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Abstract

Bacillus subtilis is one of the best known Gram-positive bacteria at both the genetic and physiological level. The
entire sequence of its chromosome is known and efficient tools for the genetic modification of this bacterium are
available. Moreover, B. subtilis and related Bacillus species are widely used in biotechnology, in particular for the
production of secreted enzymes. Although bacilli can secrete large amounts of several native enzymes, the use of these
bacteria for the production of heterologous enzymes has frequently resulted in low yields. Here we describe the
identification of several components of the Bacillus protein secretion machinery. These components can now be
engineered for optimal protein secretion. Special emphasis is given on type I signal peptidases, which remove signal
peptides from secretory precursor proteins. Five genes specifying such enzymes (sip, for signal peptidase) are present
on the B. subtilis chromosome. Although none of the sip genes is essential by itself, a specific combination of
mutations in these genes is lethal. The expression pattern of some of the sip genes coincides with that of many
secretory proteins, which seems to reflect an adaptation to high demands on the secretion machinery. Although the
various B. subtilis type I signal peptidases have at least partially overlapping substrate specificities, clear differences
in substrate preferences are also evident. These observations have implications for the engineering of the processing
apparatus for improved secretion of native and heterologous proteins by Bacillus. © 1998 Elsevier Science B.V. All
rights reserved.

Keywords: Secretion pathway; Bacillus subtilis ; Host–vector system; Signal peptidase; Cryptic plasmids; Gram-posi-
tives

* Corresponding author. Tel.: +31 50 3632105; fax: +31 50 3632348; e-mail: s.bron@biol.rug.nl

0168-1656/98/$ - see front matter © 1998 Elsevier Science B.V. All rights reserved.

PII S0168-1656(98)00099-6



S. Bron et al. / Journal of Biotechnology 64 (1998) 3–134

1. Introduction

Bacillus subtilis and related Bacillus species are
important organisms both for fundamental re-
search and industrial applications. In particular,
B. subtilis has been widely studied and is currently
one of the best known prokaryotes. In fact, this
bacterium has become the paradigm for research
in bacilli, and Gram-positive bacteria in general.

Certain strains of this bacterium can develop
natural competence, the ability to take up exoge-
nous DNA from the medium under certain physi-
ological conditions and to become genetically
transformed. The availability of this system makes
that B. subtilis is now one of the most amenable
hosts for genetic engineering. It enables the intro-
duction of integrational plasmids, which by single
or double cross-over events (Campbell-type or
replacement-type recombination, respectively),
can conveniently be used for the targeted alter-
ation of chromosomal loci (Perego, 1993; Bron et
al., 1998).

Genetic competence is one of several possible
outcomes of post-exponential gene expression
phenomena in B. subtilis (Fig. 1). These processes
reflect a kind of adaptation to changing condi-

tions, and are induced by signals associated with,
among others, nutrient shortage, and cell density.
Several regulons can be induced via a complicated
network of signal transduction leading to the
activation or inactivation of specific gene clusters.
This temporal regulation of gene expression is
generally considered to represent a simple form of
cellular specialisation and the resulting processes
seem to increase the cells’ competitive ability to
adapt to changing conditions. Possible outcomes
of these processes are: (i) the development of
flagellae, thereby increasing the mobility of the
cell for directed movement towards nutrients; (ii)
the production of peptide antibiotics (such as
surfactin); (iii) the development of genetic compe-
tence; and (iv) protein secretion. Finally, the cell
may sporulate and, as a spore, it can resist harsh
conditions.

The post-exponential gene expression phenom-
ena described above are different from other im-
portant cellular responses to stress, such as the
stringent control of DNA and RNA synthesis in
response to amino acid starvation, and the general
stress response to various kinds of deleterious
conditions, such as heat. These processes, which
are also known for B. subtilis, do not depend on
the signal transduction pathways described in the
foregoing section for cells in the late- or post-ex-
ponential phase of growth.

Much of the fundamental research on B. subtilis
is currently directed to the understanding of these
post-exponential phase processes. These studies
are greatly facilitated by the wealth of informa-
tion available from the B. subtilis genome se-
quencing project (Kunst et al., 1997). In this
project, which was sponsored by the Commission
of the EU and the Japanese government, about 20
groups co-operated and the entire sequence was
finished in April 1997. The project is now fol-
lowed up by a gene function analysis project,
which will make B. subtilis even more attractive
for research and application.

2. Applications

Bacilli have several advantages which render
them suitable for industrial use. One of these is

Fig. 1. Post-exponential gene expression in B. subtilis. A
typical growth curve in minimal medium is shown. As part of
an elaborate network of signal transduction, B. subtilis can
express several regulons in a temporal way. Most of these are
expressed during or after the transition from the exponential
to the stationary phase of growth. The various post-exponen-
tial phase processes are indicated in relation to the growth
phase.
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Fig. 2. B. subtilis/E. coli shuttle vector pHB201. ORI pUC: replication functions of pUC19, enabling replication in E. coli ; Rep and
ORI 1060: primary replication functions of pTA1060, enabling replication in B. subtilis ; palT1: single-strand origin of pTA1060; Em
and Cm: resistance markers for erythromycin and chloramphenicol; P59: strong promoter for B. subtilis, driving the expression of
a cat86::lacZafusion; T1T2: transcription terminator. The polylinker site in the lacZa gene was derived from pBluescript II
(Stratagene).

that most Bacillus species are non-toxic and, in
particular B. subtilis, have the generally recog-
nised as safe (GRAS) status. Moreover, well-de-
veloped systems for gene technology, protein
secretion, protein engineering, and fermentation,
are available for this bacterium.

Efficient cloning systems have been developed
for B. subtilis. Several of these are described by
Bron (1990) and Bron et al. (1998). Here we
show an efficient cloning system based on the B.
subtilis plasmid pTA1060 (Section 7). The cloning
vector, pHB201, is shown in Fig. 2. This B.
subtilis/Escherichia coli shuttle plasmid carries the
replication functions of pUC19 (for E. coli ) and
pTA1060 (for B. subtilis). The E. coli-derived
lacZa gene was provided with a promoter for B.
subtilis (P59) and a suitable ribosome binding site
(via a fusion with a modified cat86 gene). An

extended polylinker site is present in lacZa, and
inserts can be selected through a blue-white assay
on X-gal containing agar plates. The latter assay
requires the host strain 1012M15, which carries
the lacZDM15 complementing part of the lacZ
gene. Inserts up to at least 25 kb can be obtained
with this cloning system. Recombinants based on
pHB201 are usually stable: the T1T2 transcrip-
tion terminator prevents read-through transcrip-
tion from the lacZa region and the palT1
single-strand origin improves both the segrega-
tional and structural stability. Strains carrying
the vector, and recipient strain are available from
the Bacillus Genetic Stock Center (Dr D.R.
Zeigler, Department of Biochemistry, Ohio State
University, Columbus, OH; e-mail:
dzeigler@magnus.acs.ohio-state.edu). As a donor
strain for the plasmid, E. coli strain
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ECE59(pHB201) can be used; the 1012M15 recip-
ient B. subtilis strain has the code BGSC 1A447.

B. subtilis and related Bacillus species are
widely used for the production of industrial en-
zymes, mainly native secretory proteins. Bacillus
species can secrete large amounts of such enzymes
into the growth medium, in particular during the
post-exponential growth phase. The world market
for industrial enzymes amounts to about one bil-
lion US dollars per year and enzymes produced
through bacilli account for approximately half of
this. Examples of well-known Bacillus products
are proteases (mainly subtilisins) and starch-de-
grading enzymes. The world market for enzymes
and, possibly, pharmaceutical proteins, is ex-
pected to increase considerably over the next
years.

Despite the high secretion capacity for native
enzymes, attempts to produce valuable het-
erologous enzymes through bacilli have frequently
resulted in low production yields. The reasons for
this are largely unknown. Until recently, attempts
to overcome this problem were hampered by the
lack of detailed knowledge of the components of
the protein export machinery of Bacillus species.
Progress in this field is described in the following
section.

3. The protein secretion pathway in B. subtilis

Since B. subtilis is a Gram-positive bacterium,
most proteins which are transported across the
cytoplasmic membrane are secreted into the sur-
rounding medium. For the downstream process-
ing of such proteins this is a considerable
advantage compared to production via Gram-
negative bacteria, in which the majority of the
exported proteins end up in the periplasm.

Several components of the B. subtilis protein
secretion pathway have now been identified, some
as part of the B. subtilis genome sequencing pro-
ject (Kunst et al., 1997). Additional components
were identified and characterised by a consortium
of nine European groups (the European Bacillus
Secretion Group (EBSG); the consortium includes
two industrial partners (NOVO/Nordisk and Ge-
nencor International)), in a project sponsored by

the Commission of the EU. With the identifica-
tion of most components of the secretion path-
way, several of which can form bottlenecks for
secretion, it is now possible to design strategies
for the directed optimisation of the secretion of
heterologous proteins by B. subtilis. The knowl-
edge obtained from B. subtilis can subsequently be
used for the optimisation of industrial Bacillus
strains and, probably, other Gram-positive
bacteria.

The combined results obtained by the members
of the EBSG and other researchers are sum-
marised in Fig. 3, which shows a model of the

Fig. 3. Model of the protein secretion pathway in B. subtilis.
Details are described in the text. P, precursor protein; C/T,
chaperone and targeting factors; SP, signal peptide; A, Y and
E, the SecA, SecY and SecE components of the translocase
complex; Sip, type I signal peptidases; Lsp, type II (lipo-type)
signal peptidase; PrsA, extracytoplasmic folding factor; M,
mature protein.
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general secretion pathway in B. subtilis. This
model is related to models for the general protein
export pathway in E. coli (Pugsley, 1993), but
clear differences also exist. Proteins to be translo-
cated across the membrane are synthesised with
an N-terminal extension of 15–30 amino acids,
the signal peptide. The signal peptide is required
for maintaining the translocation-competent state
of the precursor, its targeting to the membrane
and the initiation of translocation across the
membrane (von Heijne, 1990; Wickner et al.,
1991; Pugsley, 1993; Driessen, 1994). In the cyto-
plasm, the precursor proteins become associated
with factors which assist in maintaining the ex-
port-competent state and the targeting to the
translocase complex in the membrane. These cyto-
plasmic factors, indicated as C/T in Fig. 3, are
chaperones and components of the signal recogni-
tion particle (SRP)-like pathway. In eukaryotes,
the SRP pathway is the major targeting system.
The receptor for the SRP-precursor complex in B.
subtilis, FtsY, has been identified (not shown in
Fig. 3). SecA is a peripheral membrane-associated
ATPase, with affinity for both the precursor/
chaperone complex and the translocase, of which
SecY and SecE are major components. SecD,
SecG and SecF (not shown in Fig. 3) also play a
role in the translocation process. Repeated cycles
of binding of SecA to the precursor, followed by
its release from the translocase complex in a pro-
cess requiring ATP binding and hydrolysis, are
essential for the initial stages of the translocation
process. During or shortly after translocation, the
signal peptide is removed by a signal peptidase
(Sip), several of which have been identified in B.
subtilis (van Dijl et al., 1992; Bolhuis et al., 1996;
Tjalsma et al., 1997; see following paragraph for a
more detailed description). Cleavage of the signal
peptide is required for release of the protein from
the cell. The subsequent folding of the mature
protein into a stable and active confirmation usu-
ally requires additional factors, such as the PrsA
protein (Kontinen and Sarvas, 1988, 1993) or
metal ions (Petit-Glatron et al., 1993). It should
be realised that the thick cell wall of B. subtilis
(and Gram-positive bacteria in general), which is
mainly composed of peptidoglycan and anionic
polymers, such as teichoic and teichuronic acids,

can form an obstacle for the efficient release of at
least certain proteins.

Although a limited number of additional com-
ponents may still be identified, we consider it
likely that the majority of the components of the
Bacillus protein secretion machinery are now
known.

4. Limiting factors and secretion bottlenecks

Several factors that can form potential bottle-
necks, in particular for the high-level secretion of
certain proteins by B. subtilis, have been iden-
tified. Chaperones and targeting factors are po-
tential bottlenecks, but their precise role has yet
to be assessed. SecA, SecY and SecE are essential,
but the question whether these and other translo-
case components can be limiting has still to be
assessed under relevant conditions, such as the
high-level production of heterologous proteins.

PrsA is one of the major limiting factors in the
secretion of both native and heterologous proteins
in B. subtilis. In the absence of sufficient amounts
of active PrsA, several secreted proteins are un-
stable and their degradation results in low pro-
duction yields (Kontinen and Sarvas, 1993).
Signal peptidases can be a limiting factor for the
processing of certain precursor proteins (van Dijl
et al., 1992). The synthesis of some components of
the secretion apparatus, such as certain signal
peptidases (Section 5), is regulated in a temporal
fashion. This can have consequences for the pro-
duction of exo-enzymes: maximal synthesis of
these enzymes should preferably coincide with the
maximal capacity of the secretion apparatus.

Proteolytic degradation is a major problem, in
particular for the production of heterologous
proteins. Mutant strains are available in which the
majority of the genes specifying extracellular
proteases have been inactivated. Although the use
of these mutants normally improves the yield of
heterologous extracellular proteins, considerable
problems of instability still remain.

The possible role of the cell wall as a potential
barrier for the secretion of certain proteins is
currently being assessed by the group of C.R.
Harwood (Newcastle upon Tyne, UK). The cell
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Fig. 4. Multiple type I SPases in B. subtilis. Five chromosomally-located and two plasmid-located sip genes for type I SPases are
known in B. subtilis.

wall could either function as a molecular sieve, or
as a polyanionic electrolyte; both properties may
hinder the release of secreted proteins into the
growth medium.

5. Multiple type I signal peptidases

Two types of signal peptidases are known in
prokaryotes: type I and type II. The latter, also
denoted as SPase II or prolipoprotein signal pep-
tidases (Lsp), remove signal peptides from precur-
sors of diacylglyceryl-modified prolipoproteins.
The lipo-modification of the first amino acid
residue (a cysteine) in the mature protein is re-
sponsible for the anchoring of the latter to the
extracellular side of the cytoplasmic membrane.
In our group the B. subtilis lsp gene was identified
(Pragai et al., 1997). Under standard experimental
conditions, the lsp gene is dispensable in B.
subtilis.

Type I SPases remove typical signal peptides
from the majority of exported precursor proteins
(Dalbey et al., 1997). A surprising observation
was that, unlike the situation in E. coli, B. subtilis
contains multiple type I SPases (van Dijl et al.,
1992; Bolhuis et al., 1996; Tjalsma et al., 1997). A
schematic representation of type I SPases in B.

subtilis is shown in Fig. 4. At least five chromoso-
mally-located sip genes (for signal peptidase), en-
coding type I SPases, are now known in B.
subtilis. The corresponding enzymes, denoted
SipS, SipT, SipU, SipV and SipW, respectively,
contain between 168 and 193 amino acids. In
addition, two sip genes were found on Bacillus
plasmids, which specify related SPases (Meijer et
al., 1995). SipW is rather different from the other
members of this enzyme family and resembles
more the eukaryotic type I SPases. For this rea-
son, SipW will not be discussed in the following
sections. The other SPases from B. subtilis are
highly related (pairwise identities at the amino
acid level: between 40 and 70%), and they are all
functionally active (van Dijl et al., 1992; Bolhuis
et al., 1996; Tjalsma et al., 1997). All contain the
five domains characteristic for type I SPases (van
Dijl et al., 1992), and the Ser and Lys residues
which are considered to form a catalytic dyad
(van Dijl et al., 1995).

None of type I SPases (including SipW) is, by
itself, essential for cell viability in B. subtilis,
indicating that the various enzymes can at least
partly complement each other. Several combina-
tions of mutations inactivating sip genes were
made (Tjalsma et al., 1997). Most strains contain-
ing mutations in more than one sip gene appeared
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to be viable. However, we were unable to con-
struct a strain carrying inactivating mutations in
both the sipS and the sipT gene, indicating that at
least one member of these two genes has to be
present in a functional form.

6. Possible explanations for multiple SPases and
implications for applications

An intriguing question is why, in contrast to E.
coli and several other bacteria, B. subtilis contains
multiple sip genes. Several possibilities can be
considered. One is that multiple copies of sip
genes will enable the cell to produce increased
amounts of total SPase, resulting in increased
processing capacities. The presence of sip genes on
multicopy plasmids (Meijer et al., 1995) is in
support of this idea. This idea is also in agreement
with our observation (van Dijl et al., 1992) that
the availability of SipS can be a limiting factor in
the processing of at least certain precursor
proteins.

Considering that the normal habitat for B. sub-
tilis is soil, and that this bacterium will be sub-
jected to very different and rapidly changing
environmental conditions, alternative explana-
tions for the existence of multiple SPases are
possible. One is that multiple SPases enable the
cell to modulate its secretion processing machin-
ery as a means to adapt to changing conditions.
In this respect, we considered two possibilities: (i)
various sip genes have different patterns of (tem-
poral) regulation; and (ii) various SPases have
different substrate specificities or substrate prefer-
ences. To study the possibility of different pat-
terns of regulation, a promoterless lacZ reporter
gene was placed downstream of the 5%-ends of
sipS, sipT, sipU and sipV. Promoter activities of
the sip genes were then measured as a function of
growth time. The results obtained for growth in
minimal media are shown in Fig. 5. The expres-
sion levels of sipU and sipV were more or less
constant during all stages of growth, indicating
that these genes are expressed constitutively. In
contrast, the expression levels of sipS and sipT
increased approximately three-fold after the tran-
sition state (T0) from the exponential to the sta-

tionary phase of growth. The expression of the
latter genes is thus temporally regulated. Interest-
ingly, also the synthesis of the majority of the
secreted proteins is maximal during this growth
stage. It therefore seems that B. subtilis can modu-
late its processing capacity in response to the
demand. In support of this idea is also the obser-
vation that the degU32(Hy) mutation stimulates
both the expression of sipS and sipT (Bolhuis et
al., 1996; Tjalsma et al., 1997) and the expression
of many genes for secretory enzymes. Moreover,
in a strain carrying a deletion of the degU gene
(DegU is a regulator for post-exponential phase
gene expression), the increased expression of sipS
and sipT during the post-exponential growth
phase does not occur anymore. The observations
that sipS and sipT are the most efficiently ex-
pressed sip genes, and that their products domi-
nate the SPase pool in post-exponential cells, may
explain the observation that at least one of these
genes is required for cell viability.

One likely implication of the finding that the
most important SPases (SipS and SipT) seem to
be present at elevated levels during the post-expo-
nential growth phase, is that large amounts of
(heterologous) secretory proteins to be produced
through Bacillus should preferably be synthesised
during the post-exponential growth phase. Other-
wise, impaired processing might prevent high
product yields.

Fig. 5. Expression of sip genes. Sip-lacZ fusions were used to
assay promoter activities of the various sip genes. All fusions
contained the putative promoter regions of the sip genes.
Expression levels were measured as b-galactosidase activities
(Miller Units/OD 600). For details of the constructs: see
Bolhuis et al. (1996) and Tjalsma et al. (1997).
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To study the possibility that different SPases
have different substrate specificities or prefer-
ences, several experiments were carried out. In the
first, the hybrid precursor pre(A13i)-b-lactamase,
which contains a modified signal peptide from B.
subtilis (van Dijl et al., 1992), was used in pulse-
chase labelling experiments to measure processing
kinetics in a B. subtilis strain carrying an inacti-
vated sipS gene. A multicopy plasmid carrying the
various sip genes separately was introduced into
this strain and processing kinetics were analysed.
In the host strain (inactivated sipS gene) only low
levels of processing were observed with this pre-
cursor. The plasmid-encoded SipS and SipT ap-
peared to be very active on this precursor, and
also SipU and SipV showed some activity
(Tjalsma et al., 1997). This indicates that, al-
though different levels of activity exist, all these
SPases can process this particular precursor.
Therefore, the activities of these SPases are at
least partially overlapping and this may explain
why even multiple mutations in sip genes (with the
exception of the sipS-sipT pair) are not lethal to
the cell.

We next compared the total protein content of
supernatants obtained from wild-type cells and
cells lacking a functional sipS gene. The results
(Fig. 6) showed that the relative amounts of sev-
eral secreted proteins are changed in the sipS
mutant. For instance, the bands marked as ‘b’, ‘e’
and ‘f’, show reduced amounts in the mutant. On
the other hand, band ‘a’ and several minor bands
show almost similar intensities. Depending on the
growth conditions, we have even noticed that
some bands are increased in the sipS mutant
(Bolhuis et al., 1996). These results indicate that
SipS has different affinities for different secretory
precursor proteins: whereas the efficient secretion
of some proteins is clearly dependent on SipS,
others seem to be relatively unaffected by the
presence or absence of this enzyme, indicating
that other SPases may be more active on the
precursors of the latter proteins.

The identity of none of the proteins shown in
Fig. 6 is known. To study the effects of the
absence of SipS, SipT, SipU and SipV on a well-
known secreted protein, the accumulation of pre-
AmyQ (the precursor of the a-amylase secreted by

Fig. 6. Secreted proteins in culture supernatants. Wild-type
cells (no mutations in sip genes) and cells lacking a functional
sipS gene were labelled with [35S]methionine for 60 s prior to
chase with non-radioactive methionine. After 5 min of chase,
the cultures were separated by centrifugation in a ‘cell’ fraction
and the ‘medium’. Proteins in the medium were concentrated
by TCA precipitation. The proteins in the cell and medium
fractions were separated by SDS-PAGE, and visualised by
fluorography. + : wild-type cells; − : sipS mutant. The lane to
the right shows the position of [14C]methylated molecular-
weight markers.

Bacillus amyloliquefaciens) was analysed. Previous
pulse-chase labelling experiments showed that no
significant differences in amounts of synthesised
pre-AmyQ existed in the various sip mutants
(Tjalsma et al., 1997). The results of the experi-
ment aimed at measuring AmyQ accumulation
are shown in Fig. 7. In the strain lacking SipV the
accumulation of AmyQ was similar to that of the
wild-type (8G5), which contains all SPases. How-
ever, in the strain lacking SipT the level of pre-
AmyQ accumulation was increased relative to the
wild-type (from about 35 to 45%). Surprisingly, in
strains lacking SipS or SipU, pre-AmyQ accumu-
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lation was drastically reduced (to below 10% of
the total cell-associated AmyQ). These results in-
dicate that the various SPases prefer different
substrates: whereas SipT seems to be the most
effective processing enzyme for pre-AmyQ, SipS
and SipU seem to be inhibitory for the processing
of this precursor. Although, at present, little is
known about factors causing the substrate prefer-
ences of B. subtilis type I SPases, this phe-
nomenon will have implications for the
production of native and heterologous secreted
proteins. It could mean that for each enzyme, or
groups of enzymes, optimal combinations of sip
genes have to be sought.

The observation that the lack of certain func-
tional sip genes can lead to improved processing
of secreted proteins is not easily explained. Our
favoured explanation is that all SPases compete
for the binding of secretory precursor proteins

but, depending on the nature of the precursor
protein, the SPases cleave these with different
efficiencies. Consequently, the inactivation of an
SPase which cleaves a precursor efficiently is ex-
pected to result in reduced processing. Contrary
to this, the inactivation of an SPase which binds
efficiently, but cleaves a substrate poorly is likely
to improve the binding of the substrate to another
SPase, which may cleave more efficiently.

Altogether, the results described in this and the
foregoing section indicate that B. subtilis can
modulate its capacity and specificity for protein
secretion by the controlled expression of at least
some of its type I SPases.

7. Secretion-promoting functions on B. subtilis
plasmids

As discussed in Section 5, at least two plasmids
from B. subtilis contain sip genes (Meijer et al.,
1995). The plasmid-encoded sip genes are func-
tionally active. A schematic representation of four
B. subtilis plasmids which were recently fully se-
quenced is shown in Fig. 8. Plasmids pTA1015,
pTA1040 and pTA1060 were sequenced in our
group (Meijer et al., 1998), whereas pTA1050
(also called pPOD2000) was sequenced by P.
Thorsted and C.M. Thomas (Birmingham, UK).

An intriguing question is why certain plasmids
contain sip genes. For the answer to this question,
it may be relevant that the plasmids carrying sip
genes were extracted from B. subtilis production
strains, which synthesise ‘natto’, a traditional
Japanese fermented soybean product. For natto
production, extracellular B. subtilis enzymes are
required. We consider it, therefore, likely that the
presence of sip genes on a multicopy plasmid
reflects an adaptation to increased demands on
the processing machinery under the industrial
conditions used.

Sip genes on plasmids are probably not the
only group of genes which can increase plasmid-
mediated adaptation of B. subtilis strains. Three
of the plasmids shown in Fig. 8 carry genes
specifying putative proteins which are highly re-
lated to the known chromosomally-encoded Rap
phosphatases (Meijer et al., 1998). A number of

Fig. 7. Accumulation of pre-a-amylase (AmyQ) in cells lacking
one of the type I SPases. Pre-amyQ was overproduced from
the cloned amyQ gene on a multicopy plasmid. Overnight
cultures in Luria broth were used and the total cell-associated
protein was analysed by SDS-PAGE and Western blotting.
The upper panel shows the separation of precursor (p) and
mature (m) products. Relative amounts of precursor (as per-
centage of total AmyQ) are shown in the lower panel.
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Fig. 8. Functions on cryptic B. subtilis rolling-circle plasmids. Plasmids pTA1015, pTA1040, pTA1050 and pTA1060 were fully
sequenced and the deduced or experimentally determined gene functions are indicated. The sequence of pTA1050 (also called
pPOD2000) was provided by P. Thorsted and C.M. Thomas (Birmingham, UK). DSO: double-strand origins; Mob: genes specifying
mobilisation functions for conjugational horizontal transfer; Orf, open reading frames with unidentified functions; palT, single-
strand origins; Phr, small open reading frames downstream of the rap genes; Rep, replication initiation proteins; Rap, homologues
of genes specifying response regulator aspartate phosphatases; Sip, genes specifying type I SPases. Sizes of the plasmids are indicated
(bp). Details of this work will be published elsewhere (Meijer et al., 1998).

the latter have been analysed and shown to inter-
fere with the phospho-relay system required for
sporulation initiation (Perego and Hoch, 1996;
Perego et al., 1996). The products of the small phr
genes, which generally are located downstream of
the rap genes, seem to counteract Rap phos-
phatase activity. The presence of such genes on
plasmids suggests a related function. Conceivably,
Rap phosphatases specified by plasmids also in-
terfere with sporulation initiation, or affect other

post-exponential phase processes, such as compe-
tence development and protein secretion, which
also require a well-controlled phosphorylation/
dephosphorylation status of certain regulatory
proteins.

In conclusion, it seems that plasmids in B.
subtilis, and probably other Bacillus species, can
extend their adaptational abilities through the
acquisition of plasmids carrying genes affecting
global gene expression. We anticipate that at least
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some of these genes can be used to improve the
control of industrial processes, such as the pro-
duction of secreted proteins.
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