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Biotechnological prospects from metagenomics
Patrick D Schloss and Jo Handelsman®

The recognition that most microorganisms in the environment
cannot be cultured by standard methods stimulated the
development of metagenomics, which is the genomic analysis of
uncultured microorganisms. Two types of analysis have been
used to obtain information from metagenomic libraries: a
function-driven approach, in which metagenomic libraries are
initially screened for an expressed trait, and a sequence-driven
approach, in which libraries are initially screened for particular
DNA sequences. New antibiotics and enzymes are among the
early discoveries from metagenomics. Future refinement of
methods that enrich for genes of particular function will
accelerate the rate of discovery of useful molecules.
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Abbreviations

BrdU bromodeoxyuridine

PCB  polychorinated biphenyl
PCR polymerase chain reaction
PKS polyketide synthase

SIP stable-isotope probing

Introduction

Metagenomics is the culture-independent genomic anal-
ysis of microbial communities. The term is derived from
the statistical concept of mefa-analysis (the process of
statistically combining separate analyses) and genomics
(the comprehensive analysis of an organism’s genetic
material) [1°]. Metagenomics can be used to address
the challenge of studying prokaryotes in the environment
that are, as yet, unculturable and which represent more
than 99% of the organisms in some environments [2].
T'his approach builds on recent advances in microbial
genomics and in the polymerase chain reaction (PCR)
amplification and cloning of genes that share sequence
similarity (e.g. 16S rRNA, #if, recA) directly from envir-
onmental samples [3]. Whereas PCR amplification
requires prior knowledge of the sequence of the gene
to design primers for amplification, direct extraction and

cloning of DNA for genomics can theoretically access
genes of any sequence or function. Direct genomic
cloning offers the opportunity to capture operons or
genes encoding pathways that may direct the synthesis
of complex molecules, such as antibiotics. Sequence
information about the genes flanking a gene of particular
interest can also be obtained, potentially providing
insight into the genomic environment of the gene or
the phylogenetic affiliation of the organism from which it
was derived. Moreover, a long-term goal of metagenomic
analysis is to reconstruct the genomes of uncultured
organisms by identifying overlapping fragments in meta-
genomic libraries and ‘walking’, clone to clone, to assem-
ble each chromosome.

In this review, we discuss the two approaches to meta-
genomic analysis, designated the ‘function-driven’ and
‘sequence-driven’ analyses and review key discoveries
derived from metagenomics. We close with an explora-
tion of future technical and strategic improvements that
will enhance the discovery rate and focus on types of
genes or organisms of particular interest for biotechno-
logical advances.

From ecology to biotechnology

Biotechnological applications from metagenomics will be
fostered by the pursuit of fundamental ecological studies
and focused screens for bioprospecting, just as both basic
and applied approaches have contributed to the discovery
of antibiotics and industrial enzymes from cultured micro-
organisms. The history of soil microbiology illustrates
well the interdependence of basic and applied research
and the role of serendipity in the discovery process. For
example, the discovery of streptomycin and other bacter-
ial antibiotics sprang from very basic studies of the
taxonomy and ecology of actinomycetes in soil conducted
by soil microbial ecologist, Selman Waksman, who did not
intend to study or cure human infectious disease when he
discovered the antibiotics [4,5]. Similarly, turbomycin,
one of the first antibiotics discovered by metagenomics,
was identified by accident in a clone that had hemolytic
activity as part of a basic study directed toward rationaliz-
ing the prevalence of hemolysins among cultured soil
bacteria [1°,6]. Therefore, to obtain the maximum num-
ber of biotechnological applications, it is essential that
both basic biology and utility screens be pursued as part of
the new field of metagenomics.

Analysis of metagenomic libraries

The function-driven analysis

Two approaches, the function-driven analysis and
the sequence-driven analysis, have emerged to extract
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biological information from metagenomic libraries
(Figure 1). The function-driven analysis is initiated by
identification of clones that express a desired trait, fol-
lowed by characterization of the active clones by
sequence and biochemical analysis. This approach
quickly identifies clones that have potential applications
in medicine, agriculture or industry by focusing on nat-
ural products or proteins that have useful activities. The
limitations of the approach are that it requires expression
of the function of interest in the host cell and clustering of
all of the genes required for the function. It also depends
on the availability of an assay for the function of interest
that can be performed efficiently on vast libraries,
because the frequency of active clones is quite low. Many
approaches are being developed to mitigate these limita-
tions. Improved systems for heterologous gene expres-
sion are being developed with shuttle vectors that
facilitate screening of the metagenomic DNA in diverse
host species and with modifications of Escherichia coli to
expand the range of gene expression.

Although the genes encoding the enzymes required for
synthesis of secondary metabolites are usually clustered
on a contiguous piece of DNA, obtaining fragments of
DNA large enough to contain the information required
for synthesis of complex antibiotics, which can require
over 100 genes, presents a challenge. This is a particular
problem when the DNA is isolated from soil or other
environments that contain high concentrations of con-
taminants that inhibit cloning. Methods to improve the
preparation of large fragments of DNA that are clean
enough to clone are being pursued vigorously in many
laboratories. To address the challenge of detecting rare,
active clones in large libraries, efforts are being directed
toward the design of highly sensitive assays and robotic
screens that efficiently detect low levels of activity in
many samples. The most convenient traits to study are
those that present a selectable phenotype, such as resis-
tance to an antibiotic or growth on an unusual substrate,
because selections are orders of magnitude more efficient
than screens.

Functional screens of metagenomic libraries have identi-
fied both novel and previously described antibiotics
[1°,6,7,8°,9—14], an antibiotic resistance gene [15], lipases
[1°,16°], chitinases [17], membrane proteins [18], genes
encoding enzymes for the metabolism of 4-hydroxybu-
tyrate [19], and genes encoding the biotin synthetic path-
ways [20]. Sequencing of the flanking DNA of some
clones reveals a gene or a group of genes that can be
used to infer the phylogenetic affiliation of the organism

from which the DNA in the clone was isolated. In the
absence of a highly conserved gene — such as one
encoding 16S rRNA, DNA polymerase or RecA — codon
usage and sequence alignment of gene clusters with
genes in the databases can be used to make phylogenetic
inferences, although these are less robust than those
based on conserved genes.

The sequence-driven analysis

Sequence-driven analysis relies on the use of conserved
DNA sequences to design hybridization probes or PCR
primers to screen metagenomic libraries for clones that
contain sequences of interest. Significant discoveries have
also resulted from random sequencing of metagenomic
clones. Sequencing of clones carrying phylogenetic
anchors, such as the 16S rRNA gene and the Archaeal
DNA repair gene radA [21,22°,23,24,25°,26-30], has led
to functional information about the organisms from which
these clones were derived. In what is arguably the most
dramatic discovery from metagenomics to date, sequenc-
ing of a clone isolated from seawater that was initially
identified because it carried a bacterial 16S rRNA gene
revealed a gene with high similarity to bacteriorhodopsin
genes. This result provided the first indication that rho-
dopsins are not limited to the Archaea, as previously
thought [22°]. Subsequent heterologous expression of
the bacteriorhodopsin gene in E. co/i produced a func-
tional biochemical characterization of the protein, com-
pleting the full spectrum of studies that link phylogeny to
function (Figure 1).

There has been disagreement about the utility of random
sequencing of metagenomic clones. Although some mem-
bers of the field view this approach as too undirected to
yield biological understanding, others stress that there is
so little known about some divisions of Bacteria that any
genomic sequence is helpful in guiding the design of
experiments to reveal their biology. Sequencing many
clones derived from one division may provide sufficient
data to begin to discern patterns to develop hypotheses.
The Acidobacterium division offers a prime candidate for
metagenomic sequencing because it contains few cul-
tured members, despite its apparent ubiquity and abun-
dance across the globe. A collection of 73 metagenomic
clones carrying 16S rRNA has genes that align with the
Acidobacterium division have been assembled and full-
length sequencing is underway [31]. In aggregate, these
clones carry approximately 3 Mb of Acidobacterium
DNA, the sequence of which will provide a window on
the biology of this unknown group of Bacteria. A similar
analysis has been initiated in the Crenarchaeota of solil,

(Figure 1 Legend) Construction and analysis of metagenomic libraries from soil, hot spring outflow, deep ocean tube worms and sponge tissue
using function-driven and sequence-driven approaches. This strategy was originally proposed by Pace et al. [3] and executed by Stein et al. [28].
(The photograph of non-phototrophic organisms flanked by phototrophs in hot spring outflow from the Porcelain Basin Area of the Norris

Geyser Basin at Yellowstone National Park is reproduced with permission from CLE Fisher. Licensed for use, ASM Microbe Library linked to

http://www.microbelibrary.org.)
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using 16S rRNA genes to identify clones derived from the
Archaea and employing sequencing to compile genomic
information about them [25°].

The sequence conservation of regions of phylogenetic
anchors facilitates their isolation without prior knowledge
of the full gene sequence. By contrast, the sequences of
most genes of practical importance are far too divergent to
make it possible to identify new homologues by PCR or
hybridization. However, a few classes of genes contain
sufficiently conserved regions to facilitate their identifica-
tion by sequence instead of function. T'wo hotly pursued
examples are the genes encoding polyketide synthases
(PKSs) and peptide synthetases, which contribute to synth-
esis of complex antibiotics. The PKSs are modular enzy-
mes with repeating domains containing divergent regions
that provide the variation in chemical structures of the
products. These regions are flanked by highly conserved
regions, which have provided the basis for designing probes
to identify PKS genes among metagenomic clones [13].
Mixing and matching PKS domains from different sources
has yielded new antibiotics, stimulating interest in the
discovery of new PKS genes [32]. Similar approaches have
identified genes encoding light-harvesting complexes from
uncultured bacteria [33°] and 7@dA and DNA polymerase
genes from uncultured Archaea [26,34]. Thus, application
of this approach is likely to be broadened as patterns
emerge that define more gene families containing highly
conserved features.

Large-scale sequencing projects, such as the one led
by The Institute for Genomic Research (TIGR) and
Monterey Bay Coastal Ocean Microbial Observatory, will
generate vast databases of end sequences of metagenomic
clone inserts that carry phylogenetic anchors. These
projects will thus expand the available genomic informa-
tion about some of the more obscure microbial divisions
(htep://www.tigr.org/tdb/MBMOY/). These undirected
sequencing efforts complement approaches that require
prior knowledge of gene sequence, which are necessarily
limited in the scope of genes they will discover. The
genes most distantly related to the consensus for a class of
genes are of great interest for biotechnological applica-
tions, but are the least likely to be detected by probes or
primers designed based on the database entries. The
undirected approach is likely to unmask homologues of
useful genes that would not have been detected by
directed studies.

Enrichment strategies to improve the odds

One of the sustained frustrations with analysis of meta-
genomic libraries is the low frequency of clones of a
desired nature. To increase the proportion of active
clones in a library, several strategies have been designed
to enrich for the sequences of interest before cloning. The
potential power of this strategy is evident in the elegant
genomics performed on uncultured Bacteria and Archaea

that are highly enriched in associations with their hosts.
The first complete genome sequence obtained for an
uncultured bacterium is for Buchnera aphidicola, an obli-
gate symbiont of aphids. The prokaryotic cells can be
effectively separated from insect tissue to produce rela-
tively pure microbial DNA, making it feasible to
sequence and reassemble the genome despite the inabil-
ity to grow the bacterium in culture [35,36°,37]. Genomic
analysis has also been successfully conducted on the
uncultured Archaea Cenarchaeum symbiosum, which is a
symbiont of a marine sponge. C. symbiosum is highly
enriched in the sponge — it is the only archaeal phylotype
found in the sponge and represents 65% of the prokar-
yotic cells [38]. DNA was prepared from archaeal cells
that were further enriched by differential centrifugation.
Fosmid libraries prepared from this DNA contain an
estimated 15 copies of the genome, providing sufficient
material to draw inferences about genome structure and
variability [27]. The successful assembly of the B. aphi-
dicola genome [36°] as well as the Vibrio cholerae genome,
which contains two chromosomes [39], provides a strong
foundation for developing biological and computational
methods for assembling more complex genome assem-
blages. However, the first and essential step is to enrich
for the genomes of interest.

Enriching for genomes from metabolically
active cells

The symbionts of aphids and the marine sponge repre-
sent the simplest type of community, containing a single
species with some genetic variation in the population. At
the other extreme of complexity is the soil, containing an
estimated 10” prokaryotes and more than 2000 genome
types per gram of soil, with an average genome type
representing less than 0.05% of the soil community
[40]. With today’s technology it would be difficult to
obtain complete coverage of all of the genomes in a soil
community. Therefore, carving out slices of the commu-
nity, selected for a common feature, reduces the complex-
ity of the task and brings into sight the possibility of
complete coverage of a subset of the soil community.

A simple enrichment is for GC content of the genomes. As
many organisms that have a high GC content in their DNA
are of particular interest (e.g. Actinomycetes and Acido-
bacteria), DNA can be extracted from the soil and then
subjected to ultracentrifugation to enrich for high GC
content DNA. Although this is a fairly crude approach
and will not provide a complete separation, it will certainly
increase the representation of certain genomes in a library.

A more elegant separation method is bromodeoxyuridine
(BrdU) enrichment (Figure 2a). The principle underlying
this type of enrichment is that metabolically active organ-
isms will incorporate a labeled nucleotide into their DNA,
which can then be isolated on the basis of the incorpo-
rated label. BrdU can be fed to bacteria in soil samples

Current Opinion in Biotechnology 2003, 14:303-310
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enrichment using PCBs as a model substrate.

and the labeled DNA recovered by immunocapture
[41,42]. 16S rRNA analysis performed on the DNA iden-
tifies phylogenetic groups that were metabolically active
in the original sample. The addition of selective substrates
with the BrdU further discriminates among the members
of the microbial community, enriching metagenomic
libraries for those that grow on the added nutrient [43].
This strategy could be used to enrich for organisms that
grow on xenobiotics or on substrates such as starch, cellu-
lose and proteins to find amylases, cellulases and proteases,
respectively, or other enzymes of interest in metagenomic
libraries.

Another enrichment method is stable-isotope probing
(SIP, Figure 2b; see the article by Radjewski, McDonald
and Murrell in this issue for a more complete description),
which involves providing a *C-labeled substrate to soil
bacteria. The bacteria that can use the substrate incor-

porate the *C into their DNA, making it more dense than
normal DNA containing '“C. SIP has been successfully
used for labeling and separating DNA [44-47,48°] and
RNA [49,50]. Density gradient centrifugation cleanly
separates the labeled from unlabled nucleic acids, which
can then be used cither for PCR-based analysis or direct
cloning to construct metagenomic libraries. The method
has enormous potential for subdividing microbial com-
munities into functional units to simplify analysis and will
offer broad opportunity to study community functions if it
can be expanded to stable isotopes of other elements,
such as phosphorus or nitrogen.

Although these approaches provide a significant step in
refining metagenomic library construction by enriching
for DNA from a subset of the community, both methods
have limitations that need to be addressed by future
research. The first potential problem is cross-feeding.
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Any bacterium that is metabolically active will take up
BrdU and will therefore be represented in a library that is
supposed to be enriched for organisms that utilize an
added substrate. An additional issue is timing. The more
prolonged the substrate feeding, the higher the probabil-
ity that the substrate will be recycled in the community
and the basis of the enrichment will break down. Finally,
the immunocapture method and density gradient centri-
fugation may shear the DNA, making it difficult to
retrieve pathways encoded on large fragments of DNA.

RNA-based SIP reduces the cross-feeding problems asso-
ciated with DNA-based SIP [49,50], but thus far, has been
used only to construct 16S rRNA gene libraries. If the
isotope-labeled RNA presents a viable substrate for mak-
ing ¢cDNA, then libraries could be constructed from
cDNA representing genes that are actively transcribed
in the presence of the labeled compound. Metagenomic
clone libraries could be screened in hybridization arrays
using the cDNA clones as probes. This approach has the
attractive feature that one library constructed with non-
selected DNA from the entire community could be
screened repeatedly using different probes, each devel-
oped from a distinct subset of the community.

Enrichments for metagenomic clones
forming metabolic consortia

Research on metagenomic libraries has focused on activ-
ities of individual clones. A key direction for development
of this technology is to enrich for consortia of clones that
together accomplish a desired function (Figure 2c). The
approach is analogous to the isolation of bacteria that
cooperate to degrade complex pools of polychlorinated
biphenyl (PCB) compounds in soil, a process mediated by
two or more species of bacteria in which each species
contributes part of a ‘mosaic pathway’ [51]. Such mosaic
pathways indicate that it will not be possible to capture
the genes for certain pathways on a contiguous picce of
DNA; thus, approaches to study multiple clones simulta-
neously are essential to the long-term utility of metage-
nomics. Whereas most work in the past has focused on
screening metagenomic libraries on solid medium, isola-
tion of clone consortia will be facilitated by liquid enrich-
ments in which substrates and products can diffuse freely
among members of the mixture.

Conclusions

Metagenomics is a young and exciting technique that has
broad application in biology and biotechnology. Although
many advances in heterologous gene expression, library
construction, vector design, and screening will improve it,
the current technology is sufficiently powerful to yield
products for solving real world problems, including the
discovery of new antibiotics and enzymes. Approaches
that enrich for a portion of the microbial community or for
a collection of metagenomic clones will enhance the
power of metagenomic analysis to address targeted ques-

tions in microbial ecology and to discover new biotech-
nological applications.
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