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The bacterial phylum Acidobacteria has a widespread distribution and is one of the most common and diverse
phyla in soil habitats. However, members of this phylum have often been recalcitrant to cultivation methods,
hampering the study of this presumably important bacterial group. In this study, we used a cultivation-
independent metagenomic approach to recover genomic information from soilborne members of this phylum.
A soil metagenomic fosmid library was screened by PCR targeting acidobacterial 16S rRNA genes, facilitating
the recovery of 17 positive clones. Recovered inserts appeared to originate from a range of Acidobacteria
subdivisions, with dominance of subdivision 6 (10 clones). Upon full-length insert sequencing, gene annotation
identified a total of 350 open reading frames (ORFs), representing a broad range of functions. Remarkably, six
inserts from subdivision 6 contained a region of gene synteny, containing genes involved in purine de novo
biosynthesis and encoding tRNA synthetase and conserved hypothetical proteins. Similar genomic regions had
previously been observed in several environmental clones recovered from soil and marine sediments, facili-
tating comparisons with respect to gene organization and evolution. Comparative analyses revealed a general
dichotomy between marine and terrestrial genes in both phylogeny and G +C content. Although the significance
of this homologous gene cluster across subdivision 6 members is not known, it appears to be a common feature
within a large percentage of all acidobacterial genomic fragments recovered from both of these environments.

The genetic structure and functioning of the soilborne mi-
croorganisms are still poorly understood in part due to the
huge complexity of these communities. Molecular methods
targeting 16S rRNA genes have indeed revealed that soil mi-
crobial communities may be comprised of many thousands of
different species in a single gram of soil (52). Moreover, the
fraction of bacterial populations in soil that can be accessed
through standard cultivation techniques is very low (>5%) (3,
10, 52), limiting our ability to obtain functional information
about many of the microbial populations that dominate soil.
Although novel methodologies for culturing soil microbes have
been successful in culturing many soil bacteria (27), limitations
remain with respect to biases and failure to detect essential
microbial interactions and processes (49).

As phylogenetic inventories of soil microbial communities
have accrued, it has become clear that numerous bacterial
lineages appear to be quite common in the environment but
are underrepresented in bacterial culture collections (19). One
of the best examples of such a lineage is that of the Acidobac-
teria. This phylum is one of the most commonly detected phyla
in soil habitats by molecular methods, suggesting that members
of this phylum may be important drivers of key ecosystem
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processes in terrestrial ecosystems. However, physiological in-
formation on isolates is essentially lacking, and only three
complete genome sequences of isolates of this phylum have
been determined to date, including those for “Solibacter usita-
tus” (subdivision 3), “Korebacter versatilis” Ellin345 (subdivi-
sion 1), and Acidobacterium capsulatum (subdivision 1) (58).

The designation Acidobacteria was coined after the first de-
scribed species of this phylum, Acidobacterium capsulatum,
which was isolated in the late 1990s from an acidic mine drain-
age (36). The phylum name is somewhat misleading since Ac-
idobacteria are not restricted to acidic environments, as evi-
denced by their common detection in other habitats, including
ocean water, sediments, hot springs, peat bogs, and soil (5, 8§,
11, 18, 34, 42, 43, 48). Members of the Acidobacteria seem to be
particularly dominant in the soil, representing up to 52% of
16S rRNA gene sequences from clone libraries (46) and typi-
cally accounting for 20 to 30% of all bacterial 16S rRNA
sequences amplified by PCR from soil DNA (19, 26).

By means of phylogenetic analyses, Acidobacteria were orig-
inally described as having 4 to 5 subdivisions (31), with subse-
quent expansion to having between 8 and 11 subdivisions (22,
59). With larger sequencing efforts, it has recently been pro-
posed that the Acidobacteria may be composed of 26 or more
subdivisions (4), the majority of which still lack culture repre-
sentatives. Given their prevalence in soil environments, and
the lack of described cultures for most subdivisions, the Ac-
idobacteria have been proposed as ideal targets for study via
large-insert metagenomic approaches (30).

The first description of acidobacterial genome fragments
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TABLE 1. General characteristics of acidobacterial fosmid clones

Value(s) for fosmid no.:

Description
246 162 89 148 164 253 59

Subdivision — 1 3 4 4 4 6
Length 32,608 36,502 29,311 31,620 30,784 33,664 33,004 37,659
No. of gaps 0 0 0 0 0 1 0
% GC 57.7 58.7 55.5 59.3 70.3 54.4 53.8 64.5
% GC in ORF 57.4 60.8 59.9 71.1 55.2 53.6 65.9
No. of ORF 28 30 28 26 29 23 26
No. ORFs matching 13 20 14 10 14 13 13

nonhypothetical proteins
No. of ORFs matching hypothetical 3/12 3/7 10/4 3/13 3/12 4/6 6/7

proteins®
No. of tRNAs 4 2 2 1 4 3 2

Type(s) of rIRNA

58S, 168, 23S 58S, 16S, 23S 58S, 16S, 23S 58S, 16S, 23S 16S

58S, 168, 23S 58, 168, 23S 58, 168, 23S

“ Length of recovered sequences without gap length estimation.

® Number of ORFs with best matches to hypothetical proteins or proteins of unknown function/number of ORFs without any close match in the database.

¢ —, subdivision designation unclear.

obtained from a metagenome library was provided by Liles et
al. (33). By screening 24,400 bacterial artificial chromosome
(BAC) clones from a soil metagenome library for 16S rRNA
genes, those authors detected 12 clones putatively derived
from members of the phylum Acidobacteria (9 clones from
subdivision 6, 2 from subdivision 4, and 1 from subdivision 5).
A single BAC insert (from subdivision 5) was selected for
full-length sequencing, giving the first glimpse into the genome
of an organism from this mysterious bacterial phylum. In the
first study specifically targeting the Acidobacteria, Quaiser et al.
(45) recovered 6 acidobacterial fosmid clone fragments (4 out
of 6 related to subdivision 6) from a sandy ecosystem, followed
by the recovery of an additional 11 clones from deep-sea en-
vironments (44). This allowed for a preliminary comparison of
the genomic organizations in the chromosomal regions adja-
cent to rRNA operons, revealing a number of clones affiliated
with subdivision 6, which contained a colinear region encoding
genes involved in purine biosynthesis.

In this study, we sought to recover additional genomic in-
formation from Acidobacteria within soil environments, with
the goal of providing greater comparative insight into the func-
tion and evolution of members of this phylum. To this end, a
large-insert fosmid library (28,800 clones) was constructed
from high-molecular-weight DNA isolated from the rhizo-
sphere of Festuca ovina L. in a former agricultural soil and
screened for inserts of acidobacterial origin. The resulting 17
positive clones were subsequently subjected to full-length
DNA sequence analysis, followed by identification and anno-
tation of open reading frames (ORFs). General genomic prop-
erties were determined for all sequenced inserts and compared
across the Acidobacteria subdivisions represented in the li-
brary. A number of clones contained regions of synteny with
previously described acidobacterial gene fragments, facilitating
the phylogenetic analysis of genes contained within multiple
clones and comparisons across soil and marine habitats.

MATERIALS AND METHODS

Field site and sampling. Soil samples were collected from a former arable field
site located near Ede, Netherlands (52°4'N, 5°45’E), where an ecosystem res-
toration experiment was initiated after the 1995 harvest season within the Eu-
ropean project titled “Changing Land Usage: Enhancement of Biodiversity and

Ecosystem Development” (6, 54). The soil is described as loamy sand and had a
pH (KCI) of 5.8 and organic matter of 4.5%. Detailed soil characteristics can be
found in the work of Van der Putten et al. (54). Rhizosphere soil samples were
collected in August 2005 from the rhizosphere of Festuca ovina L. plants from
within plots sown with a monoculture of this species, adjacent to the main plant
diversity treatment experiment (28). For purposes of this study, rhizosphere was
defined as a combined sample of rhizosphere and root surface (rhizoplane),
where pieces of roots and adhering soil after shaking were collected. Soil samples
were frozen at —20°C for approximately 2 weeks prior to DNA extraction.

Metagenome library construction and screening. For large-insert meta-
genomic library construction, high-molecular-weight DNA was extracted from
10 g of soil (wet weight) as previously described (29, 55). The construction of the
metagenome library utilized the CopyControl fosmid library production kit (Epi-
centre, Madison, WI) and was preformed according to the manufacturer’s pro-
tocol. This protocol yielded 5'-phosphorylated blunt-end DNA, which was sub-
sequently ligated into the pCC1FOS vector and transformed into Escherichia coli
EPI300 (Epicentre, Madison, WI). The final metagenome library contained
28,800 chloramphenicol resistance clones selected on LB medium plates, with
addition of 12.5 pg ml~! of chloramphenicol.

All 28,800 clones in the metagenome library were subjected to a PCR-based
screening strategy using a seminested clone pooling strategy (28, 29) and the
primers pA/1378R (13) and Acd31F/1378R (5). Briefly, clones were cultured
overnight in 96-well plates, with the contents of 4 plates (384 clones) combined
in a single plasmid extraction (QIAprep Spin Miniprep kit; Qiagen, Venlo,
Netherlands). The resulting mixed template was used for PCR with the pAF/
1378R primer pair, followed by amplification with primers Acd31F/1378R, as
described by Kielak et al. (28, 29). In the cases where PCR product was detected,
clone pooling was reduced to a single plate. Pooling was further reduced to a
single row of a culture plate and eventually to a single clone for subsequent
reactions that produced positive product. After partial 16S rRNA gene sequenc-
ing and preliminary phylogenetic analysis, 17 clones affiliated to the Acidobac-
teria phylum were selected for full-length sequencing. Sequencing was performed
by Macrogen (Seoul, South Korea). Contig assembly was carried out using
Lasergene SeqMan (DNAStar). Remaining sequence gaps were closed by primer
walking with sequence-derived oligonucleotides. A few gaps could not be closed
due to the technical difficulties (Table 1).

Annotation and sequence properties. Open reading frames (ORFs) were as-
signed using the GLIMMER (12) and FGENESB (http://linuxl.softberry.com)
software tools. Annotation of putative ORFs was accomplished based on a
similarity search against nonredundant protein databases using BLASTX and
BLASTP algorithms, using an E value threshold of <10~'>. ORFs shorter than
150 bp were discarded. tRNA genes were identified using the tRNAscan-SE
program version 1.21 (35). ORFs were classified into functional categories as
clusters of orthologous groups (COGs) by using COGNITOR (51). Searches for
GC islands were performed using CpGFinder (http://linux1.softberry.com). For
identification of potential horizontal gene transfer regions, the method described
by Tamames and Moya (50) was applied to examine tetranucleotide frequencies.
For comparative analysis, full-length fosmid inserts sequences were compared
using polydot (http://emboss.bioinformatics.nl/cgi-bin/emboss/polydot). This was
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TABLE 1—Continued
Value(s) for fosmid no.:
66 70 92 98 126 213 259 270 293
6 6 6 6 6 6 6 6 6
29,899 33,759 33,281 30,8314 28,124 35,443 31,287 38,5854 36,563
0 0 0 1 0 0 1 3 4
63.4 62.7 62.7 65.5 66.3 65.2 65.9 65.0 69.2
64.8 63.9 63.8 67.6 67.9 67.1 68.3
20 27 22 26 19 21 27 30 36
9 12 5 20 5 10 13 15 24
6/5 10/5 7/10 472 717 5/6 5/9 11/4 3/9
2 2 2 2 0 2 2 2 1
5S,16S, 23S 5§, 16S, 23S 5S,16S, 23S 5SS, 16S, 23S 5S, 16S, 23S 5S, 16S, 23S 5SS, 16S, 23S 5SS, 16S, 23S 5SS, 168, 23S

followed by reciprocal BLASTN and TBLASTX searches among selected fos-
mids using the BLAST version 2.2.18 package (1; ftp:/ftp.ncbi.nih.gov). Genomic
fragment comparisons were visualized using the Artemis Comparison Tool ver-
sion 7 (7).

Phylogenetic analyses. All obtained 16S rRNA gene sequences were aligned
using the ARB software package (37) and manually edited, considering the
secondary structure of the rRNA molecule. Gaps and ambiguously aligned po-
sitions were excluded. The following two different methods were used for phy-
logenetic tree construction based upon small-subunit (SSU) rRNA gene se-
quences: neighbor joining (NJ) and maximum likelihood (ML). MrModeltest2.2
(41) was used to determine the most appropriate nucleotide substitution model.
The likelihood ratio test, as well as the Akaike information criterion, identified
the general time-reversible (GTR) model with invariable sites and I'-shaped
distribution of substitution rates as the best-fitting model. Both trees were con-
structed using the PHYLIP 3.67 package (15), with the model parameters cal-
culated by MrModeltest. The NJ tree was bootstrapped using 1,000 replicates,
and the ML tree was bootstrapped using 100 replicates. For protein phylogeny
reconstructions, closest orthologues were identified with BLASTP from NCBI
(2; http://www.ncbi.nlm.nih.gov/BLAST). Phylogenetic reconstructions were per-
formed with the PHYLIP 3.67 package (15), using NJ and ML.

Testing for potential sites of recombination. To help identify potential sites of
recombination, a multiple nucleotide sequence alignment was made for the
overlapping regions of fosmids 270, 59, and 98 and fosmids with GenBank
accession numbers AY281356, AY281352, EF597689, EU686586, EF597694,
EU686638, EU686603, EU686608, and EU795230 (44, 45). This alignment was
examined using several different statistical algorithms for predicting recombina-
tion probability, namely, RDP, GENECONV, MaxChi, Chimera, and SiScan.
Analyses were carried out with the RDP software package, version 3.34 (38).

Nucleotide sequence accession numbers. The sequences described in this study
have been deposited in the GenBank database under accession numbers
GU260698 to GU260714.

RESULTS AND DISCUSSION

General characteristics and annotation of acidobacterial
genomic fragments recovered from a rhizosphere met-
agenomic library. In total, 17 putatively acidobacterial
genomic fragments were detected in the library (28,800 fosmid
clones) based upon PCR detection of 16S rRNA genes affili-
ated with this phylum. Insert sizes ranged from approximately
30 to 38 kb. The majority of clones appeared to be derived
from members of Acidobacteria subdivision 6 (10 out of 17
clones), and fragments from subdivisions 4, 1, and 3 were also
recovered (3, 2, and 1 fosmid clones, respectively) (Table 1).
This prevalence of subdivision 6 is in agreement with previous
studies targeting soil habitats (5, 14, 20, 26, 31). It should be
noted that the screening strategy used here to identify target
inserts utilized an acidobacterium-specific primer, which has
recently been demonstrated to miss some lineages within this

phylum (4, 29). However, based upon general bacterial clone
analyses of the soil used in this study (28), these lineages
probably represent only a very small fraction of the total ac-
idobacterial community.

The G+C contents of inserts ranged from 54 to 70%, and
G+C contents were generally rather consistent within each
subdivision. Subdivision 6 sequences had the highest average
overall G+C content at 65.2%, ranging from 62.7% in clones
70 and 92 to 69.2% in clone 293. The G+C contents observed
in this study were comparable to those obtained previously for
soil fosmids by Quaiser et al. (45). However, these G+C con-
tents differed sharply from the values observed in fosmids
recovered from aquatic environments (44), where nine subdi-
vision 6 inserts averaged only 54.1% G+C. It has previously
been suggested that environment factors can influence G+C
content and potentially the specific amino acid composition of
proteins (16). Similar contrasts in average G+C content have
been observed in the comparison of metagenomic data ob-
tained from shotgun cloning and sequencing approaches. For
instance, the G+C contents of soil metagenomic sequences
versus surface water metagenomic sequences differ by almost
30% (61% versus 34%, respectively) (16, 53, 56). Interestingly,
this dichotomy across habitats appears to hold for organisms
that are phylogenetically rather closely related. However, the
reasons and mechanisms in which this occurs are not yet
known. The effects of genome size (21) and responses to shifts
in optimal growth temperature have been suggested as poten-
tial factors involved in shaping G+C content (39, 40), although
some evidence also speaks against the latter explanation (17,
23, 57).

Full-length fosmid insert sequences were subjected to gene
annotation, revealing a range of predicted gene functions (see
Tables S1 to S17 in the supplemental material). A large frac-
tion of predicted ORFs encoded housekeeping functions or
were assigned to hypothetical protein groups. The majority of
best BLAST hits were with genes from one of the three avail-
able Acidobacteria genome sequences (58). However, a size-
able proportion (46%) of ORFs showed best BLAST hits to
genomes other than those in Acidobacteria. Previous studies
have suggested an evolutionary link between the Acidobacteria
and the Proteobacteria, with the suggestion that the Acidobac-
teria may be a sister group of the Deltaproteobacteria (9). This
link is understandable given the results of the best BLAST hits



6772 KIELAK ET AL.

25

20 -

hits / gene number (%)

1 HHHHHHH i

9 e*‘ \zﬁ\?’ c'@“ﬁ {0‘0\3 ézxes\o@‘o ée@ i"‘e@ c\z& c@““ C@& A5 G
‘?\“@c\\\" \\00‘0%‘\0 o \60 O 00
P e 6\) 6\6‘ ?\'A \\'A?%e\%?oa\\z&‘ “\‘b?

FIG. 1. Proportion of best matches to bacterial phyla other than
the Acidobacteria (Proteobacteria shown at the class level) ORFs iden-
tified in a fosmid library constructed from soil-extracted DNA. Anal-
ysis was performed using tBLASTXx.
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from the current study, where the greatest number of se-
quences that did not match with available Acidobacteria ge-
nome sequences (Fig. 1) showed best matches with Deltapro-
teobacteria. However, it is still not clear if this is more due to
the prevalence of available proteobacterial genome sequences
in available databases as opposed to a true evolutionary link to
the Acidobacteria. This may be resolved as additional Ac-
idobacteria genome sequences become available.

Gene order and regions of synteny between fosmid clones.
Among the 10 clones that were affiliated with subdivision 6, 6
clones contained a homologous region of variable length
(clones 59, 70, 92, 98, 259, and 270). Remarkably, this region of
colinearity is also present in two previously published soil met-
agenomic clones (33, 45), as well as several metagenomic
clones from deep-sea samples (44). Thus, it appears that a
large fraction of the total acidobacterial communities in di-
verse habitats share this feature. The region of synteny con-
tains a tyrosyl-tRNA transferase, a hypothetical protein, and
genes involved in de novo purine synthesis (Fig. 2). The degree
of similarity of genome fragment organization generally fol-
lowed the phylogenetic distances determined based on 16S
rRNA gene sequence analysis. Further research will be re-
quired to determine whether there is some special feature of
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FIG. 2. Comparative genomic organization of genomic fragments affiliated with acidobacterial subdivision 6 (fosmid clones 59, 70, 92, 98, 259,
and 270 from this study; fosmid clones with GenBank accession numbers AY281356 and AY281352 from the study of Quaiser et al. [46]; and
fosmid clones with GenBank accession numbers EF597689, EU686586, EF597694, EU686638, EU686603, EU686608, and EU795230 from another
study of Quaiser et al. [45]). A neighbor-joining tree of 16S rRNA gene sequences is shown on the left as a reference. Sequences are aligned
according to the ribosomal operon localization. 16S rRNA and 23S rRNA genes are indicated as gray arrows. Conserved regions between genomic
fragments are indicated by gray-shaded areas, with gray intensity being a function of sequence similarity by tBLASTx over lengths greater than 150

bp. Particular ORFs mentioned in the text are highlighted in color.
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FIG. 3. Comparative genomic organization of fosmid 253 (subdivision 4) (top) in relation to previously described fosmid 46h5 (46) (bottom).
Conserved genomic regions between fosmid clones are indicated by gray-shaded areas, with gray intensity being a function of sequence similarity
by tBLASTX over lengths greater than 150 bp. Particular ORFs mentioned in the text are highlighted in color.

these genes that has led to their conservation adjacent to
rRNA operons within this phylum and whether these Ac-
idobacteria populations also share syntenous regions elsewhere
on their chromosomes.

A region of colinearity was also identified for two fosmid
inserts affiliated with subdivision 4, clone 253 from this study
and clone 46h5 (GenBank accession numbers AY281357 and
AY281358) from the study of Quaiser et al. (45) (Fig. 3).
However, there are only five genomic fragments that have been
recovered to date from members of this subdivision (three
from this study and two from the study of Quaiser et al. [45]).
Thus, it remains to be seen if this observation represents a
lucky coincidence or a more widespread phenomenon, as seen
for the syntenous regions within subdivision 6 clones. None of
the recovered fosmid clones had any significant regions of
colinearity with the genomes available for 4. capsulatum, strain
Ellin345, or strain Ellin607.

Phylogenetic analysis of members of subdivision 6 based on
16S rRNA genes and genes shared between fosmid clones.
Given that the majority of metagenomic clones were affiliated
with subdivision 6, we chose to focus special attention on the
phylogenetic analysis of this subdivision. There is a large de-
gree of sequence variation within this subdivision, and the
diversity of sequences derived from soils appears to be much
greater than that found in aquatic environments (Fig. 4). Phy-
logenetic analysis of the 16S rRNA gene sequences belonging
to subdivision 6 revealed that sequences recovered from
aquatic environments seemed to cluster rather tightly, with
sequence similarities ranging from 0.911 to 0.999 (see Table
S18 in the supplemental material). Soil clones, on the other
hand, were spread across the breadth of the subdivision, with
sequence similarities ranging from 0.822 to 0.999. Thus, soil-
borne Acidobacteria appeared to be more diverse, with a total
16S rRNA gene diversity that was comparable to those ob-
served within many phyla (47).

The recovery of regions of synteny (see below) between
several clones within this and previous studies (45, 46) also
allowed for a more in-depth analysis of several protein-encod-
ing genes for comparison with 16S rRNA gene-based phylog-
eny. The clustering of soil and aquatic sequences within the
SSU gene-based tree is generally mirrored in the phylogenies

of the protein-encoding genes that we examined, as well as
comparisons across the full lengths of the inserts that exhibit
regions of synteny (Fig. 2). The phylogenetic reconstructions
derived from PurM and PurN show the Acidobacteria as a
monophyletic group, with a clear separation of environmental
sequences based upon habitat (Fig. 5B and C). Interestingly,
TyrS exhibits a different pattern, with two distinct groups of
sequences, affiliated with different bacterial groups (Fig. SA).
All the sequences recovered from deep-sea environments (Fig.
5A, designated with “W?”) clustered tightly and were affiliated
with the sequences derived from two soil clones as well as the
three fully sequenced Acidobacteria genomes. The remaining
soil clones belonged to the other TyrS subclass and clustered
together, showing greatest similarity to the sequence available
for Desulfococcus oleovorans (GenBank accession number
YP_001528496). It remains to be investigated why these genes
display such contrasting phylogenies.

To detect potential hot spots for recombination within the
overlapping region of subdivision 6 clones, a composite align-
ment (12 clones, 8,750 bp, and using clone 270 as a reference)
was subjected to several tests designed to detect sequence
regions for which recombination events may explain sequence
patterns (38). All predicted events with statistical significance
of P of <0.05 detected by one or more of the five algorithms
used (RDP, GENECONYV, MaxChi, Chimera, and SiScan) are
listed in the Table S19 in the supplemental material. Break-
points were not evenly distributed across the examined region
(see Fig. S1 in the supplemental material), with the highest
number of breakpoints detected within PurM (22), followed by
TyrS, PurN, and two conserved hypothetical proteins (16, 12,
10, and 3 breakpoints, respectively) (see Fig. S1 in the supple-
mental material). The various methods used yielded different
results but generally revealed the same patterns of hot and cold
spots for potential recombination across the analyzed region,
and only a single site was identified to be significant by all
algorithms used. Thus, recombination analysis suggested that
the presence of hot spots of recombination within the regions
of synteny were observed within subdivision 6 clones, but these
regions did not appear to be unusual in their G+C contents,
codon usage, or tetranucleotide usage patterns (not shown).
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99— clone 270

clone FO4 WMSP2 (DQ450694); saturated alpine tundra wet meadow soil

clone 59
clone DA023 (Y07586); grassland soil
clone ctg CGOGA83 (D0395962); deep-sea octacoral
clone BacA 066 (EU335233); unsaturated horizon soil aggregate
[ clone BAC-S4ES (4Y214896); soil
clone Elev 6S 1529 (EF020116); trembling aspen rhizosphere under elevated CO2
clone Plot21-2A11 (EU192955); agricultural soil
70 clone DUNssu476 (A Y913615); 0-20 cm bulk soil, Duennwald forest
clone JG35+U3-JT17 (AM084891); soil sample from uranium mining waste pile
clone JG35+U3-JT12 (AM084890); soil sample from uranium mining waste pile
clone FCPN733 (EF'516596); grassland soil
clone NiA DM 25 (EU150247); dry meadow soil

clone 213
’} clone RT 3 (EU644182); permafrost active layer soil

| ———————— clone ABS-10 (AY289399); sandy surface soils
b Clone 1 A4 (EU589250)', rice paddy field soil

clone 70
clone SWB31 (AB294342); deep coal seam groundwater
clone BacC-s 022 (EU335189); saturated horizon soil aggregate
[ clone JG36-TzT-200 (AJ534636); soil sample from uranium mining waste pile
clone JG37-AG-112 (AJ519387); soil sample from uranium mining waste pile

99— clone DONS (DQO829644); aquatic system
clone BS067 (AB240247); bulk soil of reed bed reactor

clone Amb 16S 732 (EFO]8357); trembling aspen rhizosphere
84 clone 20BSU7 (4J863210); poplar tree microcosm, bulk soil
clone JG35+U2B-AG54 (AM]16732 ; soil sample from uranium mining waste pile

clone 655070 (DQ404731); contaminated sediment

100y clone Plot03-2B04 (EU276435); agricultural soil
497@8 Plot03-2C04 (EU2 76443); agricultural soil

clone 259
[ clone Plot21-HI12 (EU193036); agricultural soil

61 clone 38¢7 (AY281354); sandy soil
J_I(: clone 126
95| clone AKYH1308 (4Y922099); farm soil
— clone 1 B3 (EU589257); rice paddy field soil
clone F6-173 (EF688397); soil
1001~ clone 3 13MK (EF540398); soil
clone 354D (A Y571 790); hydrocarbon-contaminated soil
clone TX5A_160 (FJ15286<?' alkaline saline soils
clone 08-C161 (EF6123 é), lead-zinc mine tailing soil
clone 23k22 (4Y281352); sandy soil
- clone BS127 EAB240267); bulk soil of reed bed reactor
ié clone 66
clone KCM-C-55 (AJ58]627); non-ferrous metal smelting factory soil sample

74 clone 92
96 clone p11f130k (FJ478687); undisturbed tall grass prairie soil
99 clone Rb24 (29571 7); genetically modified plants fields soil

clone g74 (EU979083); rhizosphere of Vicia faba L.
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FIG. 4. Neighbor-joining tree of subdivision 6 of the Acidobacteria, highlighting the sequences recovered by this and two other metagenomic
studies (45, 46). Names in italics indicate sequences retrieved from GenBank. Green, this study and soil metagenome library (46); blue, deep-sea
metagenomic library (45). Numbers near nodes indicate bootstrap values. Sequences from subdivision 4 were used as an outgroup.
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FIG. 5. Maximum likelihood phylogenetic analysis of tyrosyl-tRNA synthetase (TyrS) (A), phosphoribosylformylglycinamidine cyclo-ligase (PurM)
(B), and trifunctional purine biosynthetic protein (PurN) (C). Amino acid sequences obtained in this study are underlined. A “W” after the name
indicates sequences obtained from deep-sea clones, and an “S” after the name indicates sequences obtained from soil clones. The analysis was performed
on 220 (A), 262 (B), and 125 (C) unambiguously aligned amino acid positions. Numbers near nodes indicate bootstrap values (only bootstrap values of

=60 are shown).
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Conclusions. The metagenomic screening method employed
in this study proved to be successful for the recovery of
genomic information from diverse Acidobacteria directly from
the environment. However, although a large amount of
genomic information could be obtained, insights into ecology
are still limited due to the lack of niche-defining genes and
physiological knowledge for members of this phylum. Despite
this limitation, the information recovered did allow for the
most extensive phylogenetic and evolutionary study of Ac-
idobacteria subdivision 6 to date. Also, the information gath-
ered via the rRNA gene-based PCR screening method re-
quired a large number of clones to be screened and provided
only insight into the genomic regions directly adjacent to
rRNA operons. Additional genome sequencing efforts for a
broad range of strains of Acidobacteria will no doubt facilitate
metagenomic efforts, as this should allow the identification of
metagenomics clones of acidobacterial origin by end sequenc-
ing and binning. Also, novel high-throughput screening meth-
ods (24) and single-cell sequencing approaches (25, 32) hold
great promise in expanding our understanding of the genomic
diversity of this phylum.

It is amazing that the observed region of gene synteny within
subdivision 6 fosmid clones was found so broadly and fre-
quently. The significance of this finding and the potential for
other regions of homology across the chromosomes of subdi-
vision 6 members remain to be determined. Given the wide-
spread nature of strains exhibiting this feature, and the large
proportion of Acidobacteria subdivision 6 in diverse ecosys-
tems, this represents a clear research priority.
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