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Current metagenomic approaches to the study of complex microbial consortia provide a glimpse into the
community metabolism and occasionally allow genomic assemblies for the most abundant organisms. However,
little information is gained for the members of the community present at low frequencies, especially those
representing yet-uncultured taxa, which include the bulk of the diversity present in most environments. Here
we used phylogenetically directed cell separation by fluorescence in situ hybridization and flow cytometry,
followed by amplification and sequencing of a fraction of the genomic DNA of several bacterial cells that belong
to the TM7 phylum. Partial genomic assembly allowed, for the first time, a look into the evolution and potential
metabolism of a soil representative from this group of organisms for which there are no species in stable
laboratory cultures. Genomic reconstruction from targeted cells of uncultured organisms isolated directly from
the environment represents a powerful approach to access any specific members of a community and an
alternative way to assess the community’s metabolic potential.

Over the last several years, there has been an unprecedented
surge in the number and diversity of genomic approaches used
to study microbial communities (24, 45). While sequence-
based methods and functional screening have been used suc-
cessfully over the past decade to discover specific genes and
gene products from the environment (42), most of the research
was focused on a few metabolic markers or was aimed primar-
ily at biotechnological applications (29). A number of ap-
proaches have been developed to better understand the struc-
ture of microbial communities and to establish links between
specific organisms and the metabolic potential encoded in their
genes. Among these, fluorescence in situ hybridization (FISH)
allows microscopic characterization and separation of micro-
organisms from environmental samples (2, 15, 29), while
taxon-specific probes enable identification of cloned genomic
fragments which could be sequenced and analyzed for encoded
metabolic features (4). High-throughput cultivation methods
have also been developed for less specific, but rapid, access to
viable organisms representing a much larger fraction of the
microbial community than was accessible using traditional mi-
crobiological techniques (12, 50).

Shotgun sequencing of genomic DNA mixtures representing
entire microbial communities brought a new dimension to en-
vironmental microbiology. Such sequencing efforts have led to
near-complete genomic and metabolic reconstruction of rela-
tively simple consortia and have addressed important aspects
of microbial biogeochemistry, bioremediation, and symbiosis
(23, 31, 46, 47, 49). While the approach has allowed “gene-
centric” comparative studies of complex microbial communi-

ties, generating and deconvoluting the genomic information
specific to some of the less abundant taxa are still not feasible.
Considering that most communities have a large number of
species that are present at low abundance but may play impor-
tant ecological roles, approaches that tap into their genomic
information, in the absence of cultivation or gigabase-scale
shotgun sequencing, would enable more-comprehensive stud-
ies of such consortia.

Whole-genome amplification has been applied in microbial
studies to characterize the structure of communities from
highly contaminated sites, where the amount of biomass was
below standard detection levels (1), and to characterize pop-
ulations of methanotrophs enriched by FISH/fluorescence-ac-
tivated cell sorting (28). It has also been used for sequencing
genomes from single cells of cultured bacteria to near comple-
tion and for preliminary characterization of relatives of cul-
tured species (39, 51). Here we combined the use of taxon-
specific separation of microbial cells by flow cytometry with
whole-genome amplification to gain access to a low-abundance
soil bacterium from the candidate TM7 division. This is the
first targeted isolation and partial genomic sequencing of cells
representing an uncultured group of organisms.

MATERIALS AND METHODS

Purification of bacteria and DNA from soil samples. Soil from a rich, moist
site in Ramona, CA, was used for bacterial purification. One hundred fifty grams
of soil was homogenized in 250 ml ice-cold phosphate-buffered saline (PBS) in a
Waring blender by three 1-min pulses (5). The soil debris was removed by
centrifugation (15 min, 800 � g, 4°C) and the supernatant transferred to a fresh
tube and centrifuged for 15 min at 14,000 � g (4°C). The resulting bacterial pellet
was resuspended in PBS and purified by isopycnic density gradient centrifugation
in Nycodenz (Sigma-Aldrich, St. Louis, MO) (5). Total microbial-community
DNA was isolated from purified cells as previously described (1).

FISH. An aliquot of the purified bacterial pellet was washed and fixed by
resuspension in 100% ethanol, followed by centrifugation. Hybridization with the
TM7-specific oligonucleotide probe TM7905 (labeled with AlexaFluor 546; Mo-
lecular Probes, Carlsbad, CA) was performed as originally described for envi-
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ronmental TM7 bacteria (27). Control hybridizations of Escherichia coli cells
used the Gam42a oligonucleotide (30) labeled with AlexaFluor 488.

Flow cytometry analysis and sorting were performed with a Dako MoFlo flow
cytometer (Fort Collins, CO) equipped with a Coherent Enterprise II (Santa
Clara, CA) argon ion laser. The 488-nm line was used as the excitation source for
forward scatter and side scatter properties. The fluorophore excitation source
was a Coherent Innova 70C (Santa Clara, CA) water-cooled, mixed-gas laser
tuned to 530 nm. Forward scatter, side scatter, and fluorescent properties were
detected by R928 photomultiplier tubes (Hammamatsu, Shizuoka-ken, Japan).
Fluorescence was detected between 550 and 590 nm. Data were collected and
analyzed using DakoCytomation Summit v3.1 software. Bacterial cells displaying
the fluorescent signal were sorted into 0.2-�l PCR tubes at 100, 50, 10, 5, and 1
cell per tube.

MDA. Cells sorted in 1.2-�l-PBS droplets were lysed using a KOH lysis buffer
and amplified by multiple displacement amplification (MDA) as described pre-
viously (25), with some modifications. Smaller reaction volumes were used: 1.2 �l
of lysis buffer, 1.2 �l of neutralization buffer, and a 20-�l final volume. The initial
amplification using phi 29 polymerase (Epicenter, Madison, WI) was done at
30°C for 4 h, followed by heat inactivation (65°C for 10 min). Following small-
subunit (SSU) rRNA sequence verification, the initial product was reamplified in
four separate MDA reactions and combined for library construction.

SSU rRNA gene sequencing. Bacterial SSU rRNA genes were amplified by
PCR (HotStart PCR mix; QIAGEN, Valencia, CA) from the MDA-generated
DNA products using the universal primers 27F (5�-TAGAGTTTGATCCTGG
CTCAG-3�) and 1492R (5�-TACGGYTACCTTGTTACGACTT-3�). Clone li-
braries were generated using a TOPO TA cloning kit (Invitrogen, Carlsbad, CA),
and plasmid insert sequencing was performed using a 3730xl DNA analyzer
(Applied Biosystems, Forster City, CA). High-quality individual clone reads were
assembled using Sequencher (Gene Codes Corporation, Ann Arbor, MI), veri-
fied for potential chimeric artifacts, and classified taxonomically using the online
tools at the RDP-II and Greengenes databases (10, 17). This resulted in 91
sequences for the soil environmental DNA library and 69 sequences for the
MDA-amplified DNA library. A secondary-structure model of the TM7 SSU
rRNA was generated using RnaViz 2.0 (16).

Genomic library construction, sequencing, and primary assembly. MDA-
amplified DNA from five sorted cells was mechanically sheared and used to
generate libraries in a lambda ZAP Express cloning vector (Stratagene, La Jolla,
CA) according to the manufacturer’s protocol. Phagemid libraries were pro-
duced from the parental lambda clones by in vivo excision in E. coli host cells.
Average insert sizes were 2 to 4 kb. Inserts from randomly picked colonies were
end sequenced using a 3730xl DNA analyzer with T3 and T7 primers. FASTA-
formatted sequences and corresponding Phred quality files were created from
21,497 chromatograms. Subsequently, 1,446 reads (6.7%) were removed for
having low-quality scores (less than 200 bases with a Phred score of �20) and/or
representing chimeras, leaving 20,051 sequences as input for an initial Phrap
assembly that resulted in 714 contigs and 734 singletons, with a combined length
of 1,839,704 bp.

Secondary assembly, genome annotation, and analysis. Visualization of the
assembly in Consed (21) revealed a relatively high occurrence of abnormal end
pair relationships (distance and orientation violations) between forward and
reverse reads from the same template clone. Also, many contigs contained
regions with high similarity to other regions on the same contig or other contigs.
Those discrepancies could be a result of amplification, cloning, or assembly
artifacts or, alternatively, due to the nonclonal nature of the bacterial population.
To improve the quality of the assembly, we first ran the sequences through the
standard gene prediction and annotation pipeline at Oak Ridge National Lab-
oratory (ORNL). The annotation process also resulted in a binning of the contigs
based on GC content, which separated the TM7 genomic data from that of a
Pseudomonas sp. coisolate. The gene map information obtained for every contig
(including apparent fragmented or full-length genes) was used to aid a second-
ary-assembly process in Sequencher. During the secondary assembly, we elimi-
nated the reads and contigs that had clear signs of chimeric artifacts (multiple
truncated genes, sometimes with inverted regions) and also trimmed low-cover-
age contig ends containing polymorphisms which were preventing assemblies. A
final gene prediction and an annotation were generated using the ORNL pipe-
line. Automated gene prediction was performed by using the output of Critica
complemented with the output of GlimmerBlast analysis and was used to eval-
uate overlaps and alternative start sites. The resulting list of predicted coding
sequences were translated, and these amino acid sequences were used to query
and derive product descriptions by using the NCBI NR, UniProt, TIGRFam,
Pfam, PRIAM, KEGG, COG, and InterPro databases. The tRNAScanSE tool
was used to find tRNA genes, whereas ribosomal RNAs were found by using
BLASTN versus the 16S and 23S rRNA databases.

Statistical analysis of the genome coverage. Coverage depth for consensus
positions on the contigs was determined using a Perl script (available upon
request). Read coordinates were extracted from the Phrap assembly file. For
each nucleotide position on a contig, the total number of reads contributing to
that consensus position was determined. To estimate the progression in genome
coverage, we used the accumulation of novel functional gene categories (clusters
of orthologous groups [COGs]) as a function of sequence reads being generated.
We compared the TM7 sequencing progress to that observed for several other
completed bacterial genomes of different sizes for which we were able to obtain
the sequence reads deposited in GenBank. To accomplish this, we identified all
of the genes in the genomes that belong to a COG category (10�6 threshold) and
used the top COG hit for every gene. We then created a BLAST database that
contained those genes as nucleotide sequences and used as queries the project
sequence reads in the order they were generated. Since every sequence read can
potentially hit two or even more genes, we allowed that and retrieved hits that
had bit scores over 50 (approximately a 50-bp overlap) and 95% minimal identity
values (values determined empirically). We assigned to each pair of sequence
read-COG hits a unique identifier and used the list as input into the program
EstimateS (11) to generate COG accumulation curves (Mao Tau expected-
richness function). To plot these curves, the number of reads was normalized to
the total reads for the sequencing project, taking into account reads that hit
multiple COGs and reads that did not hit any COG.

Phylogenetic analyses. SSU rRNA sequences amplified from the MDA library
were aligned with rRNA genes from representative bacterial genomes covering
all major taxa and several related environmental sequences by use of the online
NAST tool at Greengenes (17). The alignment was manually inspected and
corrected, and regions of high variability that were not confidently aligned were
masked out. The final alignment contained 56 sequences and 1,080 positions. A
maximum-likelihood tree was calculated with Phyml (22) by use of empirically
determined nucleotide frequencies, a generalized time-reversible substitution
model, with estimated fractions of invariable sites and six substitution rates
following a gamma distribution model with optimized shape parameter. Branch
support was calculated using a boot-strapped data set (100 replicates) generated
by Seqboot from the PHYLIP package (18) and the same parameters in Phyml.

For protein phylogenetic analysis, the amino acid sequences of 13 ribosomal
protein genes identified in the TM7 genomic data (L1, L2, L3, L4, L5, L14, L22,
L23, L24, S3, S8, S14, and S19) were loaded into the RibAlign database (43),
aligned with the corresponding genes from organisms represented in the rRNA
tree by use of MAFFT, and concatenated in a single file. Regions that were not
confidently aligned or that contained large gaps/insertions were masked out. The
final alignment contained 38 sequences and 1,134 positions. A maximum-likeli-
hood tree was calculated in Phyml by use of a Whelan and Goldman amino acid
substitution model, with estimated fractions of invariable sites and six substitu-
tion rates following a gamma distribution model with optimized shape parame-
ter. Branch support was calculated using a boot-strapped data set (100 replicates
generated by Seqboot) and the same parameters in Phyml.

Nucleotide sequence and project accession numbers. Unique rRNA sequences
from the MDA-amplified library were deposited in GenBank under accession
numbers EF451973 to EF451974. The Whole Genome Shotgun project was
deposited in DDBJ/EMBL/GenBank under the project accession number
AAXS00000000. The version described in this paper is the first version, accession
number AAXS01000000.

RESULTS

Separation of TM7 bacterial cells from soil and genomic
DNA amplification. Based on SSU rRNA sequences, the soil
sample under study contained mostly members of the Pro-
teobacteria (35%), Acidobacteria (38%), and Gemmatimon-
adetes (16%) and, at much lower abundance levels (2% or
less), representatives of several other phyla, including TM7
(Fig. 1). A cellular fraction of the soil sample was hybridized
with a fluorescently labeled TM7-specific probe. Using flow
cytometry, we detected a small fraction of cells (0.02%) with a
fluorescence level approximately 10 times higher than that of
the background, based on the unstained control populations
(Fig. 1). Those cells were sorted into sterile, DNA-free tubes
and used for genomic amplification.

Because the oligonucleotide probes were designed to target
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most lineages within the TM7 division and not a specific spe-
cies, the hybridization stringency conditions allowed for some
nontarget cells to be sorted as well. It was determined by SSU
rRNA gene amplification that the pools of larger numbers of
cells (�100) contained multiple TM7 strains and also various
non-TM7 bacteria (data not shown). Based on test experi-
ments, we determined that five was the minimal number of
cells that balanced efficient genomic amplification with low
levels of other bacterial coisolates. Others have also reported
the difficulty of avoiding nontarget cells when separating by
flow cytometry (28, 51).

Characterization of the amplified TM7 genomic DNA. The
MDA-amplified genomic DNA of five separated cells served as
a template for PCR of SSU rRNA genes. Based on similarity
to known environmental sequences, 61 of the 69 sequenced
clones (89%) belonged to the TM7 phylum. There appeared to
be no significant differences at the level of the TM7 SSU rRNA
genes among the several cells sampled, as the sequences were
�99.5% identical between any two clones. The rare polymor-
phisms did not cluster in groups of clones, suggesting they were
due to PCR errors and did not represent sequence variation
within the population. Therefore, while the five sorted cells
were not clonal and genomic heterogeneity often occurred at
the population level even though rRNA genes were identical,
operationally we considered them to represent one “species,”
which we refer to as TM7_GTL1. The remaining eight clone
sequences were found to be nearly identical (�99.5%) to those
of SSU ribosomal genes from several environmental Pseudo-
monas sp. isolates, including Pseudomonas rhodesiae, an organ-
ism isolated from natural mineral waters (13). These clones
may therefore represent an actual Pseudomonas cell that was
separated from the soil sample rather than laboratory contam-
ination.

A comparison of the TM7_GTL1 SSU rRNA sequence with
the �100 candidate division TM7 environmental sequences in the
RDP-II database shows a maximum level of sequence identity of
�90% to previously known clones, with the closest relative being
from a human oral community (GenBank accession number
AY349415). Phylogenetic analysis places TM7_GTL1 in TM7

subdivision 3 (27) (Fig. 2). A rather unique feature of the
TM7_GTL1 rRNA sequence is an �30-nucleotide insertion
which extends the P37_2 helix to 20 bp, significantly longer than
that for most other bacteria, including all environmental TM7
sequences (Fig. 2). The role of P37_2 in ribosome assembly and
function is unknown.

Sequencing, assembly, and annotation of the TM7 genomic
library. After the initial sequence assembly, in order to identify
the contigs representing the Pseudomonas coisolate, we ana-
lyzed the nucleotide composition of the data set and the iden-
tity of the closest public sequence relatives. Based on sequence
comparisons with completed Pseudomonas genomes, we found
contigs that had multiple open reading frames with high levels
of sequence identity (�90%) to known Pseudomonas genes.
Those sequences also had elevated GC contents (�53%) rel-
ative to those of most of the sequences (average of �50%)
(Fig. 3A). Based on these results, we separated the sequences
with GC contents over 53% (42 contigs, totaling 185 kb, with
an average GC content of 58.3%) from the remaining “TM7
contigs,” which had lower GC contents and closest gene ho-
mologues in more basal bacterial divisions, including Chlo-
roflexi, Cyanobacteria, and Firmicutes. Since GC contents fluc-
tuate within any given genome, we cannot exclude the
possibilities that we removed some legitimate TM7 sequences
or that the TM7 sequence pool may still contain a low number
of Pseudomonas sequences. Binning approaches have been
applied previously for genomic assemblies using metagenomic
sequences from low-complexity communities (47, 49).

Current limitations of libraries constructed from MDA-am-
plified DNA from one cell or a few cells include DNA ampli-
fication bias and the generation of chimeric sequences (51).
Some of the chimeras are indicated by the presence of frag-
mented genes or duplicated regions across separate contigs. To
address this, we analyzed the predicted open reading frames in
an initially annotated data set and searched for such signs of
chimerism. When detected, we eliminated the sequence reads
containing chimeric junctions and reassembled the contigs.
Even after this, some contigs contained chimeric regions that
could not be resolved but were retained since the genes they

FIG. 1. (A) Taxonomic distribution (domain/phylum level) of SSU rRNA sequences in the PCR clone library prepared from the soil sample.
(B) Flow cytometric analysis of soil bacteria hybridized with a fluorescent TM7-specific oligonucleotide probe (TM7905) or in the absence of
hybridization (Control). The inner rectangle indicates the gating used for separation, and the arrow points to the low-frequency, highly fluorescent
cells in the hybridized sample that were separated.
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included are valuable for the metabolic reconstruction. The
final TM7 data set contained 132 contigs and 679,515 nucleo-
tides, with an average GC content of 48.5%, and encoded 670
predicted proteins, six tRNAs, a full-length SSU rRNA gene,
and a partial large-subunit rRNA gene.

To estimate the level of bias and sequence coverage across
the sequenced portions of the genome, we calculated the av-
erage coverage for every contig, based on the number of se-
quence reads that contributed to the consensus. As shown in
Fig. 3B, the coverage depths varied extensively and for some
contigs exceeded 50-fold. Such variations in coverage have
been observed previously (51).

An independent measure of the degree of bias was obtained
by studying the accumulation functions of the gene categories.
To do this, we used COG category assignments for each of the
genes predicted during the annotation process and mapped the
sequence reads as they were generated to the COG category
list. We compared the TM7 accumulation curve to those gen-
erated by analyzing several other completed bacterial genomes
of different sizes (Pelagibacter ubique, 1.3 Mbp; Geobacter sul-
furreducens, 3.8 Mbp; and Chlorobium tepidum, 2.15 Mbp).
Among the three completed genomes, we observed a steady
accumulation of novel COG categories for approximately the
first 1,000 sequence reads, after which the slopes for the indi-
vidual genomes changed and eventually flattened at levels re-
flecting differences in genome size and total COG abundance,

which is nearly twofold between Pelagibacter and Geobacter
(889 versus 1,511 COG categories) (Fig. 3C). The initial accu-
mulation slope for Pelagibacter is steeper, likely reflecting its
more compact genome and its higher fraction of COG genes.
For TM7, the COG accumulation curve departs from those of
the other genomes and plateaus early in the sequencing
progress, reaching 277 COGs, a value of about a third of that
of Pelagibacter, which has the smallest genome for a free-living
bacterium (20). Since it is unlikely that the TM7 genome is so
much smaller than that of Pelagibacter, the rapid plateau likely
reflects the amplification bias and indicates that the genomic
library contains little additional information beyond what has
been recovered. Overall, the frequency distributions of the
different COG categories match those observed for complete
genomes (Fig. 3D) and it does not appear that the bias is
concentrated to specific types of genes. We did note a potential
underrepresentation of ion and amino acid transport and me-
tabolism genes (COG categories P and E) as well as a slight
overrepresentation of translation/ribosomal genes and genes
with a predicted general function (COG categories J and R).
These may, however, represent natural characteristics of the
organism rather than experimentally induced bias.

Place of TM7 within the Bacteria. Due to limited phyloge-
netic information encoded within any single gene, including
rRNA, the evolutionary relationships among the several dozen
bacterial phyla (most without cultured representatives) are still

FIG. 2. (A) Phylogenetic analysis (maximum likelihood) showing the relationships between the SSU rRNA sequence of TM7_GTL1 and
previously known environmental clone sequences representing the three TM7 subdomains (27), with sequences from TG1 and Chloroflexi as
outgroups. Filled circles represent bootstrap support values over 50% (shown only for major nodes). The bar indicates inferred 10% sequence
divergence. GenBank accession numbers are given. (B) Secondary-structure model of TM7_GTL1 SSU rRNA, with the P37_2 helix shaded.
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unclear. Multiple gene phylogenies may increase resolution
and in some cases have resulted in reassessments of interphyl-
etic relationships (9). Previous analyses of environmental RNA
sequences suggest a relatively basal position for TM7 in the
bacterial domain, possibly related to Chloroflexi, OP10, and the
Thermus-Deinococcus group (26). We used both rRNA and
concatenated ribosomal protein data sets to investigate the
placing of TM7 within the bacterial domain. While the rRNA
tree is less resolved and suggests a close relationship to the
green nonsulfur bacteria Chloroflexi, protein analysis supports
a sister-like relationship with that group (Fig. 4). Several sig-
nificant differences occur between the protein and the rRNA
phylogenies, most notably, the close relationship between Ac-
idobacteria and Proteobacteria as well as a deep position of
Fusobacterium. These unsettled relationships have been re-
ported previously and illustrate the difficulties in resolving the
topology of the bacterial tree even when genomic data are
available (9, 34).

Insights into TM7 metabolism. Although a comprehensive
metabolic reconstruction was not possible using the incom-
plete TM7_GTL1 genomic data, we used functional gene an-
notations (COG, KEGG, and Pfam) to identify key steps in

various metabolic pathways in order to uncover some of the
physiological potentials of the organism. We identified genes
for eight enzymes involved in glucose utilization, indicating the
presence of glycolysis and pentose phosphate pathways. Ribu-
lose-phosphate-3-epimerase is present and represents an im-
portant entry enzyme in the pentose interconversion pathway,
which generates a variety of other sugars for downstream met-
abolic processes, including cell wall biosynthesis. Other repre-
sented pathways include lipid and nucleotide biosynthesis,
amino acid transformations, and enzymes from the general
nitrogen metabolism. We did not find evidence to suggest that
TM7_GTL1 can grow autotrophically or that it can degrade
certain polysaccharides, so the nature of the carbon source for
this organism is unknown.

Based on sequence similarity to known transporters, we iden-
tified at least five transporters that belong to the drug H� anti-
porter 1 family, involved in multidrug drug resistance. From the
ABC transporter superfamily, we identified potential lipopolysac-
charide exporters for lipid A (with a role in outer membrane
synthesis), heavy metals, and macrolides. TM7_GTL1 also has a
cytochrome P450 gene as part of the resistance mechanisms to
toxic compounds. Considering that soil microbial communities

FIG. 3. Information content analyses for the TM7_GTL1 genomic library. (A) Average GC content (percent) distribution of the assembled
primary contigs. The shaded region indicates the contigs that were pooled as representing the TM7_GTL1 genome. Contigs with GC contents of
�53% represent a Pseudomonas minor coisolate. (B) Average depth coverages (n-fold) for the final TM7 contigs. (C) Functional accumulation
curves (COG categories) for TM7_GTL1 and representative finished bacterial genomes as a function of sequence depth (sequencing reads). The
filled circle indicates the sequence depth corresponding to a 1� coverage for each of the finished genomes. P.u., Pelagibacter ubique; G.s., Geobacter
sulfurreducens; C.t., Chlorobium tepidum. (D) Percentages of distribution of major COG categories in the TM7_GTL1 data (filled circles). For
comparison, the median frequency values based on 502 bacterial genomes (not including obligatory parasites and symbionts) are indicated by the
open circles. The gray area spans the observed distribution of frequencies in those genomes, between the minimum and maximum values.
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are complex and involve constant competition, the presence of
diverse transporters and multiple drug resistance mechanisms is
expected. Additional transporters include a putative autoinducer
2 exporter (AI-2E) with a role in signaling/interspecific commu-
nication and a large conductance mechanosensitive channel
which protects against osmotic cell lysis.

Among the genes involved in energy metabolism, we iden-
tified the conserved operon that encodes subunits of the FoF1

ATP synthase (contig 28). The gene order in this operon is
highly conserved in bacteria, including TM7: A, C, B, delta,
alpha, gamma, beta, and epsilon. One difference in TM7 is the
insertion of a hypothetical gene between the alpha and gamma
subunit genes. The only possible homologue of that gene is a
weak hit in Desulfitobacterium hafniense, where the gene be-
longs to a cluster of genes of phage origin. This suggests that
the gene in TM7_GTL1 has also been acquired from a viral
genome. Interestingly, we also identified a second operon con-
taining the ATP synthase subunit genes A through alpha (con-

tig 642). Phylogenetic analysis places the second partial operon
close to the ATPases from Chlorobi (not shown) and may
indicate horizontal gene transfer.

Signal transduction, environmental interactions, and the
cell wall. Bacteria have evolved a variety of mechanisms to
sense the environment, respond to changes, and adapt to new
conditions. One of the conserved mechanisms in bacteria in-
volves the use of the hyperphosphorylated guanosine nucleo-
tide (p)ppGpp as a global regulator in stress response, adap-
tation, and interaction with other bacteria (7). We found the
gene encoding the key enzyme that modulates the levels of this
small effector molecule, RelA-SpoT (contig 547), potentially
used during periods of nutrient starvation and growth arrest.

We identified a number of genes from two-component sys-
tems, including two-histidine kinases, a hybrid histidine kinase,
a two-component winged-helix transcriptional regulator, and
four CheY-like response regulators. The architecture of these
proteins contains the same variation seen in other bacteria.

FIG. 4. Phylogenetic analysis (maximum likelihood) of the relationships among bacterial phyla, determined using SSU rRNA (A) and
concatenated ribosomal protein sequences (B). Bootstrap support values over 50 are indicated (for major nodes only). The placement of
TM7_GTL1 is indicated by shaded labels. rRNA sequence 1277396 represents the Pseudomonas coisolate of the amplified TM7_GTL1 genomic
DNA. The bar indicates inferred 10% sequence divergence.

3210 PODAR ET AL. APPL. ENVIRON. MICROBIOL.



The kinases contain either or both integral membrane and
PAS/PAC sensing domains. Several pairs of kinase response
regulators appear to be involved in sensing and responding to
variations in available phosphate, copper/heavy metals, and
osmoregulation. We did not identify any chemotaxis genes or
flagellar components.

While there is no evidence to suggest that TM7_GTL1 has
flagella, we identified multiple genes that make up the type IV
pili, responsible for twitching motility. This represents an al-
ternative for cells that live in nonfluid environments to move
and colonize wet surfaces (32). Aside from motility, type IV
pili also mediate DNA uptake and conjugation and can serve
as docking sites for bacteriophages. There is a common evo-
lutionary history between type IV pili and the type II secretion
apparatus, involved in pathogenicity and environmental adap-
tation (37). We identified components of both systems, some-
times in multiple copies, suggesting that they play an important
role in the biology of this organism. Among the type IV pilus
genes, we identified PilA (encoding a putative pilin monomer),
PilB assembly ATPase, PilC, PilM, PilN, and the PilT disas-
sembly protein. Three distinct GspE genes, relatives of PilB
ATPase with a role in the formation of the type II secretion

apparatus, are also present, as is a putative competence factor
(ComF) gene.

Supporting the view that TM7_GTL1 is engaged in active
exchanges with the environment and the microbial community,
we also identified gene products for the type IV secretion
system, VirB4 and VirB6. Type IV secretion plays a major role
in the translocation of macromolecules across the membrane
and is particularly important for the exchanges of plasmids that
can confer resistance to antibiotics as well as other DNA frag-
ments and proteins. Type IV secretion also plays an important
role in biofilm formation and in interactions with other bacte-
ria and with eukaryotes (3). Since TM7_GTL1 was obtained
from soil, which has high microbial and phage diversity, the
cells would benefit from restriction modification systems to
control the incoming of foreign DNA. We identified genes and
gene fragments for a type I system (the R, S, and M subunit
genes) as well as putative type IIS and type III restriction
enzyme genes. We also found two different transposases, an
indication that mobile genetic elements have been integrated
into the TM7_GTL1 genome.

Information processing in TM7_GTL1. The genes encoding
proteins involved in TM7 chromosome replication, recombi-

FIG. 4—Continued.
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nation, and DNA repair are well represented in the genomic
data. Among those involved in the replication initiation com-
plex, we identified DnaA, DnaB, and DnaG. Genes involved in
replication include DNA polymerase III (beta and gamma/tau
subunits), DNA gyrase (A and B subunits), and an NAD�-
dependent DNA ligase. The genes involved in DNA repair,
recombination, and modification are represented by those en-
coding uracil DNA glycosylase, adenine-specific methylase, the
holiday junction helicase (RuvAB), resolvase (RuvX), and en-
donuclease (RuvC); recombination proteins RecA and RecF;
excinuclease complex UvrABC; the RadA repair and MutT
mutator proteins; and several other exo- and endonucleases. A
functional domain present in over a dozen genes involved in
repair is the Nudix hydrolase domain, which has been associ-
ated with controlling the levels of damaged mutagenic nucle-
otides. High numbers of such genes in genomes are suggested
to indicate metabolic complexity and high adaptability poten-
tial (33). Similarly to what we have observed for genes encod-
ing restriction endonucleases, genes involved in replication,
recombination, and repair also appear to be overrepresented
in chimeric reads and contigs.

Several transcription factors that belong to the ArsR, HxlR,
TetR, MarR, and AraC families were identified; however,
none of the basal transcriptional machinery genes are present
in the data. Among the genes involved in translation, 10 of the
24 bacterial aminoacyl tRNA synthetase genes are present. We
also recovered a large fraction of the conserved ribosomal
protein superoperon, spanning 16 genes, from L3 through L6
(as part of contig 5). The order of the genes is highly conserved
across the bacterial domain. Two additional ribosomal protein
genes (L25 and L35) were also found elsewhere in the genome,
as were other genes involved in translation and in RNA pro-
cessing [elongation factor G, polynucleotide phosphorylase,
RNase PH, and tRNA (uracil-5-)-methyltransferase]. The
TM7_GTL1 gene for the SSU rRNA, with a sequence identical
to that determined using PCR, was identified on contig 599.
We also recovered most of the gene for the large-subunit
rRNA (�2.4 kb) as part of contig 19.

TM7_GTL1 genome coverage. Due to the bias in the ampli-
fied genome library, it is difficult to estimate the genome size
for TM7_GTL1. An independent measure can be attempted
based on single-copy genes that are present in all genomes.
Using a list of 182 bacterial core genes (31), we identified 35
genes (data not shown), suggesting a genomic coverage of
�20% and a genome size of 3 to 3.5 Mbp. Since some of the
genes are clustered, however, the genome size could be under-
estimated.

DISCUSSION

There is considerable interest for a more in-depth under-
standing of the impacts microbial communities have on many
aspects that range from health and economics to small-scale
environmental processes and global cycles (36). The magni-
tude of microbial diversity has been recognized for some time,
and it might still be underestimated (41). rRNA sequences
have enabled the study of that diversity and allowed the in situ
visualization of some of the low-abundance microbes. How-
ever, they do not provide an understanding of the role that
these organisms might play in the community. Environmental

shotgun sequencing can provide a snapshot into the genomic
milieu of complex communities but is unlikely to lead to met-
abolic reconstruction for species present at low levels. Such
organisms, often members of phyla with few or no cultured
representatives, may encode novel biochemical strategies and
play key physiological and ecological roles in the community.
While it may be desirable to study some of these organisms in
culture, a targeted approach to rapidly access their genomes
can offer valuable initial information about their biology.

We have shown here that it is possible to obtain a significant
fraction of the genome of an uncultured bacterium, starting
with several cells selectively isolated from a complex environ-
mental sample. To achieve this, we linked two powerful meth-
ods used in microbial ecology (FISH and cell separation by
flow cytometry) to whole-genome amplification and sequenc-
ing. This approach combines the high specificity derived from
the stringent hybridization of oligonucleotide probes to target
rRNA in a taxonomically predefined cellular population with
the high sensitivity and throughput from the detection and
separation of labeled cells from complex mixtures of organisms
derived from flow cytometry. Because environmental bacterial
populations representing a “species” are not clonal and their
genomes may contain sequence and genetic map polymor-
phisms not reflected at the rRNA level (48), the computational
burden in resolving the polymorphisms and assembling a “pan-
genome” increases with the number of pooled cells. We there-
fore kept the number of cells at a minimum while providing an
input template sufficient for whole-genome amplification.

Since MDA has been used successfully for recovering and
sequencing genomes from cultured single bacterial cells, the
method should allow for genomic characterization of uncul-
tured organisms. The current technique, however, has limita-
tions when applied to a single cell or a few cells. There is a
significant sequence bias during amplification, causing varia-
tions in genome coverage. As observed previously (51), the
distribution of bias appears to be random and is probably due
to the limited number of initial replication initiation events and
the relatively short amplified DNA fragments. When the start-
ing amount of DNA is relatively high (ng range), the bias is not
as severe (38). The amplification bias can be reduced partially
by pooling multiple separate reactions; however, in the case of
environmental bacteria, this will result in an increased chance
of heterogeneity, due to the nonclonal nature of the popula-
tion. Another limitation of MDA is the formation of chimeric
structures which result in fragmented genes and difficulties in
assembling large genomic contigs. We determined empirically
that by using five cells and performing a modified MDA reac-
tion protocol we could achieve the lowest level of nontarget
cells while providing a template sufficient to result in a lower
fraction of chimeric fragments, as judged by assembly artifacts
and fragmented genes. The low level of sequences from a
coisolate, a common problem in cell separation done using
flow cytometry, was mitigated by GC content and taxonomic
sequence binning.

We applied this approach to a member of the TM7 division
for multiple reasons. TM7 bacteria are known to inhabit a wide
range of environments, from soils, water, and activated sludge
to termite guts (27, 35, 40). They have also been found in the
human oral cavity and may be associated with periodontitis (8).
There has been a sustained effort to obtain a glimpse into the
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physiology of TM7 bacteria in the absence of a cultivation
method and to bring some representatives into pure laboratory
cultures (44). In a recent study (19), a soil TM7 bacterium
formed microcolonies on a membrane support, although for-
mal species description and continuous cultivation have not yet
been reported for any member of this division. We decided,
therefore, that obtaining genomic information from a TM7
species would complement previous studies and may aid future
cultivation efforts.

Microbiological characterization of soil communities is no-
toriously difficult compared to characterizations of most other
environments. Besides the presence of components that inter-
fere with efficient cell separation, FISH, and DNA isolation,
soil has a heterogeneous architecture and is the home for some
of the most complex microbial communities, with diversities
that can reach thousands of species per gram (14). Partial
genomic sequencing of a minor uncultured TM7 member from
the soil community renders the approach applicable to organ-
isms from a broad range of other environments.

Several interesting biological inferences emerged for
TM7_GTL1. Phylogenetic analysis suggests that TM7 is a deep
lineage most closely related to the green nonsulfur bacteria
(Chloroflexi). As expected for a soil bacterium living in close
proximity to so many other species, TM7_GTL1 has abundant
protection mechanisms against toxins and foreign DNA, in-
cluding various transporters, cytochrome P450, and several
restriction-modification systems. It is a highly adaptable organ-
ism with genes for plasmid acquisition and effective DNA re-
pair and genes linked to environmental stress response and
resistance to starvation. Like many other soil bacteria,
TM7_GTL1 does not appear to use flagella for motility but has
genes for the type IV pilus, which may allow limited movement
by twitching. This is an important mechanism used by bacteria
to colonize new niches in the soil interstitial space and is also
involved in biofilm formation. The available information does
not indicate whether TM7_GTL1 has a specialized type of
metabolism or specify the nature of its major nutrient sources.
The presence of two operons for F-type ATP synthase may
indicate intense metabolic activity. The available sequence
data do not provide evidence sufficient to conclude whether
this organism is gram negative or gram positive. Prior studies
of filamentous TM7 bacteria suggest that these organisms are
gram positive (27), although variations in cell wall structure are
known to occur across taxonomic distances lower than division/
phylum (6).

The strategy that we described can be used to obtain rapidly
a much larger fraction of the genome of a target uncultured
microbe than that obtainable by any other existing approach.
Obvious improvements that can be made at the molecular level
include reducing the amplification bias and the formation of
chimeric structures. Such improvements should allow sequenc-
ing of a larger fraction of the genome, starting with a single
cell. One could imagine environmental-genomics projects in
which the focus is a specific group of organisms within a highly
diverse community. Rather than using a whole-library shotgun
approach, it would be more effective to target a significant
fraction of that diversity for “species by species” characteriza-
tion by flow cytometry and sequencing. Developing sorting
approaches for target cells that have not been fixed could also

open the way to cultivation and physiological studies of some
of these rare organisms.
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