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Accurate detection of transcriptional regulatory elements is essential for high-quality genome annotation, metabolic reconstruc-
tion, and modeling of regulatory networks. We developed a computational approach for reconstruction of regulons operated by
transcription factors (TFs) from large protein families and applied this novel approach to three TF families in 10 Desulfovibrion-
ales genomes. Phylogenetic analyses of 125 regulators from the ArsR, Crp/Fnr, and GntR families revealed that 65% of these reg-
ulators (termed reference TFs) are well conserved in Desulfovibrionales, while the remaining 35% of regulators (termed single-
ton TFs) are species specific and show a mosaic distribution. For regulon reconstruction in the group of singleton TFs, the
standard orthology-based approach was inefficient, and thus, we developed a novel approach based on the simultaneous study of
all homologous TFs from the same family in a group of genomes. As a result, we identified binding for 21 singleton TFs and for
all reference TFs in all three analyzed families. Within each TF family we observed structural similarities between DNA-binding
motifs of different reference and singleton TFs. The collection of reconstructed regulons is available at the RegPrecise database
(http://regprecise.lbl.gov/RegPrecise/Desulfovibrionales.jsp).

Acomparative genomics approach is widely used for computa-
tional identification of regulatory elements, such as transcrip-

tion factor (TF) binding sites (TFBSs), and reconstruction of tran-
scriptional regulation in related microbial genomes (1–3). The
approach relies on the assumption that if a particular genomic
feature is preserved in the course of evolution, it is highly probable
that this feature has a specific functional role in a cell. Specifically,
in reconstruction of transcriptional regulation, we assume that as
long as a TF-encoding gene is conserved in a set of closely related
species, the regulation of respective genes via cognate TFBSs also
tends to be maintained (4).

The genes controlled by the same TF and their cis-acting regu-
latory elements comprise a regulon. A set of genes from multiple
related genomes regulated by orthologous TFs constitutes a regu-
log (5). The comparative genomics methods confidently predict
conserved regulog members with TFBSs that are present upstream
of multiple orthologous genes. Nonconserved members of a regu-
log lack either gene orthologs or TFBSs in several genomes. As-
sessment of nonconserved candidate regulog members requires
additional evidence, such as the functional concurrence of candi-
date regulated genes or colocalization of a candidate target gene
with a TF-encoding gene. A large group of bacterial TFs is encoded
by species-specific genes that lack orthologs in related genomes.
These singleton TFs likely arose due to horizontal gene transfer in
the evolution of individual microbial species (6, 7).

The standard comparative genomics approach is hardly appli-
cable for reconstruction of regulons controlled by species-specific
TFs that lack orthologs in closely related genomes. In this study,
we directly addressed this problem and developed a novel compu-
tational approach for genomic reconstruction of regulons con-
trolled by singleton TFs, i.e., regulators that are present in only one
species in a group of related bacteria. In this work, we use an
operational definition of a singleton TF to be a regulator that is
present in one or two species, since for a group of two genomes,

the comparative genomics approach could not be applied confi-
dently.

The proposed approach is based on three assumptions. First,
we assume a constrained diversity of binding sites within a TF
family. Since all members of a TF family have one structural type
of DNA-binding domain, they are expected to share at least some
characteristics of their DNA-binding motifs. This assumption has
been used earlier for the discovery of TF-binding motifs with fa-
milial binding profiles (8). Second, we assume a structural simi-
larity of TF-binding motifs from the same TF family. Palindromic
symmetry of prokaryotic TF-binding motifs has been used in dif-
ferent strategies of the TFBS search (9–11). We compare the pal-
indromic symmetry of known TF-binding motifs to the symmetry
of candidate TFBSs using relative entropy as a measure of similar-
ity. Third, we assume colocalization of a singleton TF-encoding
gene and its target genes on the chromosome. Many local regula-
tors in Escherichia coli are adjacent to operons that they regulate
(12). Since many local regulators were demonstrated to undergo
horizontal gene transfer either at the interspecies (6) or at the
intraspecies (7) level and horizontal gene transfer seems to be an
important mechanism of singleton TF origin, we expect to find
TFBSs for singleton regulators in a close genomic neighborhood.
This tendency has been used in the sequence-based method for
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TFBS discovery tested on groups of homologous prokaryotic TFs
(13).

In this study, all three assumptions were utilized in the devel-
opment of a novel computational approach for in silico recon-
struction of singleton TF regulons in microbial genomes. We ap-
plied this approach to infer singleton regulons in three large TF
families in 10 microorganisms from the Desulfovibrionales order,
known for their involvement in biocorrosion and potential use in
bioremediation (14, 15). Our results demonstrated that a signifi-
cant fraction of regulons controlled by singleton TFs could be
inferred by the proposed approach.

MATERIALS AND METHODS
The overall scheme of the computational approach for reconstruction of
both reference and singleton regulons within a single TF family is shown
in Fig. 1. Briefly, the work flow consists of three main steps: (i) identifica-
tion of TF family representatives and phylogenetic analysis to select the
orthologous groups of TFs (reference TFs) and the singleton TFs, (ii)
comparative genomic reconstruction of reference TF regulons, and (iii)
identification of binding sites for singleton TFs.

Identification and phylogenetic analysis of transcription factors.
We tested our approach on the group of 10 genomes of Desulfovibrionales
uploaded from the MicrobesOnline database (16): Desulfovibrio vulgaris
Hildenborough, Desulfovibrio vulgaris Miyazaki F, Desulfovibrio alaskensis
G20, Desulfovibrio desulfuricans ATCC 27774, Desulfovibrio magneticus
RS-1, Desulfovibrio salexigens DSM 2638, Desulfovibrio piger ATCC 29098,
Lawsonia intracellularis PHE/MN1-00, Desulfomicrobium baculatum
DSM 4028, and Desulfohalobium retbaense DSM 5692. We excluded the
Desulfovibrio vulgaris DP4 genome from the study because it is very sim-
ilar to that of D. vulgaris Hildenborough.

A search for TFs from the Crp/Fnr, ArsR, and GntR families was con-
ducted using public programmatic access to the MicrobesOnline database
(16). Crp/Fnr family members were identified as proteins that belong to
the COG0664 family and possess a Crp-type DNA-binding domain
(IPR001808). ArsR family members were proteins with an annotated
ArsR-type DNA-binding domain (IPR01845). GntR family members had
an annotated GntR-type DNA-binding domain (IPR000524). Diverse
regulators from the GntR family were divided into three subfamilies ac-
cording to the previously described classification (17).

We used the ClustalX (version 2.1) program (18) for protein align-
ment construction and phylogenetic analysis. Phylogenetic trees were
constructed by the neighbor-joining method with default parameters,
with calculation of bootstraps from 1,000 replications. Orthologous
groups of TFs were identified as high-confidence clusters on the phyloge-
netic tree that have more than 40% pairwise protein identity within the
cluster. On the basis of the size, orthologous TF groups were classified as
reference groups (three or more orthologous proteins) or singleton
groups (containing one or two TFs). The details on the regulon recon-
struction for the TFs from these two groups are described below.

Reconstruction of reference regulons. We used the comparative
genomics approach implemented in the RegPredict web server (19). For
the three groups of TFs (CooA [20], HcpR [21], and LldR [22]), binding
motifs were described earlier; thus, we used a procedure of regulon infer-
ence with known positional weight matrices (PWMs). These initial PWMs
were used for identification of similar TFBSs in the analyzed group of
genomes. Novel lineage-specific PWMs were constructed with TFBSs
identified by the initial search in genomes of Desulfovibrionales and used
for final regulon description.

For the rest of the reference orthologous TF groups, we applied a
procedure of de novo regulon inference (19). Briefly, we selected sets of
putative operons in a genomic neighborhood of each TF gene and col-
lected their upstream regions (from nucleotides [nt] �400 to �50 with
respect to the translation start). Each set included the TF-encoding
operon, two upstream operons, and two downstream operons. We used
operon predictions from the MicrobesOnline database (16). A common

palindromic motif with the highest information content was identified in
each set of upstream sequences by using the Discover Profiles tool of the
RegPredict server. For each novel motif, a specific PWM was constructed
and further used for a whole-genome site search (19). A gene was consid-
ered to be a member of a TF regulon if putative TFBSs were found up-
stream of the gene and upstream of its orthologs in several other genomes
or it was included in the operon bearing such a conserved binding site.
Strong nonconserved TFBSs were considered true positives if they were
identified upstream of genes that are functionally related to known mem-
bers of the regulon. All identified TFBSs were aligned and used for refine-
ment of a TF-binding motif and final regulon reconstruction. These TF-
binding motifs were used as a reference for singleton regulon
reconstruction.

Reconstruction of singleton regulons. We identified candidate TF-
BSs in the neighborhood of a TF-encoding gene using the sequence and
structural similarities between a candidate TFBS and reference TF motifs
for regulators from the same TF family. The structural similarity between
a candidate TFBS and known TF motifs was evaluated by use of the sym-
metry profiles constructed with the sets of TFBSs from the reference regu-
lons reconstructed in the Desulfovibrionales genomes in this study.

Construction of symmetry profiles. We used the sets of TFBSs of
reference regulators to construct symmetry profiles to compare the sym-
metry of candidate binding sites with the symmetry of each reference
TF-binding motif. As a measure of site symmetry, we used the relative
entropy. Each site in the set was compared with its reverse-complemented
counterpart, and the symmetry score (W) was calculated as follows:

W � �
k � 1

N

q(k)log� q(k)

2[q(A)q(T)] � [q(C)q(G)]� (1)

where N is the site length, q(k) is the observed frequency of symmetrical
nucleotides at position k, and q(A), q(C), q(G), and q(T) are the observed
frequencies of the A, C, G, and T nucleotides in the set of binding sites,
respectively. The lowest symmetry score observed in the training set of
sites was chosen as a threshold for symmetry scoring of candidate binding
sites.

Construction of familial PWMs and symmetry profiles. In addition
to the reference TF-binding motifs, we used PWMs composed of known
TF-family motifs that we call familial PWMs. We used an alignment of
TFBSs from all reference regulons of a TF family to build a single familial
PWM. The Crp/Fnr familial PWM was built on the basis of the alignment
of TFBSs from the CooA, DvMF_1708, HcpR, Desal_2066, and MreC
regulogs. The ArsR familial PWM was constructed using TFBSs of the
ArsR, ArsR2, SahR, and SmtB TFs. The first and the last nucleotide of
SmtB binding sites were removed to ensure that all sites in the set had
identical lengths (20 bp). Symmetry profiles for familial PWMs were con-
structed as described above. For the GntR TF family, a familial PWM
could not be constructed because of the great dissimilarity between refer-
ence motifs.

Identification of binding sites for singleton TFs. The procedure for
reconstruction of singleton TF regulons consisted of the following three
steps. First, candidate singleton TFBSs with the known reference and fa-
milial PWMs were identified using the RegPredict web server with the
following search parameters: a site score threshold of 3.0 and a search
range of �250 to 1 nt with respect to the start codon but excluding the
coding region of upstream genes. We collected a set of candidate TFBSs
found in upstream regions of the operon encoding the singleton TF, two
upstream operons, and two downstream operons. At the second step,
these candidate TFBSs were evaluated using the symmetry profile for the
corresponding reference TF regulon motif, and sites with a score below
the threshold were rejected. For the Crp/Fnr- and ArsR-family regulators,
these two steps were performed for each reference regulon motif and for
the familial motif. For singleton regulators from the GntR family, mem-
bers of each subfamily were analyzed only with the PWM and the symme-
try profile of regulators from the same subfamily. Specifically, for analysis
of the FadR subfamily of singleton TFs, the DVU2644 and LldR motifs
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were used. For analysis of MocR subfamily members, the DVU0030 and
DVU2953 motifs were used.

At the third step, the sets of candidate sites were merged and a candi-
date site with the highest symmetry score was considered a true binding
site. If there were several different candidate sites with similar symmetry
scores or no candidate sites were found, two additional criteria were con-
sidered. The first additional criterion was cotranscription of a TF-encod-

ing gene with other genes in one operon. A candidate site upstream of the
multigene operon that included a singleton regulator was considered the
most probable candidate.

The second additional criterion was based on the observation that
similar regulators may regulate similar biological processes from the same
functional category. For instance, a vast majority of Fur TF family mem-
bers regulate metal homeostasis (23), while many regulators from the

FIG 1 Work flow for reconstruction of reference and singleton TF regulons within a single TF family.
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LacI/GalR family control the catabolism of various carbohydrates (24). If
the first criterion could not discriminate between several candidates, gene
ontology annotations of upstream and downstream neighbors of a single-
ton TF gene were used to select the proximal genes of similar function and
to repeat the PWM-based site search with a decreased threshold of 2.5.

After identification of a singleton regulator binding site(s), a symme-
trized PWM was constructed for each regulator from those sites’ se-
quences and their reverse complements. Additional binding sites were
identified by whole-genome search with the symmetrized PWM using the
RegPredict server as described earlier (19).

Motif logos were constructed using the Weblogo tool (25). Predicted
regulons were deposited in the RegPrecise database (26; http://regprecise
.lbl.gov/RegPrecise/Desulfovibrionales.jsp).

RESULTS
Phylogenetic analysis and classification of TF families in Desul-
fovibrionales. To test a novel TF regulon inference approach, we
chose a group of 10 deltaproteobacteria from the Desulfovibrion-
ales order and three large TF families, Crp/Fnr, ArsR, and GntR. In
total, 125 proteins were found in these genomes within the Crp/

Fnr, ArsR, and GntR families (Table 1). The numbers of TFs
within the three analyzed families varied significantly between in-
dividual genomes, (see Table S1 in the supplemental material).
For instance, L. intracellularis and D. salexigens possess 1 and 20
proteins within the three TF families, respectively. For GntR-fam-
ily TFs, 26 proteins were from the FadR subfamily, 15 proteins
were from the MocR subfamily, 6 proteins were from the HutC
subfamily, and 6 proteins did not belong to any known subfami-
lies.

To identify orthologous groups of transcriptional regulators,
we constructed phylogenetic trees for each studied TF family (Fig.
2 to 4). Among 125 proteins, 81 TFs (65%) were assigned to or-
thologous groups which included three or more TFs. The remain-
ing 44 regulators were found to be either species specific (34 reg-
ulators) or possess a single ortholog within the Desulfovibrionales
(totally 10 regulators). Typically, every organism had only one
representative per orthologous group. The only exception was the
ArsR orthologous group of regulators associated with arsenic re-
sistance cassettes. In this group, a second copy of a regulatory gene
emerged in three genomes, possibly as a result of recent duplica-
tion or horizontal transfer of the cassettes. For reconstruction of
regulons controlled by these TFs, we started from the comparative
genomic analysis of regulators from the orthologous groups (ref-
erence TFs) and then proceeded with regulon inference for the
remaining group of species-specific regulators (singleton TFs).

Reconstruction of reference TF regulons. The comparative
genomics approach implemented in the RegPredict web server

TABLE 1 Classification of TFs in the Desulfovibrionales

TF family

No. of TFs (no. of orthologous groups)

Reference Singleton Total

Crp/Fnr 24 (5) 10 34
ArsR 30 (4) 8 38
GntR 28 (5) 25 53

FIG 2 Neighbor-joining tree of the Crp/Fnr-family TFs. The numbers represent bootstrap values obtained from 1,000 replicates. Orthologous groups of TFs are
marked by colors. Groups of TFs that have common TF-binding motifs are marked by brackets.
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(19) was utilized for reconstruction of the reference TF regulons
for 14 orthologous groups of regulators from the Crp/Fnr, ArsR,
and GntR families (Table 2). For three reference TF regulogs, the
regulon reconstruction procedure was started from the previously
known DNA-binding motifs for CooA (20), HcpR (21), and LldR
(22), whereas the remaining 11 regulogs were reconstructed by the
de novo regulon reconstruction procedure, as described in Mate-
rials and Methods. The majority of reconstructed reference TF
regulons contain only one or two target operons (Table 2). Typi-
cally, these local TF regulons have a TF-encoding gene, which is
either autoregulated or located near a TF-regulated operon. Two
remarkable exceptions are the HcpR and SahR regulons, which
include up to five target operons per genome (see Table S1 in the
supplemental material). The phylogenetic distribution of the ref-
erence TFs in Desulfovibrionales is nonuniform. The SahR regulon
is the most widely distributed among the Desulfovibrionales ge-
nomes, being present in nine genomes, whereas four reference TFs
are present in only three genomes (Table 2). The reconstructed
reference TF regulons were further used for the analysis of single-
ton TF regulons.

Reconstruction of singleton TF regulons. A modified com-
parative genomics approach was developed for reconstruction of
the singleton TF regulons (see Materials and Methods). By utiliz-
ing this approach, we were able to reconstruct 21 out of 44 single-
ton TF regulons from the Crp/Fnr, ArsR, and GntR families in the
Desulfovibrionales (Table 3). At the first step, we used the reference
and familial PWMs to identify candidate TFBSs in the neighbor-
hood of singleton TF genes. As result, the best TFBS candidates
were tentatively assigned to 16 singleton regulators by using the
TFBS symmetry scores, whereas for the remaining 5 singleton reg-
ulators, two or more candidate TFBSs were chosen at this step
because of their high similarity to each other. At the next step,
additional candidate TFBSs were identified for eight singleton TFs
by whole-genome scanning using the candidate site(s) deter-
mined at the first step.

For reconstruction of five singleton TF regulons, we used ad-
ditional criteria. For the Crp/Fnr-family regulator Ddes_1827, no
candidate binding sites were found with the reference TFBS pro-
files. Since the gene encoding this regulator is probably cotrans-
cribed with two other genes, this putative operon was expected to

FIG 3 Neighbor-joining tree of the ArsR-family TFs. The numbers represent bootstrap values obtained from 1,000 replicates. Orthologous groups of TFs are
marked by colors. Groups of TFs that have common TF-binding motifs are marked by brackets.
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be autoregulated. Newly identified singleton TFBS motifs of the
Crp/Fnr family were used to search for a candidate binding site
upstream of the Ddes_1827 gene. As result, the Desal_0494 motif
was applied to identify a putative binding site of Ddes_1827. For
reconstruction of two ArsR-family singleton TFs, DvMF_2392
and Ddes_1925, we used an additional functional consideration
based on the observation that many ArsR-like TFs control arsenic
resistance. Indeed, the arsenic resistance genes were located di-
rectly downstream from these singleton TF genes and a common
22-bp palindromic motif was identified in their upstream gene
regions (see Fig. S6 in the supplemental material).

A distinctive feature of the GntR family is the presence of sev-
eral TF subfamilies with very different binding motifs. Since our
collection of reference TF regulons included only representatives
from the FadR and MocR subfamilies, we were unable to use their
motifs for the inference of HutC-like singleton TF regulons. Thus,
the functional criterion was used for regulon reconstruction for
two HutC-subfamily TFs, Dde_3327 and Dbac_0812, that are en-
coded by genes colocalized with the phosphonate metabolism
operons (see Fig. S8 in the supplemental material). The search for
a common binding motif within the upstream region of these two
operons identified a 16-bp inverted repeat, and an additional copy
of this repeat was found upstream of an operon encoding the
phosphonate transporter in D. baculatum.

In summary, singleton TF regulons were identified for 9 out of
10 singleton TFs from the Crp/Fnr family (see Table S2 in the
supplemental material), 7 out of 8 singleton TFs from the ArsR
family (see Table S3 in the supplemental material), and 5 out of 26
singleton TFs from the GntR family (see Table S4 in the supple-
mental material). Brief descriptions of the reconstructed singleton

regulons for each TF family are given in the following sections.
More details on the reconstruction of both reference and singleton
TF regulons are available in the supplemental material.

Crp/Fnr-family singleton TF regulons. Ten representatives of
the Crp/Fnr family were classified as singleton TFs (Table 1).
Analysis of the genomic context of two singleton TFs, Dde_1200
and Desal_0411, suggests that they are located within operons
containing paralogs of genes from the reconstructed MreC refer-
ence regulon (see Fig. S1 in the supplemental material). The 18-bp
palindromic DNA motif identified upstream of the mreB ho-
mologs was assigned as a candidate motif for these singleton TFs.
The motifs identified for both singleton TFs and MreC have the
same 18-bp structure and partially similar consensus sequences
(Fig. 2). The only difference between these reconstructed regulons
is that in both singleton regulons, the TF-encoding genes are not
subject to autoregulation, whereas in the MreC regulon, the mreC
gene is a part of the MreC-regulated operon.

The DVU3111 singleton TF is encoded in a unique genomic
locus that also includes a paralog of the mreA transporter, a ferre-
doxin, and a hypothetical oxidoreductase (see Fig. S1 in the sup-
plemental material). A common 18-bp DNA motif identified up-
stream of these genes demonstrated significant similarity with the
MreC binding motif and was assigned as a putative binding motif
for DVU3111.

The phylogenetic and genome context analyses of two single-
ton TFs, Ddes_2092 and Ddes_1411, suggest that these regulators
are close paralogs that are adjacent to hypothetical arylsulfotrans-
ferases (see Fig. S1 in the supplemental material). However, these
paralogous loci contain different transporter genes: Ddes_2092 is
colocalized with a transporter from the sodium/sulfate family,

FIG 4 Neighbor-joining tree of the GntR-family TFs. The numbers represent bootstrap values obtained from 1,000 replicates. Orthologous groups of TFs are
marked by colors. Groups of TFs that have common TF-binding motifs are marked by brackets.
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whereas Ddes_1411 is clustered with a major facilitator superfam-
ily (MFS)-type transporter. The identified 18-bp DNA motif for
the Ddes_2092 and Ddes_1411 singleton TFs has the consensus
sequence WTGTTGCNNNNGCAACAW, which is very similar to
the MreC motif.

Genomic context analysis of two singleton TFs, DESPIG_
03026 and Ddes_1827, suggests that they are located in putative
operons with the hydroxylamine reductase hcp genes (see Fig. S2
in the supplemental material). Analysis of upstream regions of
these operons identified 18-bp palindromic TFBSs that have some
similarity to the HcpR binding motif. A similar candidate TFBS
was identified upstream of Ddes_0528, which encodes another
singleton TF. A whole-genome search with the Ddes_0528 PWM
identified an additional target gene of the respective singleton TF,
Ddes_1164, encoding a hypothetical cupin domain-containing
protein, which is orthologous to a previously identified member
of the reference HcpR regulon, Dret_2382. We conclude that the
reference HcpR regulon and the above-mentioned three HcpR-
like singleton regulons in Desulfovibrionales have similar func-
tional roles in the response to nitrosative stress.

A candidate TFBS for the Desal_0494 singleton TF was identi-
fied in the upstream region of the downstream Desal_0493 gene
encoding a GlnB-like protein.

ArsR-family singleton TF regulons. Eight ArsR-family pro-
teins from Desulfovibrionales genomes were identified as singleton
regulators by the phylogenetic analysis (Table 1). Two ortholo-
gous ArsR-like regulatory genes were found near operons that
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TABLE 3 Reconstruction of singleton TF regulons

Family and regulon

No. of sites

Sites identified with
PWM and
symmetry profilea

Good
sites

Additional
sites in
genome Total

Crp/Fnr
DVU3111 4 2 1 3
Dde_1200 5 1 0 1
Ddes_0528 1 1 1 2
Ddes_1411 5 3 3 6
Ddes_1827 1b 1b 0 1
Ddes_2092 1 1 0 1
Desal_0411 1 1 0 1
Desal_0494 1 1 1 2
DESPIG_03026 2 2 0 2

ArsR
DvMF_2392 0 0 2b 2
Ddes_1264 4 2 0 2
Ddes_1925 0 0 2b 2
DESPIG_02495 2 1 2 3
DMR_39480 2 1 1 2
Dbac_0377 2 1 0 1
Dbac_1936 6 1 0 1

GntR
Dbac_0812 1b 1 1 2
Dbac_2821 2 2 1 3
Dde_3327 1b 1 0 1
Ddes_1162 2 1 0 1
Desal_0038 1 1 0 1

a Identified at the 1st step.
b Sites identified using additional criteria.
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encode the arsenite metallochaperone ArsD, the arsenite-trans-
porting ATPase ArsA, and the S-adenosylmethionine-dependent
arsenic methyltransferase. A common binding motif was identi-
fied upstream of these arsenic resistance operons and both regu-
latory genes (see Fig. S6 in the supplemental material). There is no
membrane protein associated with the ArsA ATPase in the
DvMF_2392 regulon, but the ArsR regulon in the same genome
includes the DvMF_2282 gene, encoding a membrane protein
similar to ArsP. The ArsP membrane protein was found to be
associated with the ArsA-ArsD transporting system in different
bacterial species (27). Another singleton regulator, Ddes_1264, is
cotranscribed with a gene encoding a P-type ATPase, similar to
transporters from the SmtB regulon (see Fig. S5 in the supplemen-
tal material). Two similar strong 22-bp palindromes were identi-
fied upstream of this operon.

Candidate TFBSs were found upstream of three other ArsR-
family singleton TFs, DMR_39480, Dbac_0377, and Dbac_1936.
Three nearly identical 22-bp palindromes were found upstream of
the operon encoding the singleton TF DESPIG_02495 and a fu-
sion of acyl coenzyme A synthase and MFS transporter proteins
that may be involved in secondary metabolism (see Fig. S5 in the
supplemental material). Dbac_0377 is predicted to regulate a thi-
oredoxin and an acetyl-CoA synthase-like enzyme. Other single-
ton regulons contain either enzymes of unknown specificity (hy-
drolase and flavin mononucleotide reductase) or hypothetical
proteins (see Fig. S5 in the supplemental material).

In summary, three of the ArsR-family singleton TFs are pre-
dicted to regulate the resistance to arsenate or other heavy metal
ions, but the role of five other singleton TFs in this family is un-
clear. DESPIG_02495 likely regulates a protein containing the
acyl-CoA transferase domain.

GntR-family singleton TF regulons. All members of the GntR
family possess similar N-terminal winged helix-turn-helix DNA-
binding domains, while C-terminal ligand-binding domains are
highly variable. Several subfamilies have been inferred within the
family, on the basis of different types of C-terminal domains (28).
We assigned 14, 6, and 5 GntR-family singleton TFs to the FadR,
HutC, and MocR subfamilies, respectively (Fig. 4).

Candidate binding motifs of two FadR-subfamily reference
TFs, LldR and DVU2644, have different lengths and consensus
sequences. To identify singleton TF-binding sites in the FadR sub-
family, we used the two reference TF-binding motifs and searched
for similar sites using relaxed thresholds. Candidate sites similar
to the LldR-binding motif were found upstream of the two FadR-
subfamily regulatory genes, Desal_0038 and Dbac_2821 (see Fig.
S7 in the supplemental material). We propose that Desal_0038
probably regulates the glycerate kinase-encoding operon; how-
ever, we could not exclude the possibility of regulation of a diver-
gently transcribed gene encoding a chemotaxis protein.
Dbac_2821 likely regulates an operon encoding choline dehydro-
genase, betaine aldehyde dehydrogenase, and a glycine-betaine
transporter.

A candidate TFBS for the MocR-subfamily singleton TF
Ddes_1162 was identified in the common upstream region of this
TF gene and the Ddes_1163 gene encoding a pyridoxamine 5=-
phosphate oxidase-like protein.

Two genes encoding similar HutC-subfamily singleton TFs,
Dde_3327 and Dbac_0812, are adjacent to the phosphonate me-
tabolism operons (see Fig. S8 in the supplemental material). Regu-
lons for these two TFs were reconstructed as described earlier. The

TFBSs of these two regulators are similar to the known binding
motif of the phosphonate metabolism regulator PhnF from My-
cobacterium smegmatis (29). Since no reference regulon was found
in Desulfovibrionales, a PhnF binding motif from M. smegmatis
was used for singleton reconstruction. Binding sites weakly similar
to PhnF were predicted upstream of both operons, and an addi-
tional TFBS was found upstream of a phosphonate transport
operon in D. baculatum (see Fig. S8 in the supplemental material).

DISCUSSION

We present a novel approach aimed at solving a challenging
problem of reconstruction of singleton regulons, i.e., regulons
controlled by species-specific TFs present in only one or two
genomes. In contrast to the highly conserved regulatory sys-
tems, it is impossible to apply a conventional comparative
genomics approach to infer singleton TF regulons. The pro-
posed approach is based on the simultaneous analysis of a
whole TF family in a group of closely related genomes. We
applied this approach to three TF families, Crp/Fnr, ArsR, and
GntR, in 10 bacterial genomes from the Desulfovibrionales lin-
eage. As a result, we were able to reconstruct almost half (21 out
of 44) of all singleton TF regulons from these families. The
results of the singleton TF regulon reconstruction approach
differed between the three analyzed TF families, demonstrating
advantages and limitations of this method.

The initial step of the approach requires a TF family to have
several orthologous groups to infer reference TF regulons by a
conventional comparative genomics technique. The TF families
that we selected for this study have representatives in several ana-
lyzed genomes, providing enough material for comparative re-
construction of the respective reference TF regulons. Indeed, five
reference TF regulons were characterized in each of the Crp/Fnr
and GntR families, and four reference TF regulons were inferred
in the ArsR family. In all three families, the TF-binding motifs and
gene functional roles of the reconstructed reference regulons
served as a basis for the subsequent inference of singleton TF regu-
lons.

The success of the singleton TF reconstruction procedure
greatly depends on the variability of TF-binding DNA motifs
within a TF family. The highest percentage of successfully recon-
structed singleton regulons has been achieved for the Crp/Fnr
family. In this family, a TF-binding motif of all reference regulons
has the same structure, an 18-nt palindrome, and a notable simi-
larity at the sequence level (Fig. 2). It allowed us to build a com-
mon profile and use it to search for candidate binding sites of the
Crp/Fnr-family singleton TFs. A similar TF-binding motif specific
for the whole Crp/Fnr family has been found in alphaproteobac-
teria (30). The Crp/Fnr family in the Desulfovibrionales provides
an example of TF-binding DNA motifs extremely conserved
across the whole family, the property that played a critical role in
the singleton reconstruction procedure.

A lower level of motif conservation has been observed for TFs
from the ArsR family, where the binding motifs have the same
structural characteristics but differ from each other at the se-
quence level (Fig. 3). As a result, only one of eight singleton TFs
was reconstructed by sequence similarity to reference TF regulon
motifs. At the same time, conservation of the motif structure (20-
or 22-nt inverted repeat) was successfully used to identify ArsR-
family binding motifs for seven other singleton regulators.

Analysis of the GntR family revealed a dramatic difference be-
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tween motifs from the same TF subfamilies. Neither the structure
nor the nucleotide sequence was conserved between reference TF
regulons, with the exception of LldR and DVU2802. As a result,
only two singleton TF regulons were reconstructed by utilizing the
similarity with the LldR binding motif. For other regulators from
the FadR subfamily, the lack of TF-binding motif conservation
made the reconstruction of singleton TF regulons impossible. A
significant diversity of sequence and structure of TF-binding mo-
tifs across various GntR subfamilies has been reported for other
taxonomic groups (17, 28).

The functional similarity of target genes for related TFs typi-
cally plays a supplementary role in making higher-confidence
regulon predictions. Nevertheless, in a number of cases, conser-
vation of a general functional role of regulated genes becomes a
primary source of evidence for reconstruction of singleton TF
regulons. For example, additional functional support was ob-
tained for three HcpR-like singleton regulons that were originally
reconstructed using the reference HcpR motif. At the same time,
analysis of entire TF families provides higher confidence even for
the reference TF regulons.

A different situation was observed in the ArsR family, where
conservation of the general regulon function, arsenic resistance,
had a critical significance. Two singleton regulatory genes from
the ArsR family were found upstream of the operons encoding
different arsenic resistance proteins that have no orthologs in the
ArsR reference regulons. We propose that these operons are co-
regulated with upstream regulatory genes and were able to infer a
new TF-binding motif by comparison of upstream regions (see
Fig. S7 in the supplemental material).

Another interesting example of using a functional criterion is
MreC-like singletons. Only two of them (Dde_1200 and Desal_
0411) have genes similar to those of MreC reference regulon
members. These regulons also contain genes encoding divalent-
anion/Na symporter (DASS)-family transporters. Another single-
ton, Ddes_2092, regulates a transporter of the DASS family but
lacks any homologous or functionally related genes shared with
the reference MreC regulog. Thus, in this case, the only functional
support comes from the first pair of singletons via the DASS-
family transporter gene.

In summary, we were able to reconstruct regulons for 33 out of
34 TFs from the Crp/Fnr family, 37 out of 38 TFs from the ArsR
family, and 32 out of 53 TFs from the GntR family. Species-spe-
cific TFs comprise nearly 35% of all TFs from the Crp/Fnr, ArsR,
and GntR families in the Desulfovibrionales. The TF-family-based
comparative genomic approach proposed in this study demon-
strates that a significant portion of species-specific singleton TF
regulons can be reconstructed by simultaneous analysis of the
entire TF family in closely related genomes. Two possible applica-
tions of the proposed novel approach include (i) computational
reconstruction of species-specific regulons and (ii) inference of
TF-binding motifs for ubiquitous regulons for subsequent analy-
sis by standard comparative genomics. The similarity of TFBS
motifs and the functional roles of target-regulated genes across a
whole TF family can be utilized as an additional strong criterion in
the regulon reconstruction procedure. Overall, this work lays the
foundation for the design of novel TF-family-centric algorithms
for the automated and accurate reconstruction of transcriptional
regulons.
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