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Genomic libraries derived from environmental DNA (metagenomic libraries) are useful for characterizing
uncultured microorganisms. However, conventional library-screening techniques permit characterization of
relatively few environmental clones. Here we describe a novel approach for characterization of a metagenomic
library by hybridizing the library with DNA from a set of groundwater isolates, reference strains, and com-
munities. A cosmid library derived from a microcosm of groundwater microorganisms was used to construct
a microarray (COSMO) containing ~1-kb PCR products amplified from the inserts of 672 cosmids plus a set
of 16S ribosomal DNA controls. COSMO was hybridized with Cy5-labeled genomic DNA from each bacterial
strain, and the results were compared with the results for a common Cy3-labeled reference DNA sample
consisting of a composite of genomic DNA from multiple species. The accuracy of the results was confirmed by
the preferential hybridization of each strain to its corresponding rDNA probe. Cosmid clones were identified
that hybridized specifically to each of 10 microcosm isolates, and other clones produced positive results with
multiple related species, which is indicative of conserved genes. Many clones did not hybridize to any
microcosm isolate; however, some of these clones hybridized to community genomic DNA, suggesting that they
were derived from microbes that we failed to isolate in pure culture. Based on identification of genes by end
sequencing of 17 such clones, DNA could be assigned to functions that have potential ecological importance,
including hydrogen oxidation, nitrate reduction, and transposition. Metagenomic profiling offers an effective
approach for rapidly characterizing many clones and identifying the clones corresponding to unidentified

species of microorganisms.

Microorganisms contribute significantly to the earth’s bio-
logical diversity, yet relatively few of the microorganisms
present in nature have been cultured and characterized. It is
generally accepted that less than 1% of bacteria and fungi
present in most habitats have been cultivated for study in pure
culture (2). Although direct analysis of environmental DNA
samples by PCR is effective for showing the presence of un-
cultured microorganisms, biases in primer specificity and am-
plification of different targets prevent full recognition of mi-
crobial diversity (31, 37, 40, 41). Thus, new approaches to
examination of community genomes are needed.

The use of large-insert genomic libraries is a powerful ap-
proach for isolating DNA sequences from complex mixtures of
uncultured microorganisms. Direct cloning of DNA from en-
vironmental samples makes it possible to avoid some of the
biases of cultivation and PCR. In addition, genomic fragments
that are >100 kb long can be obtained, and they provide
significant functional and taxonomic information about the
organisms from which they were derived. Such metagenomic
libraries have been used to identify novel genes from unculti-
vated species of archaea, bacteria, and viruses that are respon-
sible for significant ecosystem processes (4, 5, 8, 12) and to
isolate enzymes that are involved in biosynthesis of novel phar-
maceuticals (7, 15, 24, 41, 42) or have other industrial uses (11,
16, 17, 26, 33).
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Given the immense uncultivated and uncharacterized met-
abolic diversity in the environment, one would need to se-
quence relatively few bacterial artificial chromosome (BAC) or
cosmid clones to discover fundamentally interesting sets of
genes. If modern genomic techniques can be used to carry out
more comprehensive surveys of metagenomic libraries, our
understanding of natural genetic diversity should be greatly
enhanced.

Screening a genomic library can be done a number of dif-
ferent ways. Typically, screening involves colony hybridization
with a probe of interest, which yields information one gene at
a time. Bioassays have been developed to screen libraries for
genes involved in the production of specific enzymes (11, 16,
17, 26, 33) or natural products (15, 24, 42); however, this
approach relies on the fortuitous expression of heterologous
DNA by the library host strain. High-throughput end sequenc-
ing of BAC clones has been used to accelerate various single-
genome projects (39), and it is currently being used to charac-
terize some environmental DNA libraries (8).

Although the speed and effectiveness of brute-force se-
quencing are constantly improving, it is not yet practical to
assemble a complete bacterial genome from a metagenome.
There is still a need for new functional genomic approaches
that systematically yield information about many of the ele-
ments in a metagenomic library. These new approaches should
ideally allow us to identify the organism from which each clone
came, to determine some functional characteristics of various
clones, and to identify many more novel uncultivated bacteria.

We sought to develop a practical approach that would pro-
vide a large amount of information about the microbial com-



4928 SEBAT ET AL.

munity from a limited set of clones. The purpose of our ap-
proach was to classify many of our cosmids and to identify a
few candidates for sequencing rather than to undertake a ma-
jor sequencing and assembly project. Our method involves
hybridization of the library with genomic DNA of various ref-
erence strains and bacterial isolates from the community under
study. In addition, DNA derived from as-yet-uncultivated or-
ganisms can be identified by hybridization with metagenomic
DNA.

Metagenomic profiling. Metagenomic profiling is classifica-
tion of clones based on hybridization of insert DNA to the
genomes of bacterial isolates, reference strains, and environ-
mental DNA.

DNA microarray technology has become an important tool
for determining the gene contents of entire genomes and mea-
suring the expression of genes (18). High-density arrays are
effective for quantitative detection of genes in complex sam-
ples. Thus, microarrays are a promising technique for charac-
terization of genes in environments such as soil and water (3,
9, 34, 44, 45). However, the use of microarrays has been limited
to 16S rRNA markers or a relatively small set of functional
genes, and no practical approach has been developed to spe-
cifically target the unculturable majority of the species in the
environment.

We used a microarray platform to screen a metagenomic
library with whole microbial genomes and community genomes
(Fig. 1). The microarray (COSMO) contained ~1-kb PCR
products amplified from the inserts of 672 cosmids along with
a set of controls (16S ribosomal DNA [rDNA] probes). From
an environmental sample (the same sample from which the
library was derived), numerous bacterial isolates were ob-
tained. Genomic DNA was purified from each environmental
isolate. In addition, metagenomic DNA was purified directly
from the mixed population, which was done without cultivation
of bacteria. Each test genome was labeled with Cy5-dCTP and
probed with COSMO. In order to subtract any signal that may
have come from nonspecific hybridization, in each experiment
we used two-color hybridization, in which each test genome
was compared to a reference sample of common bacterial
DNA. The reference DNA consisted of a pooled sample of
genomic DNA from 14 species of bacteria (which effectively
diluted the strain-specific genes and enriched common se-
quences). The reference DNA was given a different label
(Cy3), and equal amounts of test and reference DNA were
combined and hybridized to COSMO. We refer to this ap-
proach as comparative genomic hybridization (CGH). CGH
was repeated for all environmental isolates, as well as for the
metagenomic DNA sample(s). Positive results were deter-
mined based on a Cy5/Cy3 ratio greater than 1 (>0 on a log,
scale). As a result, we obtained a profile for each clone in the
metagenomic library (i.e., a graphical representation of its hy-
bridization to one or more species of bacteria). Clones that
were specific to a test strain or community hybridized only to
those DNA samples. Clones that contained a conserved se-
quence within their corresponding PCR amplicons hybridized
to the genomes of multiple species.

MATERIALS AND METHODS

Bacterial strains, media, and culture conditions. To evaluate our approach,
we needed a microbial community that could be manipulated in the laboratory.
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FIG. 1. Metagenomic profiling. Genomic DNA is purified from
various bacterial isolates, as well as from a mixed population. A ref-
erence sample of common bacterial DNA is created by pooling the
genomic DNA of many strains. In each CGH experiment, the genome
of each strain or community is analyzed in comparison to the reference
DNA. Some examples of informative results are shown. A clone of
environmental DNA may correspond to only bacterial strain 1 (clone
a), multiple strains (clone b), the metagenome and a bacterial isolate
(clone c), or only the metagenome (clone d).

A stable community was developed from an inoculum of biofilm material col-
lected from the Snake River Plain Aquifer in southeastern Idaho. Biofilm was
collected from the basalt aquifer by suspending a basket containing 100 ml of
ceramic beads in an open borehole at a depth of 73 m adjacent to a zone of high
groundwater flow. After 80 days, the basket was retrieved, and the beads were
immersed in 100 ml of sterile phosphate-buffered saline. Cells were collected by
gently vortexing the submerged beads for 15 min. One milliliter of a cell sus-
pension was used to inoculate triplicate flasks containing 100 ml of minimal
succinate medium and 100 ml of glass beads. Minimal succinate medium con-
tained (per liter of deionized water) 6.0 g of K,HPO,, 3.0 g of KH,PO,, 1.0 g of
(NH,),S0,, and 4.0 g of succinic acid. The pH of the medium was adjusted to 7.5
with 10 M NaOH. One milliliter of sterile 1 M MgSO, and 1.0 ml of sterile 45
mM CaCl, were added after autoclaving. Microcosms were developed by incu-
bating the flasks without shaking for 1 week at 30°C. After incubation, the cells
were suspended by gently vortexing the flask and decanting the medium into two
50-ml polypropylene tubes, and cells were collected by centrifugation and resus-
pended in 1.0 ml of phosphate-buffered saline. Approximately 10'” cells were
used for construction of a cosmid library, and the remaining cells were stored in
glycerol at —80°C.

To obtain community DNA that were to be used for microarray target sam-
ples, a second enrichment of the microcosm was carried out under the same
conditions by using a 0.5% inoculum of frozen stock. After incubation, two
different fractions of cells were collected (pellicle and planktonic). First, the
pellicle was removed with a sterile spatula and placed in a 50-ml polypropylene
tube, and then the remaining cells were suspended by gently vortexing the flask,
decanting the medium into two 50-ml polypropylene tubes, and collecting the
cells by centrifugation. DNA from the samples described above was probed with
COSMO in order to identify clones corresponding to microbial strains that were
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enriched in the mixed culture but that we failed to isolate in pure culture. We
used the unisolated fraction of the microcosm to represent the uncultured mi-
croorganisms in the environment.

From the original microcosm and all subsequent enrichments, bacterial species
were isolated by plating serial dilutions of liquid cultures onto plates containing
tryptic soy agar. Bacterial strains were identified by selecting colonies with
unique morphology that appeared during a 7-day incubation at 30°C. Ten dif-
ferent strains were obtained (see Fig. 4) along with the Pseudomonas aeruginosa
and Staphylococcus aureus reference strains. To determine the identity of each
isolate, the 16S rRNA gene was amplified by PCR from a genomic DNA tem-
plate by using eubacterial primers 27F (20) and 907R (29). 16S amplicons were
sequenced by using the 27F primer.

Library construction. A cosmid library was constructed from the genomic
DNA of the original mixed bacterial enrichment. Bacterial cells were embedded
in agarose, and genomic DNA was purified by agarose-embedded cell lysis,
followed by partial digestion of the agarose plugs with Sau3Al as described by
Stein et al. (35). The metagenomic library was constructed by using a SuperCos
I cosmid kit (Stratagene) according to the manufacturer’s protocols. Clones were
picked randomly into 96-well plates containing Luria-Bertani medium (44) sup-
plemented with 100 mg of ampicillin per liter and 0.1 volume of 10X Hogness
buffer (40% glycerol, 36 mM K,HPO,, 13 mM KH,PO,, 20 mM trisodium
citrate, 10 mM MgSO, in deionized water). After overnight incubation, the
library was stored at —80°C. Plasmids were purified by using a REAL prep 96 kit
(Qiagen) and a BioRobot 3000 (Qiagen) liquid-handling system. When we ex-
amined Xhol restriction digests of 10 clones by agarose gel electrophoresis, we
observed no duplicate clones, and we determined that the average insert size of
the cosmids was ~40 kb. The results presented below verify that COSMO
represented much of the microcosm’s diversity. We did not attempt to charac-
terize the species represented in the cosmid library prior to fabrication of
COSMO. The task of amplifying 16S rRNA genes from a pool of cosmids was
confounded by the presence of contaminating Escherichia coli genomic DNA in
the plasmid preparation. (While the manuscript was being reviewed, Liles et al.
[21] published a new procedure for eliminating E. coli 16S rDNA from pools of
purified BACs.)

Array fabrication. All microarray experiments were performed with COSMO,
a DNA microarray containing end fragments of 672 cosmids selected randomly
from the metagenomic library plus a set of reference genes (16S rDNA markers
from several microcosm isolates [Fig. 2]). Cosmid end fragments were produced
by a thermal asymmetric interlaced PCR method (22). Briefly, the thermal
asymmetric interlaced PCR method involved sequential cycles of linear ampli-
fication of insert DNA from the T7 end of the vector with nested primers,
followed by exponential amplification of the specific product by random priming,
which resulted in PCR products that were 200 to 2,000 bp long. High-throughput
PCR was performed with an MBS 384S thermocycler system (ThermoHybaid).
16S rRNA gene controls were also amplified by PCR. The quality and quantity
of DNA were confirmed by agarose gel electrophoresis. PCR products were
purified by using 384-well filter plates (Millipore) and were resuspended in 15 pl
of 1X Spotting Solution Plus (Telechem) to obtain a final DNA concentration of
100 to 200 ng/pl. Each sample was spotted in duplicate on SuperAmine slides
(Telechem) by using a Microgrid arrayer (BioRobotics). Slide cross-linking,
washing, and blocking steps were carried out by using the manufacturer’s pro-
tocols (http://arrayit.com/PDF/Super_Microarray_Substrates.pdf).

DNA preparation, labeling, and hybridization. Genomic target DNA was
purified from bacterial isolates and mixed cultures as described by Wilson (43).
The reference sample was prepared by mixing equal amounts of genomic DNA
from the 10 species of bacterial isolates that were used in this study and from the
reference organisms E. coli, P. aeruginosa, S. aureus, and Bacillus subtilis. Fluo-
rescently labeled target DNA was made as described by Pollack et al. (30).
Briefly, 2 pg of target DNA was digested completely with Mspl and purified by
ethanol precipitation. Prior to labeling, 10 ng of sa/T (14) (a rice gene used as an
internal standard) was added to the sample. Target DNA was labeled by incor-
poration of Cy5-dCTP (for test DNA) or Cy3-dCTP (for reference DNA) (Am-
ersham Pharmacia) by random primer synthesis (BioPrime labeling kit; Invitro-
gen). Labeled target DNA was purified with CHROMA SPIN+ TE-30 gel
filtration columns (Clontech). Test DNA and reference DNA were combined
with 40 pg of human Cot-1 DNA and 100 pg of salmon sperm genomic DNA and
reduced to a volume of 5 pl by using Microcon YM-30 concentrators (Millipore);
20 wl of 1.25X unihyb hybridization buffer (Telechem) was added to the target
DNA mixture, and the target was preannealed to blocking DNA by boiling the
preparation for 1.5 min, followed by 30 min of incubation at 37°C. Twenty-five
microliters of probe was used per slide. Hybridization was performed for 8 h at
65°C. Posthybridization washing was performed by using the slide manufacturer’s
protocol.
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FIG. 2. Microarray validation with 16S rDNA controls. The data
are the results obtained with rRNA probes in 10 different experiments
(one replicate per strain). The results of each experiment are pre-
sented as a column of color-coded values. The colors, ranging from
green to red, correspond to the log, of the Cy5/Cy3 ratio (see key at the
top). Preferential hybridization of the test strain to a rRNA gene probe
is indicated by a positive log, ratio (red). Results with a signal-to-noise
ratio of less than 3 are indicated by blank squares. Species are sorted
horizontally and vertically according to their phylogenetic relationships
(as determined by Clustal W alignment of rRNA sequences) in order
to show the amount of cross-hybridization that occurs between the
sequences of related strains. The last four probes shown are additional
negative controls.
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Data analysis. Arrays were scanned with an Axon 4000 scanner, and fluores-
cence measurements were obtained by using Genepix Pro 3.0 software (Axon).
Data sets were filtered for spots with a signal-to-noise ratio greater than 3.0 by
using Microsoft Excel. Results are reported below as log, of the Cy5/Cy3 ratio.
Data analysis and graphical display were done with Expression NTI (Informax
Inc.) in the following manner: (i) all clones that failed to produce a positive result
(log,, >0) in duplicate experiments with at least one target genome were re-
moved from the data set, (ii) clones were clustered by complete linkage of genes
by using the correlation coefficient, and (iii) experiments were sorted according
to the phylogenetic relationships of test strains as determined by Clustal W
alignment of 16S rRNA sequences.

Analysis of cosmid end sequences. The inserts of select clones were sequenced
from both ends of the multiple cloning site by using the T3 and T7 primers. The
plasmid template was purified from 500-ml cultures of E. coli by using a large-
construct kit (Qiagen). A sequencing reaction mixture (total volume, 20 wl) was
prepared by combining 1 pg of plasmid DNA with 0.32 pl of a 10 wM primer T3
or T7 stock solution in Tris-EDTA buffer and 8.0 pl of a Big Dye mixture. PCR
was performed with a PTC-100 thermocycler (MJ Research) for 80 cycles (94°C
for 30 s, 47°C for 15 s, and 60°C for 4 min). Reaction mixtures were purified with
DTR gel filtration columns (Edge Biosystems). Nucleotide sequences (average
size, 450 bp) were determined with an ABI 3100 DNA sequencer.

The potential functions and phylogenetic affinities of cosmid end sequences
were determined by performing a nucleotide and translated-protein search of
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TABLE 1. Potential genes observed in cosmid end sequences®

Gene in T3 end”

Clone Gene in T7 end
2H6 Transposase (Burkholderia fungorum)

3C2 ABC transporter (Pseudomonas aeruginosa)
3F7

3G10  Replication initiator protein dnaA (Ralstonia metallidurans)
3H9 Unknown (Azotobacter vinelandir)

5D6 Denitrifying NorE and NorF genes (Pseudomonas stutzeri)
SD8 50S ribosomal subunit protein L32 (Ralstonia solanacearum)
5D11  Short-chain dehydrogenase (Rhizobium sp. strain NGR234)
5G2 Putative [NiFe] hydrogenase (Streptomyces averimitilis)

6A7 Transposase and tRNA synthase (Ralstonia metallidurans)
6A12  Insertion sequence I1S1051-X (Xanthomonas oryzae)

6D10  Transposase (Ralstonia metallidurans)

6F10 Probable organic solvent resistance protein (Ralstonia solanacearum)

7A12  Integrase-like protein (Xanthomonas axonopodis)
7B11  Cation-transporting ATPase (Mycobacterium tuberculosis)
7TH7 HP (Novosphingobium aromaticivorans)

HP (Chloroflexus aurantiacus)

HP (Burkholderia fungorum)

ABC transporter (Ralstonia metallidurans)

HP (Sinlorhizobium meliloti)

HP (Desulfitobacterium sp.)

NS

HP (Desulfovibrio desulfuricans)

HP (Halobacterium sp. strain NR)

NS

Probable serine hydroxymethyl transferase (Microbulbifer degradans)
NS

Cytochrome c-like protein (Burkholderia fungorum)

Sensory transduction histidine kinase (Magnetospirillum magnetotacticum)
Peptidyl-prolyl cis-trans isomerase (Ralstonia solanacearum)

HP (Geobacter metallireducens)

HP (Halobacterium sp. strain NRC-1)

“ Sequences were read from the T7 and T3 ends of each clone. Each result is a consensus of all significant results from nucleotide and translated protein searches
of the GenBank database. The species or strain corresponding to the most significant result at the nucleotide level is indicated in parentheses.

> HP, hypothetical protein; NS, no significant homology.

GenBank by using the Basic Local Alignment Search Tool (BLAST) (1). The
potential function of a given sequence was determined by examination of all
homologous sequences with expect values of <le-2. A particular function was
assigned if (i) a consensus was apparent among the best hits and (ii) there was no
disagreement between the consensus of the nucleotide results and the translated-
protein results. We also listed the species corresponding to the nucleotide best
hit; when no significant nucleotide matches were observed, we listed the species
corresponding to the protein best hit (Table 1).

RESULTS

Data validation. A single self-versus-self hybridization was
performed by hybridizing COSMO with two samples of Acid-
ovorax B genomic DNA that had been prepared and labeled
separately, one with Cy5 and the other with Cy3. Seventy-six
probes corresponding to 43 different cosmids passed our fil-
tering criteria (see Materials and Methods). The values for the
Cy5/Cy3 ratio ranged from 0.77 to 1.19 (mean, 1.00; standard
deviation, 0.12) (raw data not shown). Based on this experi-
ment, the performance of different probes and dyes should
have caused less than a 1.3-fold deviation from the mean.

The sensitivity and specificity of our microarray analysis
were evident from the results obtained for controls and refer-
ence genes (Fig. 2) in our CGH experiments with individual
genomes (see below). 16S rRNA genes from several micro-
cosm isolates were obtained by PCR and included in COSMO
as controls. Each rRNA gene served as a positive control for its
corresponding species and as a negative control for distantly
related species. Additional negative controls are shown last in
the figures. The results indicated that our hybridization condi-
tions allowed identification of strain-specific genes. In all but
one case, genomic DNA of each strain hybridized preferen-
tially to its corresponding rRNA probe (yielding the highest
ratio). In most cases, some hybridization to a related strain was
observed, but the level of hybridization was lower. In the case
of Ultramicrobacterium 3, genomic DNA hybridized nearly
equally to the Ultramicrobacterium 3 and Acidovorax B rRNA
probes. No positive results were obtained with the Bacillus sp.,
Shigella sp., and Staphylococcus sp. negative controls or with
the cosmid vector.

Hybridization with individual genomes. Various reference
strains and microcosm isolates were used individually as target

DNA in experiments to locate clones related to these organ-
isms. The clustered microarray results for various microcosm
isolates and reference strains revealed distinct classes of DNA
that corresponded to individual strains or groups of bacteria
(Fig. 3). Numerous strain-specific clones were apparent. The
data also revealed examples in which clones hybridized to
multiple related organisms (indicative of conserved genes).
Based on these patterns, we classified some clones as members
a particular species, genus, or branch (Fig. 3).

At the bottom of Fig. 3, some results appear to be scrambled
(i.e., distinct patterns are not easily distinguished). The profiles
observed for this group of clones are not consistent with pro-
files of strain-specific and conserved clones. In general, these
clones appeared to cross-hybridize between species to a
greater extent. A variety of different patterns were observed,
and for the sake of simplicity they were not labeled.

Classifying uncultured DNA. In the experiment described
above (Fig. 3), 156 probes (clones) passed our filtering process.
The remaining 524 clones failed to produce a positive log,
ratio with any test strain or failed to produce any significant
signal. Some of these clones may have corresponded to organ-
isms present in the microcosm that we failed to isolate in pure
culture. We considered the unisolated organisms in our micro-
cosm to be analogous to uncultured microbes in the environ-
ment. To identify cosmids derived from such organisms, we
performed a similar experiment using genomic DNA extracted
directly from the mixed bacterial population as the test DNA
(the same reference DNA was used). The results of two meta-
genomic CGH experiments were added to the data set prior to
clustering (Fig. 4). The results identified a number of clones
that were present in the community and not in our catalog of
isolates (Fig. 4A). Such clones were classified as uncultured.

A single experiment, such as the one described above,
yielded a spectrum of ratios. It is likely that the clones that
yielded a log, ratio of 1 corresponded to a different organism
than the clones that yielded a log, ratio of 6. The uncultured
class could be separated into subgroups if there were clear
differences in the abundance of different genes in the commu-
nity, but it was not obvious where to draw the line between one
organism and another.
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In an attempt to resolve the uncultivated community in
slightly better detail, the microcosm cells were fractionated
into two types, pellicle cells and free-swimming cells, which
were analyzed separately. All uncultured clones (Fig. 4A) were
found to have the same even distribution between planktonic
and pellicle cells; therefore, we were not able to determine if
these clones corresponded to multiple species. However, we
observed that clones corresponding to some of the cultivable
species had distinct distribution patterns. Acidivorax 1 was ap-
parently distributed throughout the microcosm (Fig. 4B),
Acidivorax B was present primarily in the pellicle (Fig. 4C), and
Caulobacter 6 was not abundant in either fraction (Fig. 4D).
These clusters were labeled and presented as examples of
clones from different species that, in principle, could be dis-
tinguished based solely on community analysis.

Sequence analysis of uncultivated DNA. In order to identify
functional characteristics of uncultured microorganisms from
the microcosm, insert DNA from each of 17 random clones
from cluster A (Fig. 4A) was sequenced from the T7 and T3
primer sites that flanked the insert. A nucleotide and translat-
ed-protein search of GenBank was performed with each cos-
mid end sequence (Table 1). Among 34 sequences, 18 func-
tional genes were identified, 10 hits were obtained with genes
of unknown function, and 6 sequences yielded no significant
result. The great majority of the sequences were found to be
significantly similar to genes from members of the Proteobac-
teria, including seven genes from Ralstonia sp. Some of the
sequences could be assigned to functions having ecological
importance, including a putative [NiFe] hydrogenase, nitrate
reduction, and several transposases. Four different insertion
sequence elements (ISs) were observed in five clones, 2H6,
6A12, 6A7, 6D10, and 7A12 (sequences from 6A7 and 6D10
were from different positions of the same gene). All ISs that we
identified occurred precisely in the T7 end fragment.

DISCUSSION

The experiments described above illustrate a useful tech-
nique for rapidly classifying DNA from a metagenomic library
and, in the process, identifying conserved and divergent ge-
nome fragments from a particular community, genus, strain, or
species and DNA corresponding to strains that have not been
isolated in pure culture.

Hybridizing COSMO with single genomes and cluster anal-
ysis of the microarray results were effective for visualizing
groups of clones that have unique patterns of hybridization to
different bacterial genomes (Fig. 3). We identified clones that
hybridized to a single strain, as well as clones that hybridized to
related species. In this manner, we classified clones as strain
specific or specific to broader phylogenetic group.

Many of the clones in the scrambled section of Fig. 3 have
much broader specificity, and some cross-hybridize only be-
tween two distantly related strains. The latter finding may be of
interest to researchers who wish to identify genes that have
been transferred horizontally between species. However, be-
fore such claims are made based on hybridization between
more divergent species, the correlation between homology and
signal intensity must be examined more carefully.

Identification of clones corresponding to cultivable strains is
also useful for eliminating clones that do not need to be ex-
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FIG. 4. Identification of clones corresponding to uncultivated or-
ganisms. CGH experiments were performed by using metagenomic
DNA from different cell fractions, including free-swimming (plankton-
ic) cells and cells accumulating at the surface (pellicle cells). When
duplicate experiments were added to the original data set, it was
possible to identify uncultivated DNA (A). In addition, probes classi-
fied by single-genome CGH could be used to track the distribution of
an organism in the mixed population (B, C, and D).

amined in a culture-independent manner. This may in fact be
the primary objective, in which case it would not be necessary
to probe genomes one at a time, as we did. The cultivable ge-
nomes could be combined into pools in order to accelerate the
process.

The eventual identification of clones corresponding to un-
cultivated microorganisms is the most valuable aspect of this
approach. We identified clones that hybridized uniquely to
total community DNA. These clones corresponded to one or
more species of bacteria that were enriched in mixed cultures
but that we were unable to obtain by isolation on tryptic soy
agar. End sequencing of 17 cosmids resulted in identification
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of numerous sequences that had nucleotide similarity to the
genes of Ralstonia spp. In addition, we identified a putative
hydrogenase and genes involved in reduction of nitrate. Some
species of bacteria, including Ralstonia spp. (6, 19, 32), have
the ability to couple hydrogen oxidation to nitrate reduction.
The putative hydrogenase gene and the norE homologue were
not found in the same clone, and we could not confirm that
they are linked any way. Such proof would require isolating
both sets of genes on the same fragment of DNA. However,
knowledge of the metabolic genes present in the uncultured
population provides information that should be important for
selectively culturing such organisms if they are indeed present.

Among the clones that hybridized only to community DNA,
a remarkably high frequency of ISs was observed. We do not
believe that this is a unique characteristic of the uncultivated
species. ISs occur in a wide range of genera (25). A variety of
ISs can occur in a single genome, and a single type of IS may
have a copy number of >20 (38). We believe that the five
occurrences of four different IS-like elements precisely in a
clone’s T7 end fragment (the probe actually printed on the
array) may have reflected a greater sensitivity of our method
for high-copy-number sequences.

Of course, in a mixed population, our method detects the
most abundant genes. A common limitation of microarray
studies is sensitivity. The detection limit for microarray analysis
of soil samples is on the order of ~50 ng of a single bacterial
genome (10); therefore, in a typical experiment one would
detect only organisms that constitute at least 1/40 of the pop-
ulation. However, new techniques for uniform amplification of
genomic DNA (27) and enrichment of unique sequences (23,
28) may be applied to environmental samples in order to access
the single-copy genes of less abundant species.

We hope to further develop applications of the COSMO
microarray for environmental samples. We demonstrate here
that in addition to simple identification of an uncultured subset
of clones, additional classes of organisms can be defined by
comparing different environmental samples from the same
habitat (Fig. 4B to D). Clones that have a unique distribution
in the two fractions may constitute a separate phylogenetic
class. By comparing the metagenomic profiles of a field site to
a map of metabolic activities (13) or microbial species (36),
clones whose distribution correlates with a biological pro-
cess may be identified. In this manner, ecologically impor-
tant genes for which there is not a specific probe or assay
may be identified.

Systematic organization of a metagenomic library is essential
for performing a more comprehensive study of a microbial
community. We must continue to utilize modern techniques of
genome analysis and adapt them to the study of complex mixed
genomes, keeping in mind that the purpose of a genome-wide
study is to accelerate the discovery of genes that are important
for specific processes.

A study of the microbial metagenome need not seek truly
comprehensive knowledge concerning all microbial genomes
if it is possible to first negotiate the genomic landscape of a
given site and find what is relevant and interesting. A practical
approach to metagenomics is (i) to quickly identify familiar
genes, (ii) to identify the unknowns, and (iii) to attempt to
classify them based on knowledge such as where certain genes
are present and what apparent linkages there are between
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different genes. Once a set of clones that is linked to a biolog-
ical process is identified, the specific genes involved may be
identified from the complete DNA sequences of the clones.
Metagenomic profiling is an appropriate technique for these
tasks. We believe that microarray studies in combination with
DNA sequence analysis will be important tools for enhancing
our understanding of earth’s microbial diversity.
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