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Abstract The advent of genomics has greatly influenced
fundamental and applied microbiology. This has become
paradigmatic in the case of Bacillus subtilis, a primary
model bacterium for research and biotechnology. Indeed,
mining its genome has provided more fruitful information
than classical approaches would have yielded in a longer
period of time. Through advanced analysis of its genome
and transcriptome, fundamental discoveries dealing with
the informational architecture of the B. subtilis chromo-
some, as well as with the elucidation of its pathway-level
regulation of gene expression, have been achieved. The
possibility of performing a complete metabolic manipula-
tion of the secretory pathway of Bacillus is promising
important biotechnological fallouts. Similar emphasis
exists for the possibility of controlling the cell in the
formation of biofilms with specific physical and chemical
characteristics. At the theoretical level, the new concept of
genetic superinformation has been formulated and its
analytical approach implemented, while the understanding
of the minimal genetic requirements for the existence of a
reproducing bacterial cell is being tackled. In summary,
the impact of the B. subtilis genome has philosophically
revolutionised the way that basic knowledge is translated
into applied microbiology and biotechnology, making this
bacterium the workhorse of post-genomic microbiology.

Introduction

Bacillus spp., generally aerobic gram-positive, endospore-
forming, rod-shaped bacteria, have been considered for
many years as suitable experimental organisms for
molecular biology. Today, there are at least 65 validly

described species in the genus Bacillus mainly clustered in
at least five different groups based on 16S rRNA sequence
analysis (Priest 1993). Bacillus subtilis, in particular, has
been chosen as the appropriate representative of Group II
and has been studied intensely for more than 40 years as a
model organism for genetics and, later, as a GRAS host for
the production of heterologous proteins (Harwood 1992).

The release of the complete sequence of the
4,214,810 base pairs of the B. subtilis genome (Kunst et
al. 1997) opened the era of the functional analysis of the
gram-positive bacteria and, as presented on the the cover
of the 20 November 1997 issue of Nature, “filled a gap in
genomics”. A multitude of studies was carried out on the
B. subtilis genome, from the definition of the expression
profiles using microarrays to the analysis of its DNA
topology and secondary structures. Extensive analyses
have also been performed on the chromosome of the
pathogenic species of the genus Bacillus. The genome
sequences of Bacillus anthracis Ames (Read et al. 2003)
and Bacillus cereus (Ivanova et al. 2003) have recently
been released and compared with that of Bacillus
thuringiensis (Radnedge et al. 2003) showing a very
close evolutionary relationship among them, which
prevents an easy classification and detection of specific
regions suitable as targets for vaccines against anthrax.
The analysis of the common genes coding for pathoge-
nicity factors in these three species leads us to believe that
two different ancestors existed, one for the benign soil
bacilli such as B. subtilis, and another for the so-called
cereus group, which was an opportunistic insect pathogen.
Surely, in the coming months these new data on the
pathogenic Bacillus-spp. will drastically change the cur-
rent beliefs regarding the potential of gram-positive
organisms, leading to debates, technological developments
and, hopefully, improvements in human health. The
twilight of the sequencing era has coincided with the
dawn of the microarrays era. Today, the benefits of the
microarray-based transcription profiles of B. subtilis are
beginning to be perceived in biotechnology.

The purpose of this review is to focus on the most
recent progress related to the functional analysis of the
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Bacillus spp. genomes, with a particular attention to B.
subtilis, pointing out their revolutionary impact on
scientific know-how and industrial applications. Further-
more, some new conclusions on the biological meaning of
DNA secondary structures are provided within the frame-
work of this novel, in-depth type of genome analysis.

The genomic features: how to investigate the meaning
of the primary structure?

Our information about the B. subtilis genome is mainly
related to strain 168trpC2, derived from Marburg strain
after X-ray irradiation (Burkholder and Giles 1947); this
strain was chosen for the complete genome sequencing
project. The average G+C ratio of the B. subtilis chromo-
some is 43.5%, a value that is very high when compared to
the G+C content of pathogenic Bacillus spp. such as B.
anthracis A2012 (35.1%) (Read et al. 2003) and B. cereus
ATCC 14579 (35.3%) (Ivanova et al. 2003), but similar to
the alkaliphilic Bacillus halodurans (43.7%) (Takami et al.
2000). A common feature among these species is that the
G+C content varies considerably throughout the chromo-
some. Moreover, as another common characteristic, A+T
islands reveal the signature of bacteriophage lysogens or
other inserted elements leading to the hypothesis that
either the chromosome is a result of a phage-mediated
recombination between the genomes of closely related
bacteria (Ivanova et al. 2003) or that it results from DNA
fragments horizontally transferred from source organisms
that are richer in A+T than the host (Nicolas et al. 2002).
On a smaller scale, horizontal gene transfer could also
have been accomplished by transposases. Transposons and
transposon-related proteins had an evolutionary role
accounting for internal rearrangements of the genome.
Ten are encoded in the B. subtilis genome while up to 112
are encoded in B. halodurans C-125 chromosome (Takami
et al. 2000). Gene transposition and lateral transfer
analysis has allowed the development of methods for
reconstructing phylogenetic trees and branching orders of
gram-positive bacteria (Kunisawa 2003). In B. subtilis the
GC skew (nG−nC)/(nG+nC) and the AT skew are positive
on the replication leading strand (Lobry 1996). These
skews are linked to the A+G enrichment of the coding
strand, due to a high preference for encoding proteins on
the leading strand in B. subtilis.

A large number of repeats has been found in those
regions that flank loci putatively involved in bacteriophage
integration. A 190-bp element is repeated ten times in the
chromosome, five repeats on each side of the origin of
replication (Kunst et al. 1997). Similar repeated sequences
are also present in various strains of Bacillus licheniformis
in which entire important genes, nearly identical to those
of B. subtilis, have been discovered (Tye et al. 2002).
Among duplications, the B. subtilis genome is also
characterised by genes comprising long sequence repeats.
These genes encode peptide synthetases involved in the
multi-enzymatic mechanism of non-ribosomal synthesis of
proteins such as surfactin (Cosmina et al. 1993) and

fengycin (Tosato et al. 1997). Clusters of dimers have been
analysed leading to the development of algorithms able to
identify regulatory motifs in the genome of B. subtilis
(Mwangi and Saggia 2003). The over-represented dimers
have been grouped to represent classes of motifs recog-
nised by transcription factors. A drawback of this meth-
odology, also recognised by the authors, is that a
transcription factor can bind specific dimeric sequences
not over-represented in the genome and therefore
undetected by the algorithm. Among particular DNA
motifs, palindromic sequences seem less frequent in the
bacterial genome than expected on the basis of their G+C
content. In particular, there is a consistent decrease in the
number of palindromes within the Shine-Dalgarno regions
of B. subtilis (Fuglsang 2003). We believe that this is
consistent with their possible impairment of DNA tran-
scription.

DNA secondary structures, genomic organisation and
topology may be exploited as superinformation by the
cell

The analysis of the DNA secondary structure of the whole
B. subtilis genome is a first step in the direction of
understanding whether a correlation exists between
phenomena (i.e. cellular shape, existence of preferential
sites of integration in transposon mutagenesis, non-coding
DNA) that cannot be explained by the primary structure of
nucleic acids and the presence of hairpins and bending
along the chromosome (Tosato et al. 2003). A decreasing
gradient of large DNA hairpins from the origin towards the
terC end of chromosomal replication characterises the
genome of B. subtilis, as well as a concentration of the
most curved DNA in the intergenic regions rather than
within the open reading frames (ORFs). The lack of
hairpins around the terC locus (with the exception of
hairpins A and B of the replication terminus) correlates
with the low level of homologous recombination reported
in this 2,110- to 2,960-kb region (Chedin et al 1998;
ElKaroui et al. 1999). This observation is in agreement
with the knowledge that the presence of secondary
structures as hairpins may favour the initiation of recom-
bination (Lobachev et al. 1998).

On the involvement of recombination in genome
plasticity, B. subtilis has been found to have a generally
stable chromosomal structure compared with other Bacil-
lus spp. B. cereus and B. thuringiensis strains have been
subjected to a high frequency of genome rearrangements
(Carlson et al. 1992) causing an extensive genetic diversity
among different environmental isolates (Carlson et al.
1994). In contrast to the genomic diversity within B.
cereus and B. thuringiensis, B. anthracis appears to be
genetically clonal (Keim et al. 1997). This pathogenic
species has the same apparatus of DNA repair proteins
found in B. subtilis, but it appears to have additional DNA
repair capabilities acting mostly on UV-induced DNA
damage with two, rather than one, UV dimer endonu-
cleases (Read et al. 2003). Moreover, many genes coding
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for detoxification proteins (catalases, bromoperoxydases,
superoxide dismutases) involved in preventing oxidative
DNA damage by free-oxygen radicals, have no homo-
logues in B. subtilis. Perhaps this capability to repair its
genome with higher efficiency can be correlated with the
lower genetic diversity of B. anthracis among different
isolates.

It is known that the genomic organisation may affect
gene expression, as it is paradigmatically represented by
the distinct strand-specific clusters of genes coding in
opposite directions starting from a single short intergenic
region in some chromosomes of Leishmania major and
other kinetoplastids (Tosato et al. 2001). B. subtilis
chromosomal gene organisation is very different from
that of other Bacillus spp. of the same subgroup as B.
cereus (Okstad et al. 1999) and Bacillus firmus (Gronstad
et al. 1998). This fact indicates that, at least in Bacillus
spp., gene organisation is generally not conserved even
between members of the same group. In B. subtilis, for
instance, the chromosomal position of the spoIIR gene
regulates sigmaE activation allowing the mother cell-
specific gene expression that is necessary for spore
formation (Zupancic et al. 2001).

DNA supercoiling also plays important roles in gene
expression regulation, even if the molecular mechanism is
still unclear (Chen and Wu 2003). The topology of the
genomic DNA in bacteria is controlled by DNA gyrase,
the prototypical type II topoisomerase, and by topoisome-
rase IV, which is more efficient than gyrase in unknotting
and decatenating DNA. Both these enzymes have been
recently characterised in B. subtilis (Barnes et al. 2003).
The DNA supercoiling in B. subtilis changes with
variations in environmental factors such as osmolarity,
temperature, oxygen and carbon sources supply, enabling
the transcription activation or repression of some specific
genes. For instance a highly negative supercoiled DNA
structure involving the gyrase activity is also required to
induce the osmotic response (Alice and Sanchez-Rivas
1997). Negative supercoiling also regulates homologous
recombination in eukaryotes (Trigueros and Rocha 2002)
as well as illegitimate recombination in bacteria (Shanado
et al. 1998). These and many others findings indicate that
DNA supercoiling is involved not only in the regulation of
gene expression, but also in the major pathways of
recombination, therefore representing, together with chro-
mosomal gene organisation and DNA secondary struc-
tures, an instrument of the cell for the management and
storage of genetic superinformation.

The essentiality of few genes and of many genetic
interactions are requirements for life

After the completion of the genome sequencing, another
ambitious project was carried out performing a systematic
inactivation of the 4,100 genes of B. subtilis (Kobayashi et
al. 2003). The final goal was to estimate the minimal gene
set required to sustain bacterial life in nutritious condi-
tions. In other words, this extensive knockout project was

developed to define the minimal bacterial cell. Analysis in
silico had already identified 260 genes by comparison of
the small genomes of Mycoplasma genitalium and Hae-
mophilus influenzae, which can be considered essential for
bacterial life (Mushegian and Koonin 1996). Only 271
genes out of 4,100 in B. subtilis were found to be essential
for growth when inactivated singly. Of course, this kind of
analysis does not detect essential functions encoded by
paralogs. On the other hand, it is known that, in Bacillus
spp. as in many other organisms, it is not so rare to find
genes that, if knocked out together, cause the death of the
cell, but that are not essential for life if knocked out singly
(synthetic lethal mutants). To define the complete
panorama of interactions among genes and their proteins
resulting in survival, a mutant with the systematic and
progressive deletion of all its genes should be produced.
The goal of this project is not such a utopia.

On this subject, an effort to optimise the Bacillus spp.
cell factory has been the systematic removal of a few
dispensable genomic regions such as prophages and AT-
rich islands, which has lead to the construction of a new
microorganism lacking 332 genes (Westers et al. 2003). It
is foreseeable that, following this trend of whole-genome
manipulation, a complete “minimal Bacillus spp.” will be
achieved in the near future, perhaps employing an
approach similar to the one being implemented by the
group of Craig Venter at the Institute for Biological Energy
Alternatives, involving global transposon-based genome
mutagenesis (Hutchison et al. 1999). Selection will be left
to the achievement of complex, biotechnologically
relevant processes, such as the utilisation of polluting
carbon sources as substrates for growth.

The extensive and systematic gene knockout work
carried out so far has led to the assignment of many genes
relative to their expression level and essentiality. In the
past, it was proposed that highly expressed genes be
preferentially positioned in the leading strand to allow
faster DNA replication and lower transcript losses (Brewer
1988). However, it has been demonstrated that essentiality
and not the efficiency of expression drives gene-strand
bias in B. subtilis (Rocha and Danchin 2003). Today, the
simultaneous expression of genes on the same strand is
considered as part of a chromosomal hyperstructure,
leading to a new strand-specific model for genomic
segregation in bacteria (Rocha et al. 2003). Furthermore,
it has been found that the presence of gene clustering in
operons does not affect this model, suggesting that an
operon needs to contain only one essential gene to be
preferentially positioned on the leading DNA strand.
These results gives credit to the role of essentiality in the
organisation of the bacterial chromosome confirming,
moreover, the idea that DNA secondary structures,
topology, or the genomic positions of essential genes are
informative for the cells, in terms of survival, as much as
the primary DNA sequence. As a consequence of this
theory, lethality can be provoked not only by deletion, but
also by strand-switching or re-positioning of an essential
gene. This is a further indication that complex interactions
exist among different regions of the chromosome and, in
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particular, of coding regions, supporting the conviction
that an extensive, systematic, gene-by-gene deletion
should give an exhaustive answer to many questions
arisen after the completion of the genomic sequencing.

Transcriptome comparison provides global information
about regulons, bridging the gap between genomics and
its industrial applications

From the genome project, over 4,000 putative protein-
coding sequences have been identified by Gene Mark
Prediction (Kunst et al. 1997). Their average size is 890 bp
leading to a coding content of 87%. The operons are 1898
(Rocha and Danchin 2003) and they can be predicted also
efficiently by a non-homology method (Moreno-Hagelsieb
and Collado-Vides 2002). A data base of promoters and
transcription factors has been constructed, revealing that
the number of promoters with repeated homologous
binding sites is significantly lower in B. subtilis that in
Escherichia coli. In addition B. subtilis promoters can
have binding regions of activators that are downstream of
transcriptional initiation sites (Ishii et al. 2001).

Comparing the pattern of transcripts from wild-type
cells with the pattern of mutants for a particular function it
is possible to recognise and identify genes involved in the
pathway responsible for that function. In transcriptome-
related studies, the pathway is usually called regulon and
the genes that are induced or repressed in the mutant
belong to it. For instance, by an extensive transcriptional
profiling, it was found that the expression of at least 586
genes, representing more than 10% of the ORFs in the B.
subtilis genome, is related to the SpoA gene, which codes
for a regulatory protein necessary to start sporulation
(Fawcett et al. 2000). The response of the B. subtilis
transcriptome to the presence of glucose has also been
investigated as well as the role of the pleiotropic
transcriptional regulator CcpA in this response (Blencke
et al. 2003). Transcriptomic approaches allowed identifi-
cation of new members of the Deg regulon of B. subtilis,
which controls the transition from the exponential to the
stationary growth phase (Mader et al. 2002) and of the
RelA regulon which is involved in amino acid, glucose
and oxygen starvation (Eymann et al. 2002). Moreover, a
transcriptional profiling approach was used to investigate
the adaptation of B. subtilis to extreme conditions such as
high salinity (Steil et al. 2003).

Studies that are transcriptome-related allow obtaining
useful information for industrial applications. One of these
applications is related to a particular feature of B. subtilis,
which exists in its ability to form biofilms. To gain insight
into the pathway of the biofilm formation, microarrays
were used to find changes in transcriptome when bacterial
cells were transitioning from a planktonic to a biofilm state
(Stanley et al. 2003). By using this technology, 519 genes
have been recognised to affect biofilm formation, which is
heavily used in biomedical and industrial applications.
Therefore, transcription profiling, especially if coupled
with proteome analysis, allows outlining the draft of the

major pathways, offering an impressive amount of imputs
and insights about functionality of regulons. With respect
to DNA array techniques, proteomic studies provide more
information about signal transduction, post-translational
modifications and protein secretion. A proteomic view of
the cell physiology of B. subtilis has been established
using highly sensitive two-dimensional protein gel elec-
trophoresis and microsequencing (Hecker 2003). Since
Bacillus spp. are frequently used as hosts for the
production of biomedical recombinant proteins such as
pro-insulin (Olmos-Soto and Contreras-Flores 2003) or
staphylokinase (Ye et al. 1999), DNA microarray
techniques and two-dimensional polyacrylamide gel elec-
trophoresis have been used to identify the genes involved
in overexpression, to improve recombinant protein
production. The knowledge of the secretory pathway is
also very important for the production of peptides, in a
market of proteins secreted from Bacillus spp. that is over
U.S. $1 billion per year. For this reason genomics and
proteomic approaches have been used to explore the Tat
pathway of B. subtilis to increase the secretion of proteins
from Bacillus spp., bypassing the general secretory
pathway (Sec) (van Dijl et al. 2002). Recently, the
physical map of B. subtilis (natto), which is used for the
production of Natto, a traditional Japanese dish of
fermented soy beans, has been constructed and compared
to the closely related B. subtilis Marburg 168trpC2 strain
to demonstrate its difference and to implement its
productivity (Qiu et al. 2003).

These are some of a multitude of examples, in which the
complete transcriptional profile, built from the genomic
sequencing data, provides essential information relevant
not only to scientific knowledge, but also to its
biotechnological applications, with a consequent improve-
ment of the industrial production of recombinant proteins
from Bacillus spp.

Conclusions and future perspectives

The magnitude of data resulting from the extensive
analysis of the B. subtilis genome and its comparison
with the chromosomes of other Bacillus spp. is evidence
of the vitality and the continuous in fieri status of
functional genomics. The acquired knowledge and the
implementation of the technical progress achieved in the
last 6 years, following the release of the B. subtilis genome
sequence, has allowed substantial development in indus-
trial processes. Proteomics on one side and bioinformatics
on the other, integrated with knew knowledge on the
genomic information stored within secondary DNA
stuctures, complete the panorama that the functional and
comparative genomics have outlined. More genome-wide,
technology-oriented approaches to the solution of complex
biotechnologically related problems will be implemented
in the future. This will help us to read more efficiently an
additional new page from the ancient book of life
everyday, as well as to continue to profit from it.
However, the prospect deriving from these new ap-
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proaches does raise some concern about the necessary
control over a possible exaggerated use or misuse of this
technology.
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