 5.2 NA Woyke et al., 2006
Gammaproteobacterium 1/ worm . 204 91 333 3.0 NA Woyke et al., 2006
Deltaproteobacterium 4/ worm 204 172 252 33 NA Woyke et al., 2006
Deltaproteobacterium 1/ worm 204 - 226 407 84 NA Woyke et al., 2006
C: Accumulibacter phosphatis/ US sludge 98 33 3,027 8 5.6 Garcfa Martin et al., 2006

- C. Accumulibacter phosphatis/ OZ sludge 78 254 . 69 5 5.6 Garcia Martin et al., 2006
Methylotenera mobilis/ 1ake 60 4078 16 4.4 25 Kalyuzhnaya et al., 2008

NA, information not available
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and the Ferroplasma species appear to possess multiple pathways for carbon fixa-
tion, while the Ferroplasma species are also equipped for a heterotrophic life style.
However, none of the major species are predicted to be able to fix nitrogen, suggesting
that a less abundant species, Leptospirillum group Il is responsible for this activity.
A detailed reconstruction of putative electron transfer chains in the Leptospirillum

- and the Ferroplasma species has revealed markedly different strategles for harnessing
energy from iron oxidation.

Another example of a low complexity, highly specialized community metagenomics
is the analysis of symbionts of a marine oligochaete Olavius algarvensis (Woyke et
al., 2006). In the course of evolution, this worm has lost a mouth, a gut and nephridia,

. their functions completely taken over by the four symbiotic bacteria, two gamm-.
aproteobacterial types and two deltaproteobacterial types. Nearly complete genomes
of these four symbionts have been recovered in scaffolds as large as 1.6 Mb, via a
sequencing effort of slightly over 200 Mb, allowing for metabolic reconstruction of
each species as well as predicting the specific roles for each bacterium in the syntrophic
elemental cycling providing metabolic energy and biomass that feed the host. Two
species (the gammaproteobacterial strains) were determined to specialize in oxida-
tion of reduced sulphur compounds, while two others (the deltaproteobacterial srains)
were predicted to be sulphate reducers. All four species are equipped for autotrophic
CO, fixation, two former possessing genes for the Calvin-Benson-Bassham cycle
and the two latter possessing genes for the reductive acetyl-CoA and the reductive
tricarboxylic acid cycles. A suite of metabolic pathways that would enable recycling
of the host waste has been identified, including ammonium and urea uptake and me-
tabolism systems. In addition; systems were identified for degradation of osmolytes
such as taurine, glycine betaine and trimethylamine N-oxide. The nearly complete
genome recovery for the symbionts has also allowed to question whether signatures
of symbiont dependence on the host were present, such as genome size reduction,
loss of essential metabolic pathways etc. None of these have been found, suggesting
that the symbionts of O. algarvensis should be able to survive as free-living bacteria. '
Finally, a scenario has been envisioned of how the symbionts switch between differ-
ent pathways for energy generation while the host migrates between oxic and unoxic
zones in its natural habitat. _ ' :

In another study, the WGS sequencing approach has been combined with fosmid
walking to obtain a complete genome sequence for an uncultivated marine crenar-
chaeote, a sponge symbiont (Hallam et al., 2006). Based on the initial 2, 779 fosmid
end reads, fosmids have been selected containing DNA of the dominant ribotype of
Cenarchaeum symbiosum, and eventually 155 of the fosmid inserts have been shotgun
sequenced, to produce a circular genome representing a composite of closely related
but potentially non-identical strains. Metabolic reconstruction revealed important
insights into the metabolic pathways of the symbiont that make it useful for the host,
such as mtrogen metabolism and CO assimilation, and also revealed metabolic de-
pendence of the symbiont on the supply of essential amino acids and vitamins. While
the strategy chosen in this project, of fosmid walking, required a smaller sequencing

- reffort compared-to the projects relying on the assembly of shotgun reads, it was a
~laborious and time consuming effort, taking over four years.

~Ajtermite gut is a habitat for a highly specialized microbial community devoted to
_.‘hgnocellulose degradatlon Warnecke et al. (2007) targeted a community from a hind-
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gut of a wood-feeding ‘higher’ termite in order to obtain insights into the diversity of
genes enabling cellulose and xylan hydrolysis by the bacterial symbionts. While only
amodest sequencing effort was committed (71 Mb) considering the relatively species.
rich community, a gene-centric approach resulted in identification of more than 700
glycoside hydrolase catalytic domains, representing 45 different carbohydrate-actjve
enzymes. Compositional binning of the assembled sequences allowed assignment of
glycoside hydrolases and other carbohydrate-binding module enzymes to the specific
phylogenetic groups, most prominently to Treponema and to Fibrobacter species. The
knowledge gained from metagenomic sequencing was augmented by the proteomic
analysis that detected some of the most highly expressed hydrolytic enzymes, as well
as by in vitro activity tests.

ENRICHMENT-BASED METAGENOMICS

Some organisms not available in pure cultures can be enriched in laboratory condi-
tions, or in industrial bioreactors, to reach a relative proportion in mixed population
large enough to warrant high coverage for the respective genome(s) when using the
_ traditional WGS sequencing approach. One study applied this strategy to sequence,

assemble and annotate the genome of Kuenenia stuttgartiensis, a novel bacterium
representing a functional guild involved in anaerobic ammonium oxidation (anammox),
from a complex bioreactor community. The annamox bacteria were discovered just
over adecade ago and were demonstrated to possess specialized biochemical pathways
enabling anaerobic oxidation of ammonium. While these organisms are known for very
slow growth and none are available in pure culture, their role has been established as
key participants of the global nitrogen cycle, contributing up to 50% to the removal of
fixed nitrogen from oceans. Strous and colleagues (2006) enriched K. stuttgartiensis
in a laboratory reactor in which its population comprised approximately 73% of total
cell counts. A rather massive sequencing effort was applied (192,713 reads, approxi-
mately 154 Mb) allowing not only for assembly, but also for closing most of the gaps
in the K. stuttgartiensis genome, resulting in only five contigs, with more than 98%
of the genome captured. Metabolic reconstruction revealed unexpectedly high meta--
bolic versatility of the organism and high degree of functional redundancy. Over 200
genes were identified involved in catabolism and respiration. Metabolic pathways for
ammonium oxidation, electron transfer, energy conservation and carbon metabolism
were reconstructed with great precision, and some were confirmed experimentally.
Most significantly, candidate gene clusters were identified as being responsible for
biological hydrazine metabolism and for ladderane biosynthesis, functions unigquely
connected to annamox. To identify these functions in a novel organism, the availability
of a complete or nearly complete genome was a prerequisite, as these genes could
only be predicted in the context of a specific genomie.

A similar approach was used by Garcia Martin and colleagues (2006) to reconstruct
nearly complete genomes of two strains of Candidatus Accumulibactér phosphatis; a
polyphosphate-accumulating bacterium harnessed for inorganic phosphorus removal
in wastewater treatment plants. Sludge samples from two laboratory scale reactors
containing 60 to 80% of A. phosphatis as a proportion of total cell counts were sub-
jected to WGS sequencing, producing 5x and 8x sequence coverage, respectively, for
the two A. phosphatis genomes. Sequence reads were assembled using two alternative
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assembler tools (to compare their performance, not reviewed here), resulting in contigs
as large as 170 kb and scaffolds as large as 3 Mb, covering at least 97% of one of the
genomes. The high quality of this genome allowed for obtaining important insights
into the biochemical details of polyphosphate biosynthesis as well the as details of
other key metabolic pathways. One of the important problems in biologically enhanced
phosphate removal has been the lack of understanding of the sources of reducing power
for polyhydroxyalkanoate synthesis in the anaerobic phase. Based on the genomic
analysis, a novel cytochrome has been proposed to function as a quinol-NAD(P)H
reductase, allowing for anaerobic functioning of the tricarboxylic acid cycle. Despite
previous evidence for denitrifying capability of A. phosphatis, no traditional respiratory
nitrate reductase was encoded, suggesting that a different enzyme may be carrying -
out the function. Reconstruction of the complete nitrogen fixation pathway was also a
surprise. Again, only from complete or nearly complete genomic sequence could the
metabolic blueprint be reconstructed with such precision, representing a turning point
in the understanding of the genetics of the process of enhanced biological phosphate
removal. This knowledge opens ways for predicting the efficiency of bioreactors for
phosphorus removal and suggests optimal conditions for their operation.

Another study has demonstrated that, with an adequate sequencing effort, genomes of
minor or at least non-dominant members of the communities could also be sequenced
to completion (Pelletier et al., 2008). The genome of Candidatus Cloacamonas
acidaminovorans that is part of a complex community of industrial anaerobic digesters
has been targeted in order to obtain insights into the physiology and metabolism of
this representative of a candidate division WWET1, with no cultivated members. The
strategy implemented was a massive sequencing effort (1.7 million reads, 1.12 Gb) to
end-sequence 1 million fosmids, followed by an iterative assembly approach (similar
to the one used by Hallam et al., 2006) to reconstruct the entire genome. Indeed the
genomic insights uncovered were worth the effort. Analysis of the genome revealed
low gene density (81%) unusual for bacteria, 40% of genes being unique. The best
matches for the genes in Candidatus C. acidiaminovorans were distributed among
distantly related taxa, including Proteobacteria, Firmicutes and Planctomycetes. Some
of the proteins encoded in the genome were more related to their eukaryotic than their
prokaryotic counterparts. The organism was also predicted to use pyrophosphate-
dependent enzymes, a relatively rare feature. A deficiency in biosynthesis of 12 amino
acids and several vitamins and cofactors were predicted from the genome, offering
" one explanation for this organism not existing in pure culture. No typical respiratory
chains could be predicted from the genome, suggesting that the fermentation metabo-
lism must be responsible for energy production. Overall, the genome of this novel
syntrophic bacterium is an important contribution to the gene pool that determines
the quality of annotation for the newly emerging genomes and metagenomes.

: More recently, a community of a production-scale biogas reactor was analyzed using
- . the 454 pyrosequencing (FLX System) technology, with en average read length of 230
bases, at a 142 Mb sequencing effort (Schliiter et al., 2008). Attempts of assembly

S resulted in a large number of contigs over 500 bp, some contigs acceding 10 kb in size-
o and. the largest contig being 31.5 Kb in size. The contig sequences were matched to the
~“related genomes available in the non-redundant database. This study demonstrated that

*-denovo assembly from shorter 454 sequences is in principle possible for metagenomic
sequences, at least in cases of relatively low community complexity.
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BROMODEOX YURIDINE LABELING AS A MEANS FOR FUNCTIONAL METAGENOM[CS

The principle of this approach is in targeting species actively replicating their DNA
in response to the addition of a specific compound, by labeling the newly synthesized
DNA with bromodeoxyuridine (an analogue of thymidine). So far this method was
employed on a large scale only in one project, as an attempt to identify the species
active in utilization of dissolved organic carbon (DOC) in the coastal ocean (Mou at
al, 2008). Dimethylsulphoniopropionate (DMSP) and vanillate were used as model
DOC compounds in microcosm incubations supplemented with bromodeoxyuridine,
followed by pyrosequencing of the DNA captured by immunoprecipitation. However,
in this case, no enrichment was observed for known species involved in degradation
of the target compounds and no key genes involved in this process were found to be
over-represented. From this attempt only, the potential of this method for character-
izing natural populations remains uncertain, and further exploration of this approach
is required. Some reasons for this failure are obvious, such as the insufficient sampling
(only 4 to 10 Mb per sample), while others are less clear. It is possible that the efficiency
of the label incorporation is not uniform among different taxa. It is also possible that
label incorporation takes place independently of substrate stimulation, thus the results
obtained represent random sampling rather than selection for functional types.

TARGETING FUNCTIONAL TYPES VIA STABLE ISOTOPE PROBING

One way to directly link a function in the environment to a specific guild performing
this function is to feed the population a substrate of interest, labeled by a heavy isotope,
followed by characterization of the heavy fraction of communal DNA that is enriched
in DNA of microbes that actively metabolized the labeled substrate. This technique
is known as Stable Isotope Probing and it has been effective in identifying microbes
involved in specific biogeochemical transformations such as methylotrophy, phenol
degradation, glucose metabolism etc. (Friedrich 2006). Typically, small amounts of
DNA are isolated from these experiments, and these are used for phylogenetic profil-
ing and detection of key functional genes, after PCR amplification. So far, there. is
only one example of scaling this method up to obtain amounts of DNA enabling the
‘'WGS sequencing approach, applied to communities of a freshwater lake sediment
involved in utilization of C1 compounds (methylotrophs; Kalyuzhnaya et al., 2008).
The goal of this targeted metagenomic approach has been two-fold: to reduce the
complexity of the community that has been estimated at approximately 5000 species
and to directly link specific substrate repertoires to functional guilds. Five different
labeled substrates have been employed, methane, methanol, methylamine, formalde-
hyde and formate, resulting in five ‘functional’ metagenomes (26 to 58 Mb in size).
Community complexity in each microcosm was found to be dramatically reduced
compared to the complexity of non-enriched community. From the present 16S rRNA
genes, the communities shifted toward specific functional guilds that included bona

fide methylotroph species as well as organisms distantly related to cultlvated species, .- -

implicating them in methylotrophy. The methylamine microcosm metagenome (37
Mb) was found least complex-and it was dominated by asingle species, Methylotenera
mobilis represented by a number of closely related strains, while in the non-enriched
community Methylotenera species comprised less than 0.5% of the population. Via
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compositional binning, a nearly complete genome of this novel organism has been
extracted from the metagenome and its metabolism reconstructed, allowing for
genome-wide comparisons with a related species. This so far is the most dramatic
example of assernbling a genome of a species that is a minor member of acommunity.
Thus the method has been dubbed ‘high-resolution metagenomics’. In addition, as
. part of this project, complete genomes of novel bacteriophages have been assembled
from the same metagenome and their association with M. mobilis has been proposed,
suggesting a mechanism for a dynamic control of the Methylotenera populations.

METATRANSCRIPTOMICS

Metatranscriptomics, analysis of community transcripts isolated directly from the
environment or from microcosms in which the community has been disturbed or
manipulated in a certain way, represent the next logical step in the meta- (-omics)
approach. This method should enable reaching beyond the community’s genomic
potential (metagenomic blueprint), and connect more directly the taxonomic make
up of the community to its in situ activity (function), via profiling of (most abundant)
transcripts and correlating them with specific environmental conditions. For large-
scale metatranscriptomics experiments, the next generation sequencing technologies
are especially attractive as assembly is not a prerequisite for transcript analysis. The
few metatranscriptomic studies published so far (Urich et al., 2008; Frias-Lopez et
al.,, 2008; Gilbert et al., 2008; Poretsky et al., 2009) have employed the 454 sequenc-
ing technology, as this technology produces reads of sufficient length to allow for
functional predictions based on a single read. These reads were then processed in a
gene-centric way. Obviously, all the pitfalls discussed above relating to the analysis
and annotation of short metagenomic reads apply to the short metatranscriptomic
reads. Thus, with few exceptions (for example when a genome of a cultivated species
is'well represented in the environment in question and could be used as a scaffold),
only general functional predictions can be made, and in most cases no phylogenetic
assignments can be made for specific functional genes. In addition, biases and limita-
tions specific to the analysis of RNA molecules apply: often times only very small
amounts of the RNA can be isolated, so an amplification step is necessary (Frias-Lopez
etal., 2008; Gilbert et al., 2008). The natural abundance of non-messenger RNA can
be a blessing (if a careful phylogenetic profiling is desired; Urich et al; 2008) or a
curse (if mRNA is the primary target) as efficient separation of mRNA from more
abundant ribosomal and transport RNA remains a problem. Of the potential mRNA
transcripts, typically only one third can be matched to known genes or functional
gene categories while the rest cannot be classified for the lack of any matches in the
databases (orphan proteins). Thus, the resolution provided by direct analysis of short
reads remains very low.
- As a proof of aconcept, we tested an approach in which environmental transcripts
- were matched to a scaffold previously generated for a community from the same
“study site. A metagenomic scaffold representing the methylotorph community of

e . Lake Washington sediment was employed (Kalyuzhnaya et al., 2008), and transcript

i‘r.sequences from a community sampied from the same study site were generated us-
- sing the Tllumina technology (resulting in ultra-short reads of approximately 40 bp;
unpubhshed data) The metagenomic scaffold we used is mostly represented by
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contigs of low sequence coverage, reflecting the insufficient sampling that is typical
of metagenomic studies (low-resolution metagenome). However, a small part of the
~ metagenome, representing a composite genome of Methylotenera species is made up of

contigs of much higher sequence coverage (high-resolution metagenome; Kalyuzhnaya
etal., 2008). We matched the transcripts separately to the low-resolution metagenome
and to the high-resolution metagenome. Only 8% of the almost 25 million Yluming
reads found targets in the metagenome, reflecting that both the metagenome and the
metatranscriptome must have been significantly under-sampled. When matching the
transcripts against the low-resolution scaffold, we determined that approximately
35% of the metagenome overlapped with the metatranscriptome. However, when
matching was done with the much better sampled Methylotenera scaffold, we found
that over 96% of the composite genome had matches in the metatranscriptome. This
result highlights the necessity of well-covered and more complete genomic scaffolds
from the environments that are interrogated via metatranscriotpmics, to enable high-
resolution analysis.

METAPROTEOMICS

Metaproteomics, analysis of protein profiles of microbial communities, presents an
even better opportunity to address the function directly, as proteins are the molecules
that ultimately perform the function. However, metaproteomics, even more so than
metatranscriptomics, rely on quality metagenomic data. The large-scale MS/MS-based
metaproteomics approach has been pioneered (Ram et al., 2005) and further perfected
by collaborative efforts between the Banfield and the Hettich groups, establishing the
current state-of-the-art of the field (VerBerkmoes et al., 2009a). The power of this ap-
proach was first demonstrated on a community of low complexity (Ram et al., 2005),
an AMD community that was not identical but similar to the community for which
the high quality metagenomic sequence has been previously generated (Tyson et al.,
2004). Despite differences between the sequences of predicted proteins in the dataset
and those in the actual sample, it was possible to match shotgun MS/MS spectra to
peptides, resulting in positive identification of over 2000 proteins that belonged to
the five most abundant members of the community. For the most abundant organism,
Leptospirillum group II, expression of 50% of the proteins was detected by proteom-
ics. Important insights into the respective metabolic contributions of the archaeal
and the bacterial members have been revealed, including identification of a novel
cytochrome that appears to be central to iron oxidation and AMD formation. The
group has now produced over 30 datasets from the AMD system and these have been
employed to establish the relationship between the species abundance in communities
and the efficiency of protein identification, concluding that, while organisms constitut-
ing 30-40% of the community can be sampled to saturation by the metaproteomics
approach, the most abundant proteins from members constituting as little as 1% of
the population can also be detected. These results are important for planning future:

proteomics projects, including considerations for spec1ﬁc ennchments if members of_ D

low-abundant taxa need to be targeted. v
Proteomics has been successfully applled toa commumty of a higher complexity,

the enhanced biological phosphorous removal (EBPR) community, dominated by a

single species, Candidatus A. phosphatis (Wilmes et al., 2008) similar to the ones
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described by Garcia Martin et al. (2006), so the reference genomes generated in the
Jatter work have been used as scaffolds for peptide matching, resulting in identifica-
tion of approximately 2300 proteins, of which approximately 700 have been assigned
to Candidatus A. phosphatis, enabling extensive analysis of the metabolic pathways
central to EBPR.

The most complex metaproteome analyzed to date is the metaproteome of human
feces (VerBerkmoes et al., 2009b). Even with an unmatched metagenomic database
used for protein detection, on the order of 1000 proteins of bacterial origin have been
detected per sample (about 30% of the detected proteins were human proteins), and
their relative abundances have been estimated.

The future of metagenomics

Metagenomics is coming of age but still gaining momentum. This coincides with
rapid improvement of sequencing technologies and with the realization that the next
bottleneck in metagenomics will not be the sequence data production but computation
and data storage. From the experience of the past five years, the power of metagenom-
ics is obvious, while its potential is still waiting to be fully realized. It is now quite
clear that even communities of limited complexity pose major challenges in terms of
genomic exploration, highlighting the necessity of much deeper sampling, and the
need for special assembly and analysis tools. Such improvements are possible and
imminent, given the fast progress in these areas. However, the cost of metagenomic
sequencing to high coverage, even when employing the next generation technologies,
remains a major challenge. The price of sequencing is typically advertised as a per-
base cost. However, sequences generated by different technologies require different
depths of coverage. While the Sanger technology has been brought to state of the art
by years of perfecting, producing reads of up to 1 kb with very low error rate, the
454 technology that is predicted to produce reads of similar length in the near future
inherently has a much higher error rate. Thus a higher coverage is required to obtain
data of similar quality. With the yet more per-base cost effective technologies, such as
Illumina or SOLID, the depth of sequencing needs to be yet much higher (probably 40
to50 fold) to assure sequence quality. Moving to the next level (in sequencing depth
L.e. sequence quality) is necessary to truly understand how complex microbial com-
munities operate, how they evolve and how they respond to the changing environment.
It is also essential for gene and pathway discovery via metagenomics.
_ The stage is now set for Gb-scale metagenomic projects, such as sequencing complex
communities to (nearly) saturation. Carrying out such projects will not only test the
performance of the newly emerging computational tools for sequence analysis, but
will ultimately demonstrate whether we can apply the same or similar ‘gold standards’
to metagenomic sequences as to single genome sequences. It will also ultimately test
the predictions of how much sequencing is necessary to enable delineating (via bin-
ningand assembly) single-species genomes that are parts of a community gene pool.
Without such ‘saturation’-level metagenomic sequencing experiments, comparative
. analyses of communities over time or space will remain of little value, as only (small)
_parts of under-sampled communities will be compared to one another. While in the
- future carrying out such experiments may become routine, at this time it will likely
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require a concerted community effort. A document published by the U.S. Nationga]
Academies” National Research Council (NRC) in 2007, entitled “The new science of
metagenomics: revealing the secrets of our microbial planet” calls for a new Globg]
Initiative to drive advances in the field of Metagenomics, in a way that the Human
Genome Project advanced the mapping of our genetic code (see again Woese, 1998).
Such an initiative would help move the field of metagenomics to the new level and
toward a brighter future.
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