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ABSTRACT

Previous work in our group indicated that structural
plasmid instability in Bacillus subtilis  is often caused
by illegitimate recombination between non-repeated
sequences, characterized by a relatively high AT
content. Recently we developed a positive selection
vector for analysis of plasmid recombination events in
B.subtilis  which enables measurement of recombination
frequencies without interference of selective growth
differences of cells carrying wild-type or deleted
plasmids. Here we have used this system to further
analyse the sequence specificity of illegitimate plasmid
recombination events and to assess the role of the
host-encoded DNA topoisomerase I enzyme in this
process. Several lines of evidence suggest that single-
strand DNA nicks introduced by DNA topoisomerase I
are a major source of plasmid deletions in pGP100.
First, strains overproducing DNA topoisomerase I
showed increased levels of plasmid deletion. Second,
these deletions occurred predominantly (>90% of the
recombinants) between non-repeated DNA sequences,
the majority of which resemble potential DNA topoi-
somerase I target sites. Sequence alignment of 66
deletion end-points confirmed the previously reported
high AT content and, most importantly, revealed a
highly conserved C residue at position –4 relative to
the site of cleavage at both deletion termini. Based on
these genetic data we propose the following putative
consensus cleavage site for DNA topoisomerase I of
B.subtilis : 5′-A/TCATA/TTAA/TA/TA-3′.

INTRODUCTION

For several reasons the Gram-positive soil bacterium Bacillus
subtilis is of great fundamental and industrial importance.
Because of its genetic amenability, well-studied biochemistry and
physiology, high protein secretion capacity and non-pathogenic
nature, B.subtilis is widely used for a variety of biotechnological
applications. Especially since the entire genome sequence was
established (1), this bacterium has become the paradigm of
Bacillus spp. and, in fact, Gram-positive bacteria in general.
However, a major problem in the development of suitable cloning

and expression vectors for bacilli to exploit their full potential is the
frequently observed genetic instability, in particular of foreign DNA.

Illegitimate recombination, which is a major source of genome
rearrangements in nature (for reviews see 2,3), was shown to
underlie structural plasmid instability in numerous cases. These
recA-independent events can occur in several different ways.
Recombination between short directly repeated sequences (DRs)
of 3–20 bp can result from either copy choice recombination or
DNA breakage and reunion mechanisms (for reviews see 3,4).
Breakage and reunion events also underlie recombination between
sequences that share no homology; these processes are thought to
involve certain DNA handling enzymes, such as topoisomerases,
origin nicking enzymes, transposases, invertases and site-specific
recombinases.

DNA topoisomerases are pivotal enzymes in the control of
topological transitions of DNA. A role of these enzymes in
illegitimate recombination has been demonstrated by several
authors (5–11). These events involve uncoupling of the nicking
and closing reactions catalysed by DNA topoisomerases and
result in joining of unrelated ends, producing recombinant
molecules. In addition, specialized type I topoisomerases, like
phage λ integrase (12) and P1 Cre recombinase (13), mediate
DNA strand transfer in site-specific recombination reactions.
Recently Zhu and Schiestl (14) demonstrated that overproduction
of topoisomerase I (Topo I) in Saccharomyces cerevisiae
increased the level of illegitimate integration in transformation
studies with non-homologous DNA.

Based on our previous work we suggested that DNA Topo I also
underlies plasmid instability in B.subtilis (15,16). Based on our
results, we suggested that Topo I-dependent single-strand (ss)DNA
nicking may be the primary source of type I deletions, which
typically occur between non-repeated DNA sequences. A similar
role for Topo I in recombination between non-homologous
sequences was proposed by Bierne et al. (17), who studied deletion
as a result of replication arrest in Escherichia coli. In addition to type
I recombination events, deletions between short DRs have also been
reported, in particular in certain strains carrying mutations in genes
encoding enzymes involved in homologous recombination and
DNA repair (16–19). We conceived that these deletions, which we
have denoted type II, resulted from error-prone double-strand break
repair involving exonucleolytic processing of linear double-stranded
(ds)DNA molecules prior to closure (19,20). Similarly to deletions
between short DRs upon replication blockage (17), Topo I is
probably not involved in this class of deletions in B.subtilis.
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Table 1. Bacterial strains and plasmids

Strain or plasmid Relevant genotype or plasmid markera Source or reference

Bacillus subtilis

8G5 trpC2 tyr-1 his ade met rib ura nic 24

8G5::pIN5 8G5 carrying the Streptococcus agalactiae Tcr marker in the amyE locus Laboratory collection

8G5::pTOP 8G5 carrying an additional copy of topA gene, Emr de Jong et al., unpublished

8G5::pTOPC1 8G5 carrying multiple copies of the topA gene, Emr, Clir de Jong et al., unpublished

Escherichia coli

MC1061 F– araD139 ∆(ara-leu) 7696 galE15 galK16 ∆(lac)X74 rpsL (Strr) hsdR2 (rK– mK
+) mcrA mcrB1 42

Plasmids

pBR322 Apr, Tcr, 4.3 kb 43

pWSK29 pSC101 derivative containing extended multiple cloning site; 5.4 kb, Apr 44

pTOP pWSK29 containing a 2.9 kb XbaI–StuI fragment carrying the topA gene and the upstream smf gene; 8.3 kb de Jong et al., unpublished

pTOPEm pTOP carrying the B.subtilis topA gene and the pE194 Emr marker from pSPT1988E; 9.6 kb de Jong et al., unpublished

pGP100 pGKV2 derivative carrying penIP fragment from pGP1 and promoterless cat-86 gene; Tcr, Kmr, 9.1 kb 16

pSPT1988E pSPT1988 carrying the Emr marker of pE194 32

pIN588 pWSK29 derivative carrying the addAB genes, Apr Tcr, 17.5 kb 45

aTc, tetracycline; Em, erythromycin; Cli, clindamycin; Str, streptomycin; Ap, ampicillin; Km, kanamycin.

The topA gene of B.subtilis, specifying Topo I, was recently
cloned and sequenced by our group (S.de Jong et al., submitted
for publication). It was shown to be highly homologous to Topo
I from E.coli and Thermotoga maritima. As in E.coli, the enzyme
contains three C-terminally located putative Zn binding domains;
successive deletion of these domains indicated that at least one of
them is required for complementation of a temperature-sensitive
topA mutant of E.coli.

In the present study we assessed the sequence specificity of
type I deletion events, as well as the possible role of Topo I
therein, by analysis of plasmid deletion derivatives produced in
a TopoI overproducing host. For this purpose we made use of a
recently developed system for assaying illegitimate plasmid
recombination, pGP100 (16). Comparison of the deletion end-points
obtained here and those analysed in our previous studies
(15,16,19) revealed a strongly conserved C nucleotide at position
–4 relative to both deletion termini. The presence of a C residue
at this position is characteristic of TopoI-mediated cleavage
observed in other organisms (21). Furthermore, plasmid deletion
frequencies were increased in TopoI overproducing strains.
Together these data indicate that Topo I-dependent nicking of
supercoiled plasmid DNA is a likely source of type I plasmid
rearrangements.

MATERIALS AND METHODS

Bacterial strains and plasmids

Bacterial strains and plasmids used throughout this study are
listed in Table 1.

Chemicals and enzymes

Chemicals used were of analytical grade and were obtained from
Merck (Darmstadt, Germany). Restriction endonucleases were
used as indicated by the manufacturer (Boehringer, Mannheim,
Germany); T4 DNA ligase and T4 DNA polymerase (Boehringer)
were used according to Sambrook et al. (22). Ampicillin,
clindamycin and chloramphenicol were purchased from Sigma

(St Louis, MO); erythromycin, kanamycin and tetracycline were
from Boehringer.

Media and growth conditions

Bacillus subtilis minimal medium consisted of Spizizen’s minimal
salts (23) supplemented with glucose (0.5%) and casein hydrolysate
(0.02%; Difco, Detroit, MI). Amino acids and nucleotides, if
required, were added at 20 µg/ml each; vitamins were added at
0.4 µg/ml. Minimal agar consisted of minimal salts supplemented
with 0.5% glucose, 0.02% casein hydrolysate, required growth
factors and 1.5% agar. TY broth contained (per litre) 10 g trypton
(Difco), 5 g yeast extract (Difco), 10 g NaCl, pH 7.4. Ampicillin
(Ap) was used at 100 µg/ml for E.coli. Unless indicated
otherwise, chloramphenicol (Cm) was used at 5 µg/ml for
B.subtilis and E.coli. Erythromycin (Em) was used at a final
concentration of 150 µg/ml for E.coli (or 50 µg/ml when used in
combination with Cm) and 2 µg/ml for B.subtilis. Tetracycline
(Tc) and kanamycin (Km) were added at 12.5 and 50 µg/ml
respectively for both E.coli and B.subtilis. Optical densities of
cultures were measured at 600 nm using a Vitatron microprocessor
controlled Photometer (Vital Scientific, Dieren, The Netherlands).
Growth in microtitre dishes (Corning Glass Works, New York,
NY) was performed in 100 µl TY broth at 37�C without shaking
or additional aeration; growth rates (µmax) were determined from
viable cell counts (c.f.u./ml), measured by plating culture samples
collected at several time points during growth.

DNA manipulations

Chromosomal DNA from B.subtilis was isolated according to
Bron and Venema (24). Large scale or mini preparations of
plasmid DNA from both B.subtilis and E.coli were obtained by
the alkaline lysis method (22). pGP100 DNA for in vitro
relaxation assays was purified from CsCl gradients as described
previously (22). Cloning procedures were performed as described
by Sambrook et al. (22). DNA restriction fragments were
recovered from agarose gels using a Qiaex purification kit
(Qiagen, Hilden, Germany). Southern blot analyses were performed
using the non-radioactive ECL direct nucleic acid labelling and
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detection system (Amersham International, Amersham, UK).
DNA sequencing was according to Sanger et al. (25) using
Pharmacia reagents (Uppsala, Sweden).

Topo I activity in cell-free extracts

Topo I-dependent relaxation of supercoiled DNA was quantified
as follows. Cells of B.subtilis strains producing different levels of
Topo I were grown in TY broth containing the appropriate
antibiotics. At the onset of the stationary growth phase cells were
harvested by centrifugation and washed once with buffer 1 [50 mM
Tris–HCl, pH 7.5, 1 mM EDTA, 1 mM dithiothreitol (DTT), 1 mM
phenylmethylsulfonyl fluoride (PMSF)]. Cell-free extracts were
prepared by rupturing the cells in a French press as described by
Kooistra et al. (26), using a J5-598A Laboratory Pressure Cell
Press (Aminco, Silver Spring, MA). Subsequently the lysates
were centrifuged at 4�C (13 000 g) for 15 min to remove intact
cells and debris. Protein concentrations were determined as
described by Bradford (27), with bovine serum albumin (BSA)
(Sigma) as the standard. Approximately 1 µg supercoiled
pBR322 DNA was incubated in a total volume of 30 µl for 15 min
at 37�C with varying amounts of lysate in buffer 1 supplemented
with 150 mM KCl, 5 mM MgCl2 and 100 µg/ml BSA. DNA
gyrase activity in the lysates was inhibited by addition of nalidixic
acid at a final concentration of 1 mM. The relaxation reactions
were stopped by addition of 0.2% SDS and the samples were
loaded onto 0.8% agarose gels containing 0.5 µg/ml ethidium
bromide (Merck). Electrophoresis (2 V/cm, 10 mA) was performed
at room temperature for ∼16 h, to ensure optimal separation of
supercoiled and relaxed forms of the plasmid.

Analysis of plasmid supercoiling

pGP100 plasmid DNA to be analysed by gel electrophoresis was
isolated from late exponential cultures using the alkaline lysis
method (see above). Approximately 1 µg plasmid DNA was
electrophoresed in 0.8% agarose slab gels in TAE buffer (22) at
2.5 V/cm for 16–20 h at room temperature. The gels contained
6 µg/ml chloroquine to resolve the topoisomers present in the
mixture of supercoiled plasmid DNA molecules. After electro-
phoresis the gels were washed with 1 mM MgSO4 to remove the
chloroquine (28) and the DNA was subsequently transferred to
Qiabrane Nylon Plus membranes (Qiagen) for Southern hybrid-
ization as described above.

Determination of plasmid recombination frequencies

The frequency of recombination events resulting in formation of
pGP100 derivatives expressing chloramphenicol resistance was
measured by the following methods. (i) Direct plating assay. Plating
of cultures directly on Cm-containing agar medium was performed
as described previously (16); recombination frequencies were
determined by measuring the percentage of Cmr clones as a
function of the total number of viable cells. (ii) Fluctuation assay.
Deletion frequencies were measured as described previously
(16,29) using the principles of the Luria–Delbrück fluctuation
test (30). A large number of identical but independent cultures
were inoculated with a limited number of cells and grown in
96-well microtitre plates. Based on the estimates of recombination
frequencies from the direct plating assay, cells were diluted to a
final titre that was low enough to ensure that the cultures did not
contain recombinants at the onset of the experiment (i.e. 1000×

lower than the expected recombination frequencies, as determined
by the direct plating assay). The cultures were then grown until
each, on average, contained one recombinant cell. Selection was
then applied by the addition of Cm, which blocks growth of all the
cultures that did not contain recombinants but allows continued
growth of cells containing a recombinant plasmid(s). Frequencies
of plasmid recombination were expressed per cell generation.
Growth in microtitre dishes of the various strains used in our assays
was analysed prior to the fluctuation experiments. This was achieved
by plating samples collected at several stages during growth. Based
on the growth curves obtained and given the inocculum size, the
cultivation time required to obtain a situation in which ∼50% of the
cultures contained a recombinant plasmid (P0 = 0.5) could be
estimated. These conditions were tested for each of the strains
analysed and used throughout the experiments, to ensure accurate
measurements of recombination frequencies.

RESULTS

Topo I overproduction does not affect pGP100 copy number

To investigate the possible role of Topo I in the initial stages of
deletion plasmid pGP100 was introduced into B.subtilis strains
expressing increased levels of Topo I activity. These derivatives
were constructed by integration and subsequent amplification of the
topA gene in the chromosome of our laboratory strain, 8G5. For this
purpose we made use of an integrational E.coli plasmid vector,
pTOPEm, which carries a wild-type copy of the topA gene and a
selectable marker for integration and amplification in B.subtilis (de
Jong et al., unpublished results). Multiple copy amplification of the
topA gene was achieved by plating B.subtilis cells carrying this
plasmid on medium containing increasing concentrations of
clindamycin (Cli), as described previously (16,31). Colonies grown
at various concentrations of Cli were characterized as follows. First,
Topo I-dependent relaxation of supercoiled plasmid DNA was
measured in vitro in cell-free lysates (Fig. 1). As can be seen in lane
7, ∼50% of the supercoiled pBR322 plasmid DNA was relaxed upon
incubation with a 16-fold diluted lysate of the strain carrying
multiple copies of the topA gene, whereas no significant relaxation
was observed under similar conditions in lysates of wild-type cells.
The fact that the molecules with higher mobility are indeed relaxed
circles was demonstrated by the observations that: (i) the mobility
shift could be reversed by addition of ATP in a reaction typically
catalysed by DNA gyrase and (ii) when electrophoresed in the
absence of ethidium bromide the newly formed product had a much
lower mobility, as expected for relaxed circular molecules (results
not shown). The results of these assays indicated that the Topo I
activity was increased ∼8-fold in strains in which amplification of
the topA gene had occurred. Furthermore, the Topo I activity in the
overproducing strains was comparable in clones isolated at either 1
or 20 µg/ml Cli, suggesting a limit to the level of overexpression.
One clone obtained at 1 µg/ml Cli, designated 8G5::pTOPC1, was
selected for further analysis. Southern hybridization showed that in
this strain the topA gene was indeed present in multiple copies at the
expected site in the chromosome; densitometric scanning of the
resulting blots revealed that ∼10 additional copies of the topA gene
were present in 8G5::pTOPC1 (not shown).

To address the question whether possible differences in plasmid
copy number could be responsible for differences in recombination
frequencies (see below) the relative copy numbers of pGP100 in
the parental strain and the strains carrying one or more additional
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Figure 1. In vitro relaxation of supercoiled pBR322 DNA (lane 1) in cell-free
lysates of strains 8G5 and 8G5::pTOPC1. pBR322 DNA was incubated either
with undiluted lysate (± 2 µg total protein; lanes 2 and 5), 4-fold (lanes 3 and
6) or 16-fold diluted lysate (lanes 4 and 7).

Figure 2. Southern blot analysis of total DNA isolated from strains carrying
plasmid pGP100. BstYI-digested pGP1 and Asp700-digested pIN588 were
used as probes. The latter was used as an internal standard (addAB) of
chromosomal DNA to correct for differences in the total amount of DNA
applied to the gel. M, molecular weight marker (EcoRI-digested phage SPP1
DNA); lane 1, 8G5; lane 2, 8G5::pTOP; lane 3, 8G5::pTOPC1. –, untreated; +,
digested with PstI. oc, open circular; l, linear; ccc, covalently closed circular;
the arrow on the right indicates the position of a 4.9 kb chromosomal DNA
fragment hybridizing with the addAB-specific probe (32).

copies of the topA gene were analysed (Fig. 2). Plasmid copy
numbers in the various strains were analysed by Southern
hybridization of total chromosomal and plasmid DNA extracted
from exponentially growing cells of these strains and comparison
of the hybridization signals. As an internal standard for the
amount of chromosomal DNA a probe directed against the addAB
gene (32) was used. Densitometric scanning of the hybridization
signal of PstI-linearized pGP100 and that from the chromosomal
standard, which runs just below the linear pGP100 fragment,
showed that no significant differences in copy number (expressed
per chromosome equivalent) of pGP100 existed between the
strains analysed. In all three strains tested the ratio of plasmid and
chromosomal DNA was between 1:75 and 1:100.

Figure 3. Southern blot analysis of topoisomer distribution of pGP100 in vivo.
Lane 1, 8G5 (pGP100); lane 2, 8G5::pTOP (pGP100); lane 3, 8G5::pTOPC1
(pGP100). rel., relaxed; – sc, negatively supercoiled pGP100 DNA.

pGP100 linking numbers in vivo

To test whether Topo I overproduction changed the overall
supercoiling of pGP100 in vivo plasmid DNA was isolated from
late-exponential cultures and analysed for linking number
distribution. For this purpose the plasmid DNA was separated by
electrophoresis in chloroquine-containing agarose gels, as indicated
in Materials and Methods. The distribution of topoisomers of
pGP100 in the various hosts is shown in Figure 3. When
compared with the wild-type, the average linking number was
shifted from the position of highly negatively supercoiled DNA
towards that of more relaxed DNA in the Topo I overproducing
background. This showed that in vivo the overall supercoiling of
pGP100 had markedly changed as a result of Topo I overexpression.
In the strain carrying only one additional copy of the topA gene
no such shift was observed.

pGP100 deletion is increased by Topo I overproduction

To analyse whether Topo I could be involved in the illegitimate
recombination events studied here plasmid pGP100 was introduced
into strains producing different levels of Topo I and the structural
stability of pGP100 was studied. The result of a typical
experiment is shown in Table 2. The average recombination
frequency, determined from at least four independent assays, was
∼5 × 10–8 per generation in the control strain (8G5). When one
additional copy of the topA gene was present, in strain
8G5::pTOP, the instability of pGP100 was not significantly
different from the wild-type. However, when multiple copies of
the topA gene were present (8G5::pTOPC1) the recombination
frequency was clearly higher (2- to 4-fold, determined from three
individual experiments) than in the parental strain. Since the copy
numbers of pGP100 in the strains used were similar (Fig. 2; see
above), the differences in plasmid stability reflect differences in
molecular recombination frequencies. Strikingly, these frequencies
were even considerably higher (∼10-fold) in both the parental and
the Topo I overproducing strain when tetracycline was included
in the medium during the experiments (not shown; see Discussion).
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Table 2. pGP100 recombination frequencies in strains producing different
levels of Topo I

Strain Frequencya Relative frequencyb

8G5 5.4 × 10–8 1

8G5::pTOP 5.8 × 10–8 1.07

8G5::pTOPC1c 1.2 × 10–7 2.22

aRecombination frequencies are expressed per cell generation and were determined
as described in Materials and Methods. Chloramphenicol was added at 15 µg/ml.
bRecombination frequencies as compared with the wild-type strain, 8G5.
cTo avoid loss of copies of the amplified topA gene in this strain clindamycin
was added to a final concentration of 1 µg/ml in these experiments.

We next tried to analyse pGP100 deletion in B.subtilis strains with
reduced levels of Topo I activity, since, conceivably, this might
improve pGP100 stability. Reduced Topo I activity could, for
instance, be achieved by using varying dosages of specific inhibitors
of this enzyme. However, no such inhibitors are available at present
for prokaryotic type I DNA topoisomerases. So, in order to address
this question two mutagenesis-based approaches were followed.
First, we attempted to construct B.subtilis strains producing lower
levels of Topo I by placing the topA gene under control of an
inducible promoter. Second, we tried to construct strains carrying
topA gene copies encoding 3′-terminally truncated Topo I enzymes
lacking one or several of the Zn(II)-finger domains. The latter
mutants were shown previously to complement a temperature-
sensitive topA mutant of E.coli (S.de Jong et al., submitted for
publication). However, using the same clones in B.subtilis we were
unable to construct strains expressing the C-terminally truncated
Topo I proteins. Neither were we successful in obtaining strains
expressing reduced levels of the enzyme using an inducible
promoter upstream of the topA gene. Apparently, down-regulation
of Topo I-dependent relaxation activity is not tolerated by B.subtilis
(S.de Jong et al., submitted for publication). As a consequence, we
could not determine the effect of reduced cellular levels of Topo I
on pGP100 stability.

Sequences involved in deletion in a Topo I overproducing host

Increased Topo I-mediated relaxation of negatively supercoiled
DNA evidently causes a change in the level of DNA supercoiling.
Since several processes, such as DNA replication and transcription,
depend on accurate control of DNA supercoiling (33), it is essential
to maintain an equilibrium in the distribution of positively and
negatively supercoiled molecules. Upon Topo I overproduction
this disturbed equilibrium may be restored by a simultaneous
increase in the activity of other topoisomerases, the expression of
which is regulated by DNA supercoiling levels. For instance,
synthesis of E.coli DNA gyrase is highest when the DNA
template is relaxed (34), whereas expression of the topA gene
requires a supercoiled DNA template (35). Furthermore, E.coli
topA mutants are only viable when compensatory mutations are
accumulated elsewhere, e.g. in the DNA gyrase (36) or DNA
topoisomerase IV gene (37). Together these observations suggest
a homeostatic control mechanism of DNA supercoiling (34).
Elevated levels of illegitimate recombination as a consequence of
Topo I overproduction are thus not necessarily the result of
increased Topo I-related nicking activity, but may also reflect an
increased nicking and closing activity by, for instance, DNA gyrase.
Since DNA gyrase introduces dsDNA breaks rather than the ssDNA
breaks supposed to underlie type I deletion, elevated gyrase levels

might alter the distribution between type I and type II deletion events
or, alternatively, produce an entirely different class of deletions. If,
however, the increased activity of Topo I is directly responsible for
the increase in recombination frequency, a significant increase in the
relative frequency of type I recombinants is expected. For statistical
reasons testing this prediction would require the sequencing of a
very large number of deletion fusion points, since in the parental
strain 90% of deletions are of the latter class. Nevertheless, we have
analysed a number of deletion fusion points isolated from the
overproducing strain to gain an impression of the distribution of type
I and type II recombinants in this background (Fig. 4). As expected,
these deletion derivatives all lacked the T1T2 terminator region of
pGP100, allowing expression of the cat-86 gene. In 12 of the 13
recombinants analysed here deletion had occurred between non-
repeated sequences. Moreover, we observed a strong preference
(9 out of 12) for deletion within the promoter region of the Tcr gene
(16), a feature which is very similar to what was observed for a
different promoter in previous studies (15,18,19).

To further analyse the nature of the target sites for type I
deletion we aligned 66 independently obtained deletions of this
class (Fig. 5A). These were isolated using plasmids pGP1
(15,18,19) and pGP100 (16,19; this study). This alignment
showed a weak consensus target site for type I deletion: (–5)
5′-TA/TA/TTAA/TATGA/T-3′ (+5). The assignment of these nucleo-
tides was based on their occurrence in at least 35% of the
deletions. As mentioned above, the (A+T)-rich nature of this
target sequence strongly suggests that it is, in fact, a Topo I
cleavage site. Assuming that Topo I-dependent cleavage is indeed
the first step in type I deletion, cleavage may occur in either strand
of the supercoiled plasmid molecule. If cleavage occurs in the
strand opposite to that shown in Figures 4 and 5A, this would
place a C residue at position –4, as can be seen in Figure 5B: (–5)
5′-A/TCATA/TTAA/TA/TA-3′ (+5).

Together the data described here suggest that the increased
recombination frequencies observed in the Topo I overproducing
host are directly related to increased Topo I activity. Apparently
ssDNA nicks introduced by Topo I are a major source of type I
deletion.

DISCUSSION

In previous work (16,19) we described analyses of plasmid deletion
in B.subtilis. Deletions were found to occur between either
non-repeated sequences (designated type I) or between short DRs
(type II). Based on these data and those previously obtained by
Peijnenburg et al. (15,18) we proposed a role for Topo I in type I
deletion. Since the topA gene of B.subtilis was recently cloned and
characterized (S.de Jong et al., submitted for publication) we were
now able to further analyse the role of Topo I in plasmid instability.
Moreover, the present studies greatly benefited from the availability
of a positive selection vector for determination of plasmid
recombination frequencies (16), which enabled us to exploit a
microtitre-based fluctuation assay, eliminating the possible effects of
selective growth differences between cells containing parental
plasmids and cells carrying recombinant plasmids (16,29). Using
the improved assay we analysed recombination frequencies in a
B.subtilis strain overexpressing Topo I. In this background,
deletion frequencies were ∼2- to 3-fold higher than in the parental
strain and the strain carrying one additional copy of the topA gene.
In addition, in the Topo I overproducing strain the distribution of
pGP100 topoisomers was shifted from highly negatively supercoiled
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Figure 4. Nucleotide sequences near fusion points in deletion derivatives of pGP100 isolated from the Topo I-overproducing strain 8G5::pTOPC1. For each deletion
the sequence of the fusion is shown in the upper line. The middle and lower lines represent the sequences flanking the left and right deletion termini respectively. Solid
triangles indicate possible breakage points within the AT-rich sequences associated with left deletion termini; these sequences are shown in bold in the middle lines.
Directly repeated sequences (DRs) associated with the fusion points are underlined. Nucleotide numbers correspond to the linear map of pGP100 (16). *, characteristics
of highly clustered deletion end-points in the promoter region of the Tcr gene (left end-points).

towards more relaxed forms. The plasmid copy numbers were
essentially unaffected by Topo I overproduction, indicating that
the change in overall DNA supercoiling did not affect the
replication efficiency of pGP100.

Sequence analysis of deletion end-points generated in the Topo
I overproducer showed that type I deletions were predominant in
this host. The distribution of type I plasmid recombinants
resembled that observed in the parental strain and no relative
increase in type II deletions was observed. Moreover, the majority
of end-points flanking one side of the deletion, referred to here as

left deletion end-points, were located in the promoter region of
the Tcr gene (nt 2162–2315; see also 16). A similar clustering of
deletion end-points was observed previously in the parental
strain, 8G5 (16). Since this promoter region is almost equally rich
in A and T nucleotides as the coding region of the gene (68.6
versus 64.5% AT), this clustering of end-points seems to indicate
that the Tcr promoter region is a preferred target for deletion, in
much the same way as the penP promoter in pGP1, which we
have studied before (15,18). Our favoured explanation for this
observation is that transcription, creating domains of negative
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Figure 5. Sequences associated with type I plasmid deletion in B.subtilis.
(A) Alignment of sequences associated with type I deletion in plasmids pGP1
and pGP100. The incidence of nucleotides around 66 left-hand deletion
end-points in the promoter areas of penP and Tcr in pGP1 (15,18,19) and
pGP100 (16,19; this study) respectively are compiled in this diagram.
(B) Putative consensus cleavage site for the B.subtilis DNA topoisomerase I
enzyme, as deduced from the sequence alignment shown in (A).

hyper-supercoiling (38), rather than nucleotide sequence per se,
is an important factor in the formation and localization of Topo
I-dependent (type I) deletions. Indeed, our recent unpublished
results indicated that elevated expression of the Tcr gene in the

presence of tetracycline, as measured by lacZ fusions with the Tcr

promoter, resulted in markedly increased deletion frequencies.
About half of the end-points located in the Tcr promoter region

were associated with a predicted stem–loop structure centred
around position 2223, suggesting that, in addition to the observed
preference for AT-rich sequences, structural features are also
involved in determining the target sites for type I deletion. This
preference for junctions between ssDNA and dsDNA has also
been suggested by Kirkegaard et al. (39), who analysed the
specificity of E.coli Topo I, and, more recently, by Bierne et al. (17),
who proposed that partly single-stranded molecules (i.e. arrested
replication forks) may act as substrates for Topo I-mediated
recombination between non-repeated DNA sequences.

In their study on deletion in E.coli Bierne et al. (17) proposed
a Topo I-mediated recombination process, similar to that analysed
here. Deletions between non-repeated sequences, normally
observed in wild-type cells, were not found in a topA mutant. We
have also attempted to construct B.subtilis strains expressing
lower levels of Topo I, but were unable to do so. Nevertheless, the
observation that increased Topo I levels stimulate deletion is in
good accordance with the decreased recombination between
non-repeated sequences in topA mutants of E.coli reported by
Bierne and co-workers (17).

From alignment of the deletion end-point sequences shown in
Figure 5A we have deduced a putative consensus target site for
B.subtilis DNA topoisomerase I (Fig. 5B). This sequence shows
a strong preference for a T residue at position +1 (61%), while C

Figure 6. Working model for DNA topoisomerase I-mediated type plasmid deletion in B.subtilis. Upon active transcription [1] the DNA template becomes
hyper-negatively supercoiled behind the progressing transcription fork. Upon Topo I (● ) cleavage and temporal uncoupling of the nicking and closing reaction a free
3′-OH end is generated [2]. Processing of the nick by 3′→5′ exonucleases leads to gap extension [3]; subsequent Topo I-mediated ligation produces a heteroduplex
dsDNA molecule containing a ssDNA loop [4]. This loop is then removed by either the activity of endonucleases [5] or, alternatively, through by-pass replication [6]
producing a wild-type and deletion plasmid (�).
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is predominant at position –4 (83%). This may indicate that these
residues are important for Topo I-mediated DNA cleavage in
B.subtilis; in this process the T nucleotides may be important for
cleavage, whereas the conserved C at position –4 could, for
instance, be important for (stabilization of) DNA binding. The
occurrence of the C nucleotide at position –4 is in good accord
with earlier work by Dean et al. (21), who have shown a similar
preference (100% in 30 independent cleavage sites) for a C at –4
for both the E.coli and Micrococcus luteus Topo I enzymes. In
their study the authors did not, however, suggest a role for this
invariant nucleotide.

In summary, the observations that (i) in the Topo I overproducing
strain plasmid recombination frequencies were increased,
(ii) pGP100 was present in a more relaxed configuration and
(iii) type I deletions prevailed in this host, indicate that Topo
I-dependent nicking is a major source of DNA lesions resulting
in this type of deletion. The introduction of a transient nick by
Topo I followed by exonucleolytic processing of this nick may be
sufficient to produce a type I deletion, since, in theory, the
covalently attached Topo I molecule may join the enzyme-bound
5′-phosphoryl end to any free end bearing a 3′-hydroxyl group
(Fig. 6). Alternatively, Topo I may introduce and seal two
separate single-strand nicks, resulting in a recombination event
similar to those described previously (5,17). In any case, the
partly single-stranded nature of the substrate (e.g. the predicted
stem–loop structure between nt 2162 and 2315) may favour
uncoupling of the cleavage and ligation reactions required for
coupling of unrelated ends (7). When we aligned the end-points
flanking the other side of the deletions (right hand end-points) a
high incidence of a C residue at position –4 was again observed
(76%). This may indicate that, indeed, Topo I introduces two
separate nicks in one strand, thereby initiating intrastrand
recombination and thus type I deletion. However, the overall
occurrence of A or T nucleotides at these ends was much lower;
instead, a C was present at positions –3 and –1 (45 and 42%
respectively). At present it is not clear whether these sites may act
as targets for Topo I and, therefore, we cannot rule out either model.
To assess whether simultaneous nicking by DNA gyrase could be
involved in specifying the right-hand end-points we have screened
the vicinity of these termini for the presence of sequences
resembling the consensus cleavage sites proposed for the E.coli (40)
and B.subtilis (41) DNA gyrase enzymes. This revealed the
presence of a sequence which resembled (part of) the B.subtilis
DNA gyrase site (GNATGAT) at position –7 in only two of the 66
end-points analysed. Therefore, our current data do not support
models in which DNA gyrase-dependent cleavage would specify the
right-hand termini in the deletions analysed in this study.
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