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Abstract: SinR is a transcription factor which controls expression of stress tolerance sin genes related to alternate devel-
opment processes under stress condition. Identification of genome wide SinR-box motif and their regulated genes has not
been worked out yet in Bradyrhizobium japonicum. For this, a weight matrix of 9 bp was developed from the known pro-
moter sequences of Bacillus subtilis, which was then used for genome wide identification of co-regulated genes. The
methodology first involves phylogenetic footprinting of SinR regulated genes and then construction of scoring matrix
through ‘Consensus’ and confirmation through MEME & D-Matrix tools. Genomic prediction was done through ‘Patser’
program and confirmation through ‘PossumSearch’ program in Linux system. Results showed that all the 371 predicted
genes belongs to 9 different functional classes, in which 221 found in operons with more than 80% Sin-box motif similar-
ity. Similar approach can be used in other bacteria to explore hidden genomic regulatory network.
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INTRODUCTION

Genome scale experimental data is now increasing day
by day with the rapid increase in the genomic sequences and
the challenge is to identify functional elements at genome
level. The most important functional element in any genome
is the transcription factor (TF) and the sites within the DNA
to which they bind called as transcription factor binding sites
(TFBS). A more complete understanding of TFBS and their
interactions provide a more comprehensive and quantitative
mapping of the gene regulatory pathways. Also it gives
deeper understanding of the potential functions of individual
genes regulated by newly identified DNA-binding sites [1].
TFBS are short oligo-nucleotides (i.e. 5-15 base pair [bp] in
length), mostly found in non-coding genomic sequences.
Currently, degenerate sequences (i.e. DNA motif represented
by IUPAC/IUB convention) are frequently used to depict the
binding specificities of TF. But they do not contain precise
information about the relative likelihood of observing the
alternate nucleotides at various positions of a TFBS [2]. A
common way of representing the degenerate sequence pref-
erences of a DNA-binding protein is by a position specific
scoring matrix (PSSM) [3, 4]. The elements of PSSM corre-
spond to scores reflecting the likelihood of a particular nu-
cleotide at a particular position [5]. Many studies have indi-
cated that sequence-based prediction approaches can timely
provide very useful information and insights for basic re-
search and hence are widely welcome by science community
[6, 7]. The present study is attempted to develop a novel
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method for genomic identification of SinR TFBS and co-
regulated genes in nitrogen fixing bacterium Bradyrhizobium
japonicum (Bradyrhizobiaceae family). However, the tran-
scription factor, SinR is involved in the control of sporula-
tion initiation in B. subtilis [8-13]. Known SinR regulatory
binding sites are reported in B. subtilis; a best-characterized
member of the Gram-positive bacteria and available at
DBTBS database [14]. As reported, SinR controls sporula-
tion through several independent genes, i.e., aprE, ygxM,
yveK, epr, rok, spoOA, spollA, spollG and spollE, by re-
pressing their transcription process [10]. Recent characteriza-
tion of the SinR/Sinl locus has been reported in nitrogen fix-
ing bacterium Sinorhizobium meliloti [15], but the identifica-
tion of SinR, their binding sites and co-regulated genes has
yet not been worked out in recently sequenced bacterium
viz., B. japonicum [16]. Genome wide detection of more
SinR regulated stress related genes are expected in both the
organisms as they belong to same eubacteria family. The
genome of B. japonicum has a single circular chromosome of
9,105,828 bp in length with an average GC content of
64.1%, which is much larger then the genome size of the B.
subtilis i.e.~ 4,214,630 bp [16]. In addition, it has also been
found that many species characterized so far possess multi-
ple SinR gene loci. Considering this, we designed our
method to identify genome wide SinR TFBS in B. japoni-
cum. For this we used our newly derived 9 bp long weight
matrix to trace out SinR-box like DNA motifs in the non-
coding upstream sequences. The methodology first involves
identification of phylogenetic footprints of SinR and their
regulated genes in B. japonicum and then construction of
weight matrix through CONSENSUS [17], MEME [18] and
D-Matrix programs. Genomic prediction of SinR TFBS was
performed through PATSER [17] and later confirmed
through POSSUMSEARCH [19, 20]. Genome wide predic-
tion was considered highly accurate as further validated
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through operon delineation. Out of total 371 predicted genes,
221 genes showed their localization in operons, as revealed
by evolutionary gene pair conservation. Finally through this
analysis we successfully identified the genes of sin operon
similar to B. subtilis [21]. Thus, similar approach could be
used in other recently sequenced bacterial genomes to pursue
the study in detail and also to unfold the regulatory mecha-
nism of stress tolerance in different families of bacteria.

RESULTS & DISCUSSION

Employing weight matrix based method for genome wide
identification of regulatory binding site in B. japonicum, we
found total 371 target genes having SinR-box like motif se-
quence conservation in their upstream sequences. These
were predicted at lower cutoff weight matrix score ‘7.93’
equivalent to 93.77% motif similarity (Fig. 1). Results indi-
cate that most of the predicted genes were related to alternate
development pathways similar to B. subtilis; a soil bacterium
which survive under adverse environmental conditions and
evolved several adaptive mechanisms. For the successful
completion at the end of exponential growth several unlinked
genes are required during adaptive mechanisms such as pro-
duction of extra-cellular enzymes & antibiotics, acquisition
of competence and development of motility & sporulation
[22, 23]. The regulation process of these alternate develop-
mental pathways is not known, although many genes are
involved. It was reported that this regulatory network in-
volve sensing of changing nutritional conditions and this
information then lead to turning on and off of appropriate
genes. Several alternate developmental pathways genes e.g.
spoO and other genes were reported to be involved in sens-
ing environmental changes due to homology with effector’s
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or sensor class of proteins of the two-component system
[24]. Besides, cloning and characterization of sinR gene in-
volved in controlling many late growth developmental proc-
esses have been reported and demonstrated the effect on
competency [25]. Due to localization of conserved SinR
binding sites, results support the view that an inactivation of
the sin gene (loss of function) results in loss of competence
and motility. While due to regulatory network of SinR fac-
tor, elevated levels of SinR (gain of function) repress sporu-
lation and the production of extracellular proteases, since all
these genes showed SinR binding sites in their upstream se-
quences. Our predictions also supported by the view in
which in vivo repression of sporulation genes viz., spollE,
spollG and spollA, by SinR regulatory factor has been re-
ported, which showed SinR binding to spollA promoter.
Similarly, expression of the aprE gene, which encodes a
major extracellular protease, subtilisin (also called an alka-
line protease or extracellular serine protease), is also closely
associated with the onset of sporulation, which also showed
localization of sin-box. Similarly, other reports says that
spoO genes that are also required for initiation of sporula-
tion, aprE expression is controlled by several regulatory
genes, such as degU, degQ, degR, hpr, sen, abrB, pai and
sin. Target sites of hpr, degQ and degU regulatory genes in
the aprE gene have been identified by using several B. sub-
tilis strains that have a series of promoter upstream deletions
in aprE. These results suggest that the target sites for these
genes lie relatively far upstream from the aprE promoter.
Recently, direct DNA binding of AbrB and SinR to the aprE
promoter has been demonstrated by gel retardation assay and
footprinting analysis [26], which also showed localization of
sin-box.
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Fig. (1). Representation of correlation between score value and motif sequence similarity (MSSP) in both B. subtilis (bsu) and B. japonicum
(bja) genes. Acceptable cut-off for genomic prediction of true positives in B. japonicum was identified as 7.93 score with 93.77% MSSP.
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Distribution of Predicted Genes Based on Gene Function
in B. japonicum

On the basis of gene function, all the predicted 371 SinR
regulated genes of B. japonicum were classified into 9 dif-
ferent classes. Five genes classified under chemotaxis class,
which showed high SinR motif similarity with aprE, epr and
yveK genes of B. subtilis in the range 100 to 94.66%. Two
genes classified under cytochrome class, which showed mo-
tif sequence similar to yveK gene of B. subtilis in the range
97.75 to 97.27%. Similarly 100 genes classified under en-
zyme class, which showed motif pattern similar to aprE, epr,
ygxM and yveK genes of B. subtilis in the range 100 to
93.77%. It seems that different classes of enzymes may tran-
scribe during stress condition and are regulated by SinR TF.
Besides, 175 genes classified under hypothetical class, which
showed motif patterns similar to aprE, epr and yveK genes
of B. subtilis in the range 100 to 93.77%. On the other hand,
21 genes were categorized under other protein class, which
showed motif pattern similar to aprE, epr and yveK genes of
B. subtilis in the range 100 to 93.77%. These genes showed
no relationship with any functional classes, thus indicates
that apart from routine stress related genes few other genes
may play a crucial role during stress metabolism. Moreover,
10 genes belong to receptors class, which showed motif pat-
tern similar to aprE, epr and yveK genes of B. subtilis in the
range 97.75 to 93.77%. Total 22 genes belong to regulatory
class, which showed motif pattern similar to aprE, epr and
yveK genes of B. subtilis in the range 100 to 93.77%. Simi-
larly, total 5 genes belong to ribosomal class, which showed
motif pattern similar to aprE and yveK genes of B. subtilis in
the range 97.75 to 94.62%. Lastly, 31 genes belong to trans-
porter class, which showed motif pattern similar to aprE, epr
and yveK genes of B. subtilis in the range 100 to 93.77%. It
seems that these predicted genes may play an important role
in cell signaling and stress metabolism during environmental
stress condition (Fig. 2) (Suppl. Table 1).

Gene Distribution According to SinR Binding Site Con-
servation

On the basis of SinR motif sequence similarity, 5 chemo-
taxis genes were clustered into 3 sub-groups with 96.02%
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SinR binding site conservation. Results indicate that mcpK
gene comprises two binding sites signals, one each at pro-
moter (i.e., -1 to -200 bp) and upstream (i.e., -201 to -400
bp) region, this may be due to the conservation of SinR bind-
ing sites in the non-coding genomic sequences. Similarly, all
the 100 enzyme encoding genes divided into 9 sub-groups
and after comparison 19 genes showed predicted motif simi-
larity of 96.02% with known SinR binding sites, while 4
genes showed lowest conservation i.e., 97.27%, which again
above the selectable cut-off. On the same way, all the 175
hypothetical genes divided in to 10 sub-groups and after
comparison 36 hypothetical genes showed predicted motif
similarity of 94.66%. Similarly, 10 receptor genes divided in
to 4 sub-groups and after comparison higher gene frequency
of 0.4 was showed by predicted motif with 96.02% &
94.66% similarity, while single gene frequency was showed
by motifs with 97.75% and 93.77% conservation. On the
same way, all the 22 regulatory genes were divided into 8
sub-groups and after comparison higher gene frequency of
0.32 was showed by predicted motif with 96.02% similarity,
while single gene frequency was showed with motif conser-
vation of 100%, 98.6%, 96.35% and 94.62%. Similarly, all
the 31 transporter protein encoding genes divided in to 8
sub-groups and after comparison similar gene frequency of
0.26 was showed by predicted motifs with 96.02% &
94.66% sequence similarity, while single gene frequency
was showed with motif conservation of 100% and 97.27%.
These results indicate that predicted genes may be co-
regulated by SinR and play an important role in stress me-
tabolism of B. japonicum which are yet to be characterized
(Suppl. Table 2).

Gene Distribution According to Nucleotide Level Con-
servation

Position specific nucleotide level conservation was ana-
lyzed within predicted motif patterns in B. japonicum. Genes
of chemotaxis class revealed high frequency of patterns simi-
larity with known patterns of B. subtilis aprE and epr genes.
Total 4 different DNA motif patterns similar to B. subtilis
SinR binding sites were detected. The higher frequency of
motif conservation was showed by pattern TCGTTCCCA.
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Fig. (2). Distribution of 371 predicted target genes of B. japonicum with Sin-box motifs in their upstream sequences detected through newly

derived weight matrix.
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Gene bll4327, encoding putative methyl accepting chemo-
taxis protein showed highly conserved DNA motif i.e.
TCGTTCTCA at position -279 to -271 bp with 100% simi-
larity. Besides, gene mcpK, which encode probable methyl
accepting chemotaxis protein in B. japonicum showed two
similar type DNA motifs i.e. TCGTTCCCA with 96.02%
similarity and localized at position -352 to -344 bp. This
motif was found similar to SinR binding site i.e. GTTCCCA
of epr gene except first two nucleotides in B. subtilis, thus
indicates conservation of multiple regulatory sites in B. ja-
ponicum. Cytochrome genes revealed single pattern distribu-
tion in each gene and showed similarity with SinR regulatory
patterns of B. subtilis aprE and epr genes. Total of 2 different
DNA motif patterns similar to B. subtilis were detected. No
high frequency was detected in this class and single motif
pattern distribution was found in each gene, which showed
more than 97% similarity with yveK gene of B. subtilis.
Gene bll0894, which encode putative cytochrome P450 pro-
tein in B. japonicum showed highly conserved SinR-box like
DNA motif i.e. TCGTTCTCC at position -164 to -156 bp
with 97.75% similarity. Enzymes encoding genes revealed
high frequency of patterns similarity with aprE and epr genes
of B. subtilis. Total 20 different DNA motif patterns were
detected. The higher frequency of motif conservation was
showed by two patterns TCGTGCTCA and TCGTTCTCC
with their distribution in 12 genes each having >96% simi-
larity. Similarly, hypothetical genes showed high frequency
of patterns similarity with known regulatory patterns of B.
subtilis aprE and epr genes. Total of 14 different DNA motif
patterns similar to known SinR binding sites were detected
in 175 hypothetical proteins. In other protein encoding genes
category results indicates high frequency of patterns similar-
ity. Total of 12 different DNA motif patterns similar to
known SinR binding sites of B. subtilis were detected in the
upstream sequences of 21 other protein encoding genes of B.
japonicum. The higher frequency of motif conservation was
shown by patterns TCGTGCTCT and TTGTTCTCC with
their distribution in 4 genes each. While receptor genes re-
vealed high frequency of patterns similarity. Total of 6 dif-
ferent DNA motif patterns similar to known SinR binding
sites of B. subtilis were detected in the upstream sequences
of 10 receptor protein encoding genes of B. japonicum. The
higher frequency of motif conservation was showed by pat-
tern TCGTGCTCA with their distribution in 3 genes. On the
other hand, regulatory genes showed high frequency of pat-
terns similarity with known regulatory patterns of B. subtilis
aprE and epr genes. Total of 9 different DNA motif patterns
similar to known SinR binding sites of B. subtilis were de-
tected in the upstream sequences of 22 regulatory protein
encoding genes of B. japonicum. The higher frequency of
motif conservation was showed by pattern TCGTGCTCA
with their distribution in 4 genes. Ribosomal genes revealed
high frequency of patterns similarity. Total of 3 different
DNA motif patterns similar to known SinR binding sites of
B. subtilis were detected in the upstream sequences of 5 ri-
bosomal protein encoding genes of B. japonicum. The higher
frequency of motif conservation was showed by two patterns
(i.e. TCGTTCTCC and TTGTGCTCA) with their distribu-
tion of 2 genes in each. Lastly transporter genes revealed
high frequency of patterns similarity with known regulatory
patterns of B. subtilis aprE and epr genes. Total of 11 differ-
ent DNA motif patterns similar to known SinR binding sites
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of B. subtilis were detected in the upstream sequences of 31
transporter protein encoding genes of B. japonicum. The
higher frequency of motif conservation was showed by pat-
tern TCGTGCTCA with their distribution in 6 genes. Due to
regulatory elements conservation, the predicted genes as-
sumed to be similar in function too and expected to be regu-
lated by SinR TF under stress condition, which are yet to be
characterized (Suppl. Table 3).

Detection of Co-Regulated Genes through Operon
Delineation

Operon can be defined as co-transcribed genes to form
polycistronic mMRNA, which are present in prokaryotes. Most
operons are under the control of a single transcriptional pro-
moter located upstream of the first gene of the operon. More
complex transcriptional regulations with multiple promoters
in a single operon have been reported. It has been estimated
that approximately 50% of genes in bacteria are located in
operons. In order to characterize the regulatory network and
considering above fact, we analyzed 371 predicted SinR
regulated genes of B. japonicum to delineate operon struc-
ture. On the basis of genes conservation, we predicted only
221 genes revealing their presence in operons in the form of
conserved gene pairs. Results of operon delineation support
the different theories of transcriptional unit formation. Most
of the predicted operons support the view that operons
evolved to ensure that genes are co-regulated. This view is
supported by the functionally related genes such as enzymes
catalyzing subsequent steps within metabolic pathway or are
members of a single protein complex etc. On the other hand,
results of operons prediction also support the other view of
‘Selfish operon’. In this view non-essential genes form oper-
ons via horizontal gene transfer to protect themselves from
being removed from the genome. This view is based on the
observation that numerous orthologous operons are con-
served across bacterial and archaeal species. In the studied
work, we have successfully showed the presence of pre-
dicted genes with their neighboring genes in the operons and
divided the operons on the basis of gene functions. Identifi-
cation of first regulatory gene in the operon is a difficult task
and so far no bioinformatics tool has been developed, so we
have considered all the 221 predicted genes as potential
regulatory targets. Besides, highly conserved genes pairs of
operons were scored with high confidence value, which de-
fine high probability for gene pair occurrence. The term
‘gene pair’ refers to two adjacent genes separated by 200 bp
and thus considered in an operon.

Out of total 371 predicted genes, 221 genes showed their
presence in operons. Four chemotaxis genes with gene pair’s
conservation upto 96 bacterial genomes, 2 cytochrome genes
with gene pair’s conservation upto 15 genomes, 75 enzyme
coding genes with gene pair’s conservation upto 225 bacte-
rial genomes, 76 hypothetical genes with gene pairs conser-
vation upto 118 bacterial genomes, 16 other protein encod-
ing genes with gene pairs conservation upto 89 bacterial ge-
nomes. Similarly, 7 receptor genes showed their role in op-
erons with gene pair’s conservation upto 113 bacterial ge-
nomes, 8 regulatory genes with gene pair conservation upto
43 bacterial genomes, 5 ribosomal genes with gene pair con-
servation upto 367 bacterial genomes and 28 transporter
genes with gene pair conservation upto 297 bacterial ge-
nomes (Suppl. Table 4).
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Table1. Experimental Details of SinR Transcription Factor in B. subtilis
Transcription Factor SinR
Domain HTH_3 (Helix-turn-helix)
SubtiList BG10754
UniProtKB/Swiss-Prot entry P06533
Factor type Xre
Motif (consensus seq.) GTTCTCT
Length (bp) 7
Comment Dual-function regulator which is essential for the late-growth processes of competence and motility and is also a repressor
of others, e.g., sporulation and subtilisin synthesis. Might be a leucine zipper protein.
Reference DBTBS database (Sierro et al., 2008)

MATERIALS & METHOD
Retrieval of Genomic Data

The genomic non-coding upstream sequences of both B.
subtilis and B. japonicus were extracted through MicroBial
Genome Database (MBGD) [27] and Regulatory Sequence
Analysis Tool (RSAT) webserver [28], while the reported
information of SinR regulatory protein and its binding sites
were retrieved through B. subtilis known regulatory network
database viz.,, DBTBS [14]. Note that no weight matrix of
SinR-box is available in DBTBS database (Table 1). The
evidence of SinR potential ortholog along with conserved
protein motifs and domains was detected with the help of
BLASTp program [29] and MicroBial Genome Database
(MBGD) [27]. Besides, similar conserved protein domains
were also detected through CDD search program [30]. De-
tected SinR ortholog was further verified through COG data-
base [31] (Suppl. Table 5). An analysis of the predicted
amino acid sequence of B. japonicum SinR revealed a poten-
tial leucine zipper protein dimerization motif which is
flanked by two helix-turn-helix motifs that could be involved
in recognizing two different dyad symmetries similar to B.
subtilis.

Selection of Reference Data Set

A set of reference data was selected on the basis of se-
quence characteristics and same kind of imperfections as
observed with real sequences. However, information of ex-
perimentally known SinR-box motif for SinR transcription
factor and related real sequences were retrieved from
DBTBS database and referred as reference data set (or con-
trol data set), which comprises conserved upstream se-
quences of B. subtilis five genes namely aprE encoding ser-
ine alkaline protease (subtilisin E); epr encoding extracellu-
lar serine protease; ygxM encoding hypothetical protein;
yveK encoding hypothetical protein and rok encoding re-
pressor protein [32-37]. To define acceptable threshold or
cut-off during weight matrix based genomic predictions, we
included the upstream sequence of B. japonicum gene viz.,
blr3044 encoding extra-cellular protease. Gene blr3044 was
considered as an ortholog of B. subtilis aprE gene, keeping in
mind that SinR binding site would be there, since functional
sites are evolutionary conserved in nature (Table 2). Pro-

moter segments for the respective genes have been retrieved
on the basis of non-coding sequences without overlapping
open reading frame (ORF) upstream sequences because in
bacteria, due to the organization of genes into operon, it is
preferable to prevent overlap with upstream ORFs and also
to prevent including too many coding sequences when the
genes are located in operon, e.g. in Escherichia coli, 25% of
the genes have an upstream neighbor closer than 50 bp.
When this neighbor is on the same strand as the gene, it
might indicate that they belong to the same operon. For up-
stream sequences, the reference position is the ORF start, i.e.
the first nucleotide of the start codon i.e. in the 5’ end flank
of the gene, e.g. from -1 to -400 bp (Suppl. Table 6). Both
reference data set and genomic upstream sequences were
retrieved through RSAT nucleotide database parsed from
GenBank (NCBI) [38].

Construction of SinR-box Weight Matrix

There are several approaches to derive the parameters of
a weight matrix characterizing the sequences specificity of a
DNA binding protein. Here we used the method that starts
with a reference set of known B. subtilis SinR binding sites,
as natural promoter sequences compiled from the biological
literature & DBTBS database and in silico predicted binding
site of aprE ortholog in B. japonicum. The sequences of the
reference data set were typically longer than the actual rec-
ognition sequences and therefore we first aligned all the ref-
erence data set sequences before weight matrix construction.
Finally the 9 bp conserved pattern was converted into a table
of base frequencies from which the position specific weights
were calculated according to CONSENSUS algorithm [17,
28]. The newly derived matrix was further verified through
MEME [18, 39] and D-Matrix (http://203.190.147.116/dmatrix)
programs.

A total of six genes upstream sequences were used for
weight matrix construction and considered as reference data
(Tables 3 & 4). Out of those six, five known promoters with
known SinR-box were from B. subtilis genes namely, aprE,
epr, ygxM, yveK & rok and one upstream sequence with
SinR-box was from B. japonicum gene namely, blr3044. Fol-
lowing their alignment a matrix was constructed from the
relative frequencies of A, T, C or G at each position of the 9
bp SinR-box motif sequence. This matrix was used to deter-
mine an information-based measure of potential binding sites
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Table 2. Experimental Details of Known SinR Binding Sites Used as Reference Data for Weight Matrix Construction
Organism Gene Gene ID Syno Start: SinR Binding Length Stran Function Reference
nym End Site d
B. subtilis aprg 939313 SprE -250:-350 GTTCTCA 101 R Serine alkaline Ferrari et al., 1988
protease
(subtilisin E)
B. subtilis epr 937332 ipa-15r | -350:-450 GTTCCCA 101 D Extracellular serine Sloma et al., 1988;
protease Crutz & Steinmetz,
1992
B. subtilis ygxM 938532 yghD -30:-145 ATTCTTT 116 R Hypothetical pro- Yoshida et al., 2003 ;
GTTCTTT tein Kearns et al., 2005
AGAGAAC
B. subtilis yveK 938582 epsA -100:-225 GTTCTTT 126 R Hypothetical pro- Yoshida et al., 2003 ;
GTTATTT tein Kearns et al., 2005
GTTCATT
AGAGAAC
GTTCTCT
B. subtilis rok 938793 ykuw -70:-170 ATTCTCA 101 D Repressor protein Hoa et al., 2002
B. japonicum | blr3044 | 1053287 aprE -300:-400 GTGCTCC 101 D Probable extra- Predicted aprE ortholog
cellular protease with predicted SinR
binding site.
Table 3. Construction of Sin-box Weight Matrix through RSAT Tool
Gene Length (bp) Strand Start Position Alignment of Known SinR Binding Site
(width =9 bp)
aprg 101 R 29 TTGTTCTCA
epr 101 D 24 TCGTTCCCA
ygxM 116 D 98 TCGTTCTCT
yveK 126 R 97 TTGTTCTCT
rok 101 R 6 TTATTCTCA
blr3044 101 D 54 TCGTGCTCC
Position 1 2 3 4 5 6 7 8 9
A 0 0 1 0 0 0 0 0 3
Cc 0 3 0 0 0 6 1 6 1
G 0 0 5 0 1 0 0 0 0
T 6 3 0 6 5 0 5 0 2
SUM 6 6 6 6 6 6 6 6 6
Consensus T CIT G T T c T c A

according to the standard method [40]. A 9 bp motif region
was moved over the entire genome on both strands and the
score (S;) at each nucleotide position (having base i) was
calculated according to Equation:

S = (1/9) Zj [2 + |OgZ(F”)]

where Fj; is the frequency matrix for base i at position j.

This score, which ranges from —17.513 (the score of the
worse match) to 9.616 (the score of the good or exact match
with known B. subtilis SinR-box consensus sequence), is a
measure of the information content of a potential binding site
measured against the reference data set (Table 4). The lowest
reference score for B. subtilis genome, that of gene ygxM,
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Table4. Reconstruction of Sin-box Weight Matrix through MEME & D-Matrix Tools
Gene Length (bp) Strand Start Position In (P) Alignment of Known SinR Binding Site (width =9 bp)
aprg 101 + 29 -11.20 TTGTTCTCA
epr 101 + 24 -10.38 TCGTTCCCA
ygxM 116 - 98 -11.20 TCGTTCTCT
yveK 126 + 97 -10.72 TTGTTCTCT
rok 101 - 6 -9.40 TTATTCTCA
blr3044 101 + 54 -9.96 TCGTGCTCC
Position 1 2 3 4 5 6 7 8 9
A 0 0 1 0 0 0 0 0 3
C 0 3 0 0 0 6 1 6 1
G 0 0 5 0 0 0 0 0 0
T 6 3 0 6 6 0 5 0 2
Sum 6 6 6 6 6 6 6 6 6
Consensus T CIT G T T Cc T Cc A

was 4.22 (80.1%), while lowest reference score for B. ja-
ponicum genome, that of gene blr3044, was 7.93 (93.77%)
and thus, a threshold of 7.92 (93%) was used to define a
‘Genome wide good & acceptable hits’. A scan of the entire
B. japonicum genome produced about 371 motif hits on both
strands [refers as Direct (D) and Reverse strand (R)]. These
motif were again filtered to retain only those that were in
between —400 to -1 bp on both strands from an annotated
translational start site and having weight score > 7.93
(93.77%) using CONSENSUS & PATSER algorithms [28].

Matrix Based ldentification of SinR Binding Sites in the
Reference Data Set

The use of weight matrix based DNA binding motif pre-
diction is justified by the statistical mechanical theory [1].

Moreover, weight matrices were shown to be quite accurate
binding affinity predictors for several transcription factors of
bacterial origin. Therefore, newly derived weight matrix was
then used to search out the known SinR-box like motif within
reference data set sequences by using PATSER algorithm at
RSAT webserver. For setting acceptable cut-off range in
scanning of B. japonicum genomic non-coding sequences,
we used score value of blr3044 as standard threshold. For
better understanding all the matching scores values were
transformed into the form of percentage and referred as ma-
trix sequence similarity percentage (Table 5).

Genome Wide SinR Binding Site Identification

To identify regulated genes, the known reference data set
was first analyzed and validated with high-scoring matches

Table5. Predicted Known SinR Binding Sites in the Upstream Sequences of Reference Data Set Genes through Constructed
Weight Matrix

Gene Strand Start End Predicted Sin-box* Score MSSP? (%) In(P) Sn=TP/n
ygxMm R -19 -11 acaaTCGTTCTCTttaa 9.25 98.64 -11.65

aprE D -73 -65 tccalTTGTTCTCAcgga 9.24 98.60 -11.20

yveK D -30 -22 gattTTGTTCTCTaaag 8.88 97.27 -10.72

epr D -78 -70 cacTCGTTCCCAaaca 8.54 96.02 -10.38

7/8 =0.875 or 87.5%

blr3044 D -48 -40 gcgcTCGTGCTCCaggce 7.93 93.77 -9.95

rok R -96 -88 tcctTTATTCTCAaggg 7.45 92.00 -9.40

yveK D -92 -84 ttttTCGTTCTTTataa 5.82 85.99 -7.66

ygxMm D -46 -38 ttgaTTATACTCTattt 4.22 80.10 -6.43

Note: 'Predicted Sin-box motifs similar to known B. subtilis binding sites (in shaded & upper case).
2MSSP (Motif Score Similarity Percentage) = Similarity of predicted motif score with known Sin-box consensus sequence score.
Sn= Sensitivity, TP= no. of true positive predicted sites, n= no. of total known sites.
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to the known SinR-box by using frequency matrix based pat-
tern matching tool ‘PATSER’ implemented at RSAT. We
considered one nucleotide variation in conserved pattern and
set the search parameter at ‘1’ substitution level instead of
‘0’, because at ‘zero’ substitution level only limited genes
were resulted while at ‘1’ mismatch the probability of muta-
tion by one nucleotide is expected. In this method, a position
specific frequency matrix representing a consensus sequence
was converted to a positional weight matrix or PSSM, which
was later used to score the motif sequence according to the
standard scoring system [4]. Finally we observed significant
conservation in non-coding upstream sequences and then
used this conservation to improve the predictions. After set-
ting the standard cut-off or threshold, in B. japonicum, genes
having SinR-box like conserved consensus pattern in their
upstream sequences were predicted through the PATSER
algorithm at RSAT webserver. This computational search
was done at pattern width 9 bp and at one substitution level
parameter because the length of known SinR-box motif was
long enough i.e. 9 bp, therefore at one mismatch the prob-
ability of mutation by one nucleotide was considered. It is
preferential to consider one nucleotide variation in conserved
region of genes upstream because at zero substitution level
only limited genes were matched with the matrix. Here,
matching score was calculated as per PATSER algorithm
using prior nucleotide frequency as A:T 0.2 and G:C 0.3 and
at a threshold of 7.92. The constructed matrix was searched
in the whole genome and identified the genes having similar-
ity > 90% so that the spurious and false positive predictions
may be avoided. Here, score 9.62 is taken for 100% conser-
vation of SinR binding sites. Genomic predictions through
RSAT were further verified through PossuMsearch program.

Calculations of Statistical Parameters

To measure the prediction accuracy of newly derived
SinR-box matrix, predicted motifs were analyzed in term of
MSSP (Motif Score Similarity Percentage). MSSP means
similarity of predicted motif score with known SinR-box
consensus sequence (TTGTTCTCA) score in terms of per-
centage. For RSAT program based predictions, maximum
score of 9.616 revealed best or exact similarity while mini-
mum score of -17.513 for poor or worst similarity. Percent-
age was calculated out of ‘range of scores’ i.e. 27.129. Be-
side, score based predictions were further evaluated by prob-
ability value (P-value). A P-value for matrix based scoring
was computed from the score distribution obtained with the
weight matrix applied to 1000 randomized sequences with
the same length and AT content as the original sequence. It is
widely accepted measure of the significance. The MSSP was
calculated as:

For known SinR TFBS,
Maximum score (Spax) = 9.616
Minimum score (Spin ) = - 17.513

Range of scores (Rknown) = Maximum score (Smax) — Mini-
mum score (Spin)

=9.616 - (-17.513) = 27.129 = 27.13

Range of predicted motif score (Observed score) = Predicted
score— Minimum score

Rpred = Spred - Sin
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Motif Score Similarity % = (Range of predicted motif
score/Range of score) x 100

(MSSP) Py, = ( Rpred / Rinown ) X 100
Calculation of Sensitivity

At weight score cutoff 4.22 (80.1% MSSP) — in case of
B. subtilis

No. of true positive sites (TP) =7
No. of total predicted sites (n) =8
Sensitivity = TP/n =7/8 = 0.875 or 87.5%

To reduce the false positives, we increased the cutoff score
(or threshold) value as follows:

At weight score cutoff 7.93 (93.77% MSSP) - in case of
B. japonicum

No. of true positive sites (TP) =5
No. of total predicted sites (n) =5
Sensitivity = TP/n =5/5 =1 or 100%

We also compared the predicted results with known SinR
binding sites of B.subtilis and calculated the sensitivity as
follows:

At weight score cutoff 4.22 (80.1% MSSP) — in case of
B. subtilis

No. of true positive predicted sites (TP) =8
No. of total known sites of B. subtilis (n) = 12
Sensitivity = TP/n =8/12 = 0.666 or 66.6%

Thus, sensitivity of predictions through newly constructed
weight matrix is good enough and is in acceptable range.

Operon Delineation

Most of the genes in bacteria are organized into operons.
These are transcribed into a single mMRNA molecule. The co-
transcribed genes often play related roles in the function of
the organism, sometimes binding to one another or acting as
part of the same metabolic pathway. In such an organization,
the co-transcribed genes are co-regulated at the transcrip-
tional level. Identifying the genes that are grouped together
into operons may enhance our knowledge of gene regulation
and function. Computational algorithms have been devel-
oped to locate the operons. The previously developed meth-
ods are based on finding the signals that occur on the
boundaries of operons: transcription promoters on the 5' end
and terminators on the 3' end. Such approaches can only be
effective for organisms whose promoters and terminators are
well known i.e., E. coli. An alternative method to predict
operons is based on finding gene clusters where gene order
and orientation is conserved in two or more genomes. This
approach does notrely on experimental data, but instead uses
the genome sequence and gene locations [41].

Identification of gene pairs has imparted the strong sup-
port in operon delineation. The presence of predicted genes
in operon is based on the comparison of complete bacterial
genomes. The analysis reveals a large number of conserved
gene clusters sets of genes having the same order in two or
more different genomes. Furthermore, we have analyzed
some of the predicted genes having binding site for SinR
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transcription factor and paired with other neighboring genes
in B. japonicum genome. Therefore, it can be assumed that
the SinR regulatory protein have some role in operon regula-
tion. Here we used a computational approach that finds such
conserved gene clusters and assigns to each one a probability
that the cluster is an operon. The predicted genes with con-
served SinR-box like motif were analyzed for operon organi-
zation using web based ‘Operon Finder’ tool [41]. The tool
follow a method to detect and analyze conserved gene pairs
that are located close on the same DNA strand in two or
more bacterial genomes. The gene pairing was estimated by
confidence value (C-value) which is an estimation of the
lower boundary of the probability that the two corresponding
genes are located in the same operon, while ‘n’ is a number
of other genomes that have the same pair of genes located in
the same direction.

CONCLUSION

As an initial step toward understanding the molecular
mechanism of stress tolerance through SinR master regulator
in B. japonicum, we described in this paper the prediction of
genes having SinR binding sites, distribution of different
class of genes on the basis of motif weight matrix score (in
%) and motif patterns on the basis of nucleotide level con-
servation. After that we identified the presence of predicted
genes in operons and their role in stress tolerance, so that to
unfold the unexplored regulatory gene network. Through
constructed weight matrix of SinR binding site or sin-box,
we first identified the known DNA motifs within the refer-
ence data set of B. subtilis and set the acceptable cut-off for
genome wide search in B. japonicum. Our newly derived
weight matrix successfully predicted the known SinR bind-
ing sites in genes of B. subtilis namely, ygxM, aprE, yvekK,
epr and rok with 98.64%, 98.60%, 97.27%, 96.02% and 92%
motif similarity and showed weight scores 9.25, 9.24, 8.88,
8.54 and 7.45 respectively. While genes viz., yvek and ygxM
showed low motif similarity i.e. 85.99% and 80.10% (score
5.82 and 4.22 respectively). While the identified orthologous
gene of extra-cellular protease (aprE) in B. japonicum
namely, blr3044 showed 93.77% motif similarity with
known sites and 7.93 motif score. To analyze the genome of
B. japonicum, we therefore set the acceptable cut-off of
93.77% MSSP (or 7.93 score) for scanning of whole genome
upstream sequences, so that to avoid false positives. We
found total 371 genes with SinR-box like sequences in their
upstream sequences (-1 to -400 bp) in the range of 100 to
93.77% (or score 9.62 to 7.93) as true positives and therefore
hypothesized as potential SinR regulated genes in B. japoni-
cum genome. Results showed that most of the predicted
genes of B. japonicum were already reported in other system
such as B. subtilis, Sinorhizobium meliloti and Clostridium
acetobutylicum, thus it seems that our predictions are nearer
to experimental results. To identify the regulatory network,
we further analyzed their presence in operons. Out of total
371 genes, 221 showed their presence in operons. However,
11 genes were found false positives, thus rejected. We also
identified the ortholog of bsu24610 (sinR) gene of B. subtilis
in B. japonicum as bll1669, encode for hypothetical protein,
but after sequence as well as structural comparison both
showed similar protein domain i.e. cd00093 and motif i.e.
HTH-3. Finally we deduced that apart from reported genes,
number of other genes may also be required in alternate de-

Khan et al.

velopment pathways during adaptive mechanisms such as
production of extra-cellular enzymes & antibiotics, acquisi-
tion of competence and development of motility & sporula-
tion regulated under adverse environmental conditions. In
the present communication, we are reporting several high
affinity genes of B. japonicum for SinR binding. The study
was first modeled in B. subtilis and then complete genome of
B. japonicum was traced for the identification of co-
regulated genes. Through this method we successfully identi-
fied the genes of alternate development pathways regulated
under different environmental adverse conditions. The same
approach could be utilized in other unexplored family mem-
bers and later this information could be utilized to work out
the regulatory network more clearly.
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