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Abstract

In Bacillus subtilis, utilisation of xylose, arabinose and ribose is controlled by the transcriptional factors XylR, AraR and RbsR,
respectively. Here we apply the comparative approach to the analysis of these regulons in the Bacillus/Clostridium group. Evolutionary
variability of operon structures is demonstrated and operator sites for the main transcription factors are predicted. The consensus sequences
for the XylR and RbsR binding sites vary in different subgroups of genomes. The functional coupling of gene clusters and the conservation
of regulatory sites allow for detection of non-orthologous gene displacement of ribulose kinase in Enterococcus faecium and Clostridium
acetobutylicum. Moreover, candidate catabolite responsive elements found upstream of most pentose-utilising genes suggest CcpA-mediated
catabolite repression. ß 2001 Published by Elsevier Science B.V. on behalf of the Federation of European Microbiological Societies.
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1. Introduction

Identi¢cation of regulatory sites using genome and pro-
teome comparisons in complete bacterial genomes is an
important step in genome annotation. The comparative
approach based on the assumption that regulons (sets
of co-regulated genes) are conserved in related genomes
allows one to make reliable predictions of regulatory sites
if several related genomes are available. This allows one to
identify known regulons in poorly characterised organ-
isms, predict new members of regulons, and even describe
regulons de novo. Previously, we have applied the compar-
ative approach to the analysis of the GntR, UxuR/ExuR
and KdgR regulons that are involved in the sugar metab-
olism in gamma purple bacteria [1], the purine, arginine
and aromatic amino acids regulons [2], the heat shock,
SOS and multiple drug resistance regulons of eubacteria
[3], as well as several archaeal regulons [4], reviewed in
[5^6]. Other groups have applied the comparative ap-
proach to large-scale analysis of regulation in gamma-

proteobacteria [7^10]. Clearly, this approach can be ap-
plied only if orthologous regulators are present in the
studied genomes.

Bacillus subtilis and other Gram-positive bacteria from
the Bacillus/Clostridium group can use various carbohy-
drates as a single source of carbon and energy [11]. Using
extracellular carbohydrases, bacilli degrade several poly-
saccharides that are widely distributed in plant cell walls.
Thus produced oligo-, di- or monosaccharides are trans-
ported into the cell, phosphorylated and subsequently cat-
abolised via glycolysis or the pentose phosphate pathway.
The catabolised monosaccharides can be subdivided into
numerous hexoses (including hexitols and hexuronic acids)
and several pentoses, namely arabinose, xylose and ribose.
Catabolic enzymes are usually synthesised only when their
substrate is present and the preferred carbon and energy
sources are absent. The induction of the B. subtilis pentose
catabolic operons, as well as global carbone catabolite
repression, is mediated by several transcriptional repres-
sors. The utilisation of arabinose, xylose and ribose is
controlled by AraR, XylR and RbsR, respectively. The
catabolite repressor protein CcpA represses transcription
of catabolic genes by binding to a palindromic sequence
called CRE (catabolite responsive element).

The utilisation of arabinose in B. subtilis is controlled by
the transcription factor AraR which belongs to the LacI/
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GalR family of repressors. In the absence of inducer,
AraR binds to operator sites in the promoter regions of
the araABDLMNPQ-abfA, araE and araR operons [12].
The araABD genes encode three intracellular enzymes for
arabinose catabolism, arabinose isomerase, ribulokinase
and ribulose-5-phosphate epimerase, respectively. The
function of araL and araM is unknown. The araE gene
encodes a proton symporter involved in the transport of
arabinose into the cell. AraE displays a broad substrate
speci¢city for various sugars, namely arabinose, xylose
and galactose, but its only known inducer is arabinose
[13]. The putative products of araN, araP and araQ are
homologous to components of the binding protein-depen-
dent transport systems involved in the high-a¤nity trans-
port of malto-oligosaccharides and multiple sugars. The
last gene of the ara operon, abfA, encodes K-arabinofur-
anosidase that releases arabinose monomers from oligo-
arabinosides. The fact that araLMNPQ and abfA are
not essential for the utilisation of arabinose suggests that
arabinose oligomers are a native substrate of AraNPQ
[14].

The ribose transport and the subsequent phosphoryla-
tion in B. subtilis are mediated by the ATP-binding cas-
sette transport system (ABC system) rbsABCD and ribo-
kinase encoded by rbsK [15]. These genes form an operon
with the gene rbsR encoding the repressor of the rbs oper-
on. The binding signal of RbsR is unknown. The presence
of the CRE sequence in the regulatory region of the rbs
operon demonstrates that this operon is also controlled by
the catabolite repressor CcpA. CcpA and RbsR are ho-
mologous (31% identity) and belong to the LacI/GalR
family of transcriptional regulators.

The utilisation of xylose in the Bacillus genomes is neg-
atively controlled by the XylR repressor [16^18]. In the
absence of xylose, XylR binds to the operator sites up-
stream of the xylAB operon. In addition, in B. subtilis
XylR controls the xynCB operon which encodes L-xylo-
side permease and L-xylosidase [19]. Finally, the expres-
sion of the Bacillus stearothermophilus gene xyn1 encoding
extracellular xylanase T-6 is induced on the transcriptional
level by xylose [20].

The transcriptional repressor CcpA mediates the catab-
olite repression in B. subtilis and related bacteria by bind-
ing to CREs. In B. subtilis, the genes for the utilisation of
arabinose and xylose are under catabolite repression
[12,21,22]. The xylose operon of Bacillus megaterium is
also negatively regulated by CcpA [23].

Here, we apply the comparative approach to the analy-
sis of the transcriptional regulation of catabolic and trans-
port genes for the utilisation of pentose sugars in various
genomes of the Bacillus/Clostridium group of bacteria. We
predict new members of the arabinose and xylose regulons
and describe the di¡erences between these regulons in the
analysed genomes. We also identify candidate CRE boxes
that are consistently observed upstream of the pentose
catabolic operons.

2. Materials and methods

The comparative analysis involved all available genomes
from the Bacillus/Clostridium group containing genes of
the arabinose, xylose or ribose pathways. The complete
genome sequences of B. subtilis, Bacillus halodurans and
Lactococcus lactis, as well as partial sequences of B. stear-
othermophilus, B. megaterium, Bacillus licheniformis, Bacil-
lus sp., Clostridium acetobutylicum, Staphylococcus xylo-
sus, Thermoanaerobacter ethanolicus, Lactococcus brevis,
Lactococcus pentosus and Lactobacillus sakei were down-
loaded from the GenBank database [24]. Preliminary se-
quence data of Bacillus anthracis, Staphylococcus aureus
and the genomes of Enterococcus faecalis, Enterococcus
faecium, B. stearothermophilus and Clostridium di¤cile
were obtained from WWW sites of The Institute for Ge-
nomic Research (http://www.tigr.org), DOE Joint Ge-
nome Institute (http://www.jgi.doe.gov), University of
Oklahoma's Advanced Center for Genome Technology
(http://www.genome.ou.edu) and the Sanger Centre
(http://www.sanger.ac.uk), respectively. The three com-
pleted genomes of streptococci have not been analysed
since they do not contain the considered metabolic sys-
tems.

The existence of the regulatory gene encoding the cor-
responding transcription factor is a pre-requisite to the
comparative analysis. In the case of known AraR and
XylR regulons, the training sets consisted of upstream
regions of genes known to be co-regulated. In the case
of the local RbsR and XylR regulons, the training sets
contained upstream regions orthologous genes from re-
lated genomes, since the number of target genes in each
genome was small. However, if we observed systematic
di¡erences between predicted sites in symmetrical posi-
tions of the palindromic signal, as in the case of XylR,
we split the training set into homogeneous subsets.

A simple iterative procedure implemented in the pro-
gram SignalX was used for construction of a pro¢le
from a set of upstream gene fragments [4]. Weak palin-
dromes are selected in each region. Each palindrome is
compared to all other palindromes, and the palindromes
most similar to the initial one are used to make a pro¢le.
The positional nucleotide weights in this pro¢le are de-
¢ned as:

W�b; k� � log�N�b; k� � 0:5�

30:25
X

i�A;C;G;T log�N�i; k� � 0:5�
where N(b,k) is the count of nucleotide b in position k [2].
The candidate site score is the sum of the respective posi-
tional nucleotide weights:

Z�b1TbL� �
X

k�1TL W�bk; k�

where k is the length of the site. Z-score can be used to
assess the signi¢cance of an individual site.
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These pro¢les are used to scan the set of palindromes
again, and the procedure is iterated until convergence.
Thus a set of pro¢les is constructed. The quality of a
pro¢le is de¢ned as its information content [25]:

I �
X

k�1TL

X
i�A;C;G;T f �i; k�log�f �i; k�=0:25�

where f(i,k) is the frequency of nucleotide i in position k of
sites generating the pro¢le. The best pro¢le is used as the
recognition rule.

Each genome was scanned with the pro¢le, and genes
with candidate regulatory sites in the upstream regions (in
positions 3325 to +25 relative to the translation start)
were selected. The threshold for the site search was de¢ned
as the lowest score observed in the training set.

Protein alignments were made using the Smith^Water-
man algorithm implemented in the GenomeExplorer pro-
gram [26]. Orthologous proteins were de¢ned by the best
bidirectional hits criterion [27]. Distant homologues were
identi¢ed using PSI-BLAST [28]. Multiple sequence align-
ments were constructed using CLUSTALX [29]. Phyloge-
netic trees were created by the maximum likelihood
method implemented in PHYLIP [30] and drawn using
TreeView [31]. Site recognition was performed using
GenomeExplorer.

3. Results and discussion

3.1. The arabinose regulon

The arabinose regulons in the complete B. halodurans
and C. acetobutylicum genomes and in the un¢nished B.
stearothermophilus and E. faecium genomes were identi¢ed
using the similarity search with genes from the arabinose
regulon of B. subtilis as queries (Fig. 1A). The AraR
search pro¢le was constructed using the training set of
¢ve known AraR-binding sites from B. subtilis [12] (see
Section 2). The threshold was set to 4.86, the minimal
score of the ¢ve sites from the training set. Several new
candidate AraR-regulated genes were identi¢ed (Table
1A). Of these, only two new genes, xsa and ydjK, were
predicted to belong to the AraR regulon in B. subtilis. The
former encodes the second K-arabinofuranosidase homol-
ogous to abfA from the ara operon. The latter encodes a
putative transporter from the Major Facilitator Superfam-
ily, the Sugar Porter subfamily [32] and is homologous to
various arabinose, xylose and galactose symporters. Inter-
estingly, it has been shown recently that B. subtilis has a
low a¤nity arabinose transporter in addition to araE and
araNPQ [33]. Thus, the hypothetical proton symporter
ydjK, predicted to belong to the AraR regulon, can be
also involved in the transport of arabinose. In addition,
the K-arabinase gene abnA, located immediately upstream
of the araABDLMNPQ-abfA operon, has a weak candi-
date AraR site (score of 4.49). K-Arabinase is an extracel-

lular enzyme involved in the degradation of arabinose
polymers. Thus this gene can be co-regulated with the
rest of the arabinose-utilising genes.

In B. halodurans, the predicted AraR regulon consists of
the araDBA-xsa, abfA-araM and araR operons. Further-
more, we identi¢ed a strong candidate AraR site upstream
of BH1061. This gene encodes a putative sugar hydrolase
closely related to K-glucuronidase AguA from Thermotoga
maritima (54% identity). The orthologue of this gene in B.
stearothermophilus belongs to the glucuronic acid utilisa-
tion operon which is regulated by the local repressor
UxuR [34]. No candidate AraR sites were observed up-
stream of this operon. Nevertheless, the regulation of
BH1061 by the arabinose repressor can be signi¢cant,
since glucuronosyl residues appear in such natural hetero-
polysaccharides as arabinans and arabinoxylan. The B.
halodurans transport system araNPQ has no AraR sites,
but it is likely to be regulated by its own transcriptional
regulator (LacI/GalR family) encoded by the upstream
gene BH0901. In the regulatory region of araNPQ we
found a probable operator, a 24-bp perfect palindromic
sequence TTTTTCGTGTACGTACACGAAAAA. Its 10
central positions coincide with the corresponding positions
of the AraR consensus site, ATTTGTACGTACAAAT. It
is likely that these related transcriptional factors have sim-
ilar recognition sequences.

The search for orthologues in the un¢nished genome of
B. stearothermophilus reveals only two fragments contain-
ing genes of the arabinose metabolism. The ¢rst one con-
tains araR, araDBA and partially the araGH transport
system. The second one contains a fragment of the xsa-
abfA operon lacking the upstream region. High scoring
AraR sites were detected upstream of the araR and ara-
DBA operons.

In the more distant C. acetobutylicum genome, the com-
position and the operon structure of the AraR regulon is
di¡erent. There are no orthologues of the araB-encoded
ribulose kinase. Moreover, araE and araA are duplicated
and combined into a single gene cluster with araD, araR
and two new genes, CAC1343 and CAC1344. The ¢rst of
these genes is orthologous to the phosphoketolase gene ptk
from L. lactis and the second one, named araK, is similar
to several sugar kinases, but does not cluster on the phy-
logenetic tree with any kinases of known speci¢city (Fig.
2). The regulatory regions of araDA1, araR, ptk and araK
each contain at least one AraR site with the score exceed-
ing the threshold. Moreover, in E. faecium, the orthologue
of araK also is predicted to belong to the AraR regulon, as
it is located in the putative araKDA operon. We propose
that the new gene araK belongs to the AraR regulon and
encodes the missing ribulose kinase that was non-ortholo-
gously replaced in the C. acetobutylicum and probably E.
faecium genomes. The araE1 gene which is located down-
stream of araR has only a low-scoring AraR site (score of
4.49). The paralogues of the other two genes, araE2 and
araA2, are located immediately downstream of araK and
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Fig. 1. The operon structures and the transcriptional regulatory sites of arabinose (A), ribose (B) and xylose utilisation genes (C) in B. subtilis (BS),
B. halodurans (BH), B. stearothermophilus (st), B. megaterium (BM), B. licheniformis (BL), Bacillus sp. (Bsp), C. acetobutylicum (CA), C. di¤cile (CD),
E. faecalis (EF), E. faecium (Efm), S. aureus (SA), S. xylosus (SX), T. ethanolicus. (TE), L. pentosus (LP), L. brevis (LB), L. sakei (LS) and L. lactis
(LL). Non-orthologous gene displacements of araK are shown by asterisks. The AraR, RbsR, XylR and CcpA sites are shown by triangles, two-directed
arrows, squares and circle, respectively. The letters F, K and P with any of these site note the existence of a footprinting experiment proved this site
(F), known regulation of downstream genes (K) or prediction of this site in a previous publications. The scores of sites with tilde are slightly below of
used threshold. The contig ends are marked by square brackets.
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are likely to be co-regulated with the latter. In addition,
we have identi¢ed one more putative member of the
C. acetobutylicum AraR regulon, abf2 (CAC1529), which
is highly similar to K-arabinofuranosidase 2 from Strepto-
myces chartreusis (52% identity). It is likely to form an
operon with a hypothetical permease, CAC1530, which is
homologous to the ra¤nose permease rafB and the lactose
permease lacY from Escherichia coli (respectively, 44% and
41% identity). However, the B. halodurans genome con-
tains a hypothetical gene BH1867 orthologous to abf2. It
is located in immediate proximity to the araDBA-xsa op-
eron and the abfA gene, but does not have upstream can-
didate AraR sites.

The predicted AraR regulon in E. faecium includes the
araKDA and araR operons. Two paralogues of abfA that
are organised in one putative operon with abf2, and the
hypothetical ABC transport system have no AraR site.
Nevertheless, they are positionally clustered with araR.

3.2. The ribose regulon

There are two di¡erent types of the rbs operon in bac-
teria from the Bacillus/Clostridium group. The gene order
rbsRKDACB is conserved in B. subtilis, B. halodurans,
B. stearothermophilus, B. anthracis and L. lactis. The
more distant genome of C. di¤cile has a putative
rbsRKBAC operon without rbsD (small transmembrane
component of the ribose transporter). The second type is
present in L. sakei, where the rbs operon encoding RbsK,
RbsD and a new ribose transporter named RbsU is regu-
lated by RbsR [35]. The same genes form the ribose gene
cluster in E. faecalis and S. aureus (Fig. 1B). On the phy-
logenetic tree of the LacI/GalR family of transcriptional

regulators, the RbsR regulators from the analysed bacteria
fall into two distinct groups exactly corresponding to the
two di¡erent types of the rbs operon (Fig. 3).

The training set of the rbs upstream regions from bacilli,
L. lactis and C. di¤cile was used to construct the ¢rst
search pro¢le. The derived putative RbsR consensus,
TtTaTGTAAcCGgTTACAtAaA, is highly similar to the
CRE consensus, TTGAAAgCGcTTTCAA, but is 6 bp
longer. The search for potential CRE boxes in the up-
stream regions of rbs shows that the predicted RbsR and
CRE boxes coincide. However, the candidate sites are
closer to the RbsR box pro¢le than to the CRE box pro-
¢le. (Table 1B). This means that the negative regulation by
the global regulator CcpA and by the speci¢c repressor
RbsR is encoded by the same binding sites. This make
sense, as the ribose regulon should be repressed both in
the absence of ribose and in the presence of other, pre-
ferred, carbon sources.

The second search pro¢le was constructed using the rbs
upstream regions from L. sakei, E. faecalis and S. aureus.
The resulting RbsR consensus di¡ers from the ¢rst one
and from the CRE box consensus. However, in these ge-
nomes the candidate CRE boxes are located close to the
candidate RbsR boxes in the rbs upstream regions.

Finally, the search with the derived RbsR pro¢les has
not revealed any new candidate members of the RbsR
regulons. Thus, the RbsR regulators seems to be true local
repressors in£uencing the expression of only one operon in
any genome.

Fig. 2. A maximum likelihood phylogenetic tree of sugar kinases from
the Bacillus/Clostridium group of bacteria. Bold, two distinct groups of
arabinose kinases.

Fig. 3. A maximum likelihood phylogenetic tree of the LacI-family tran-
scriptional regulators from the Bacillus/Clostridium group of bacteria.
The tree includes all CcpA and RbsR proteins considered in this work,
putative regulator BH0901 from B. halodurans and the others LacI-fam-
ily regulators from B. subtilis. Bold, ribose repressors.
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3.3. The xylose regulon

All operons orthologous to xylAB, xynCB, xylR and
xyn1 were collected from GenBank as well as from com-
plete and un¢nished genome sequences. The orthologues
of the xylAB operon were found in four Bacillus and two
Clostridium genomes and in the E. faecalis, S. xylosus [36],
T. ethanolicus [37], Lactobacillus pentosus [38], Lactobacil-
lus brevis [39] and L. lactis genomes (Fig. 1C). The ortho-
logues of xynB were found in B. halodurans, L. pentosus,
L. lactis and two Clostridium genomes. Two orthologues
of xyn1 from B. stearothermophilus were found in Bacillus
sp. and B. halodurans.

The XylR regulators from Gram-positive bacteria be-
long to the so-called ROK family (repressor, ORF, ki-
nase). The phylogenetic tree can be divided into two large
groups and a separate branch corresponding to the XylR
orthologue from C. acetobutylicum (Fig. 4). The ¢rst
group consists of the xylose repressors from Bacillus ge-
nomes, whereas the second one includes XylR from the
rest of the analysed Gram-positives, excluding L. lactis.
The latter has a xylose regulator, also called XylR, from
the AraC family of transcription factors.

Then, the signal determination procedure was applied to
the training set consisting of upstream regions of the col-
lected operons. Two highly similar signals were identi¢ed.
The ¢rst signal is common for four xylose operons from
L. pentosus and L. brevis, whereas the second one includes
sites from the remaining genomes, except L. lactis and
C. acetobutylicum. The corresponding 23-bp consensus se-
quences, GTTgGTTGnnnnnnnCAACcAAC and GTTw-
GTTtatnnnataAACwAAC, are similar to the XylR con-
sensus earlier described for B. subtilis [17]. The search with
the second constructed pro¢le using the threshold of 5.6
(the minimal score of 14 sites from the training set) iden-
ti¢ed some new candidate members of the xylose regulon
(Table 1C).

A high-score XylR site occurs upstream of the hypo-
thetical BH3678-79-80-81-81-xynB operon of B. halodu-
rans. The genes of this operon encode a two-component
regulatory system, an ABC system and the xylosidase
XynB, respectively. The transport system is homologous
to various disaccharide ABC transporters from the MalF-
G-E-K subfamily. Based on the observation that xynB in
all cases forms a single operon with transporters, we pro-
pose that this ABC system is an active transporter of xylo-
sides. BH0701, a paralogue of xylR (36% identity), is tran-
scribed divergently from the operon encoding a
hypothetical transport system, the glucosidase GlcA and
three enzymes of the glucuronate catabolism, UxaC,
UxuA and UxuB. The common regulatory region of these
operons contains a candidate XylR site that in fact can be
the target of the local regulator BH0701.

The predicted XylR site in E. faecalis is located in the
common regulatory region of the divergon formed by
xylR and a putative operon including xylAB. The ¢rst
¢ve genes of these operons, encoding a putative xylosidase
and a PTS transport system, were named xylS and pts1-2-
3-4, respectively. The PTS transport system may be in-
volved in the xylose- or xyloside-speci¢c transport in
E. faecalis. Note that in C. di¤cile, the orthologous
xylS-pts1-2-3-4 operon is located closely to the xylAB/
xylR divergon and has a weak predicted XylR site (the
score equals 4.98). There are no candidate XylR sites up-
stream of the xynBC operon.

In C. acetobutylicum, the upstream regions of xynBC,
xylB, and xylR operons have no sequences resembling the
XylR signal. Since the putative xylose repressor
(CAC3673) from C. acetobutylicum is only distantly re-
lated to other XylR (Fig. 1C), we have tried to detect
the original regulatory signal. Using the signal determina-
tion procedure we detected a common signal for the
xynCB, xylB and xylR operons from C. acetobutylicum
with the 23-bp consensus sequence ACTTTT-
TAAAnnnnnTTTAAAAAGT. Based on the fact that
the above highly conserved signal occurs only upstream
of the xylose metabolism genes and the putative XylR-
related regulatory gene in C. acetobutylicum (Table 1C),
we propose that XylR (CAC3673) is the regulator of the
xylose regulon in C. acetobutylicum.

Interestingly, the obtained consensus of the XylR site is
similar to the signal STTATTTnnnnnnnnnAAATAAS of
the N-acetyl-glucose-amine repressor NagC from E. coli,
also belonging to the ROK family [40].

3.4. The catabolite repression by CcpA

The CRE search pro¢le was constructed using the set of
known CRE sites from B. subtilis. The minimum site score
from the training set was chosen as the threshold for the
site search. Scanning of all studied genomes with the CRE
pro¢le reveals that the majority of genes for the utilisation
of pentoses have a predicted CRE box, and thus are likely

Fig. 4. A maximum likelihood phylogenetic tree of the transcriptional
regulators from the ROK family including all known and predicted
xylose repressors from the Bacillus/Clostridium group of bacteria.
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to be regulated by CcpA. The rare exceptions are xylAB of
T. ethanolicus, L. brevis and C. di¤cile, as well as xynCB
of C. acetobutylicum, xylPQ of L. pentosus and xyn1 of B.
stearothermophilus.

3.5. Conclusions

We have identi¢ed a number of a new genes encoding
transporters and enzymes involved in the utilisation of
pentoses. Non-orthologous gene displacements of ribulose
kinase were predicted in C. acetobutylicum and E. faecium.
Simultaneous analysis of several genomes of the Bacillus/
Clostridium group allowed us to derive the new consensus
signals for the XylR and RbsR repressors, to predict can-
didate AraR and XylR sites and, consequently, new mem-
bers of the arabinose and xylose regulons. In addition, the
CRE sites of the global catabolite repressor CcpA were
found upstream of the most genes from the AraR, RbsR
and XylR regulons. It con¢rms the dual regulation of
these genes by two opposite mechanisms, substrate induc-
tion and catabolite repression. The comparison of these
results with the same analysis of Gram-negative bacteria
is presented in the accompanying paper [41].
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