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Summary. pTB19, a 27 kb plasmid originating from a
thermophilic Bacillus species, contains integrated copies
of two rolling-circle type plasmids on a 10.6 kb DNA
fragment. In the present study we analysed the part of
pTB19 that contains the rolling-circle plasmid pTB913
and the region in between the two rolling-circle plasmids.
We show that, in the integrated state, pTB913 was
flanked by a 55 b p direct repeat that duplicated part
of the replication initiation gene repB. Since repB was
interrupted, the integrated pTB913 could not initiate

rolling-circle replication. Autonomously replicating
pTB913 was produced from pTB19, probably through
recombination between the 55 b p direct repeats; this was
a rare event. Since the second integrated rolling-circle
type plasmid also contained a non-functional replication
initiation gene, replication of pTB19 must be controlled
by the RepA determinant. Theta-type replication, con-
trolled by RepA is likely to account for the high stability
of pTB19. In between the two integrated rolling-circle
plasmids was present an open reading frame (447 co-
dons) which could encode a protein of unknowll fullc-
tiOll.
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et al. 1984). Sequence analysis of pTB913 (Matsumura
et al. 1984; Muller et al. 1986; van der Lelie et al. 1989)
showed that this plasmid was very similar to pUB110,
a well-known rolling-circle replicating (RCR) plasmid,
originating from Staphylococcus aureus. Both plasmids
confer resistance to Km and Bleo and their primary rep-
lication determinants are nearly identical (Muller et al.
1986). Moreover, both plasmids contain a minus origin
of replication (MO) of the palU type (van der Lelie et al.
1989). Like pUB110, pTB913 replicates via an asymmet-
ric rolling-circle mechanism (Gruss and Ehrlich 1989 ;
van der Lelie et al. 1989). Deletion of palU leads to the
accumulation of single-stranded DNA (ssDNA) replica-
tion intermediates (van der Lelie et al. 1989).

An RSA site and mob gene, similar to those of
pUB110, are also present on pTB913. The encoded Mob
protein ofpUB110 appears to be essential for the conju-
gative mobilization of this plasmid between Bacillus spe-
cies (KoehIer 'and Thorne 1987; Selinger et al. 1990).
It has been shown previously that the nucleotide se-
quence of the RSA site is also crucial for efficient mobili-
zation, suggesting that the Mob protein interacts with
the RSA site (Oskam et al. 1991).

In addition to a large number ofRCR plasmids, some
plasmids using theta-type replication (generating dou-
ble-stranded DNA intermediates) are known from gram-
positive bacteria (Bron 1990; Bruand et al. 1990; Jan-
niere et al. 1990). Such plasmids are generally larger than
RCR plasmids. Indications that the RepA functions of
pTB19 are of the theta-type were obtained by Janniere
et al. (1990). Thus, it seems that in the natural isolate
pTB19 the RCR plasmid pTB913 is joined to a theta-
type plasmid, which contains the RepA functions.

We have shown that pTB19, in addition to pTB913
and the RepA functions, contains the sequence of a near-
ly complete third plasmid. This plasmid confers resis-
tance to Tc and, like pTB913, to which it is closely relat-
ed, is of the RCR type (Oskam et al. 1991 ). RCR plas-
mids, generating ssDNA intermediates, are frequently
structurally and segregationally unstable (Bron et al.
1988; Bron 1990; Gruss and Ehrlich 1989). However ,

Introduetion

pTB19 is a low-copy-number plasmid of approximately
26.5 kb isolated from a thermophilic Bacillus species. It
confers resistance to kanamycin (Km), tetracycline (Tc)
and bleomycin (Bleo) (Imanaka et al. 1981; van der Lelie
et al. 1989). The plasmid has been reported to contain
two active replication determinants, RepA and RepB
(Imanaka et al. 1984). By selection on high concentra-
tions of kanamycin a specific deletion derivative,
pTB913 (4525 bp), was obtained from pTB19 (Imanaka
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despite the presence of two related integrated RCR plas-
mids, pTB19 was surprisingly stabIe in Bacillus subtilis.

In the present studies we addressed the question of
how pTB913 is integrated in the composite plasmid
pTB19. This question is of relevance for an understand-
ing of plasmid interactions in gram-positive bacteria
and, in particular, of the mechanism(s) underlying the
integration/excision events between pTB19 and pTB913.
These studies were also expected to give insight into
mechanism(s) causing the high levelof structural stabili-
tyofpTB19.

ml etbidium bromide, pR 8.0). DNA fragments were iso-
lated from gels using the freeze-squeeze metbod (Tautz
and Renz 1983).

Transformation of E. coli and B. subtilis. E. coli was
transformed using the standard CaCl2 method (Maniatis
et al. 1982). B. subtilis 8G5 competent cells were pre-
pared and transformed as described by Bron and Luxen
(1985). For each transformation experiment 100 J.tl com-
petent cells and 1 J.tg plasmid DNA were used.

DNA sequencing. Nucleotide sequences were determined
using the T7 DNA polymerase sequencing kit (Pharma-
cia, Uppsala, Sweden), which is based on the dideoxy
chain termination method (Sanger et al. 1977). Synthetic
oligodeoxynucleotide primers were used for direct plas-
mid sequencing. Nucleotide sequences were analysed us-
ing the MicroGenie Sequence Analysis Program (Queen
and Kom 1984). Deduced amino acid sequences were
compared by the F AST A algorithm of Pearson and Lip-
man (1988) with proteins in the Swiss-Prot data base
(release 18).

Materials and methods

Bacterial strains, plasmids and media. The strains and
plasmids used are listed in Table 1.

TY media used for culturing Escherichia coli and
B. subtilis are identical to Luria-broth media and have
been described before (Maniatis et al. 1982). Chloram-
phenicol (Cm) and Tc were used at final concentrations
of 5 ~g/ml and 10 ~g/ml, respectively, for B. subtilis; am-
picillin (Ap) was used at a final concentration of 50 ~g/
ml for E. coli. Km was used at a concentration of 8 ~g/
ml unless indicated otherwise. Generation of pTB913 from pTB19. B. subtilis 8G5 cells

containing pTB19 were grown in TY broth containing
25 J.lg/ml Km. After 12, 24 and 36 h of growth the cells
were diluted 1: 1000 into fresh TY broth containing
25 J.lg/ml Km. At the end of each growth cycle samples
of the cultures were plated on TY agar containing 8 J.lg/
ml Km and the plates were incubated overnight at 37° C.
To estimate the frequency of colonies containing
pTB913, 200 single colonies were toothpicked onto two
plates containing either 8 J.lg/ml Km or 10 J.lg/ml Tc, and
the plates were incubated overnight at 37° C. Restriction
analysis was used to confirm that the KmrTcs colonies
that were observed contained exclusively plasmid
pTB913.

Isolation of plasmid DNA. Plasmid DNA was isolated
from B. subtilis 8G5 and E. coli following standard alka-
line-lysis procedures (Bron 1990; Maniatis et al. 1982).

Restriction enzyme reactions, molecular cloning and gel
electrophoresis. Restriction enzymes were purchased
from Boehringer (Mannheim, FRG) and used as recom-
mended by the supplier. Molecular cloning techniques
were performed as described by Maniatis et al. (1982).
Restriction digests of DNA were analysed in 0.8% or
2% horizontal agarose gels in TBE buffer (89 mM
TRIS-borate, 89 mM boric acid, 2 mM EDT A, 0.5 !lg/

Table I. Bacterial strains and plasmids

Strain or

plasmid

Properties and genotype Saurce ar
reference

Bacillus subtilis 168

8G5 trpC2 tyrI met his nic
pur A ura rib

Bron and Venerna (1972)

Escherichia coli

JM10l supE thi~ (lac-proAB) [F'
traD36 proAB lacFZ~MI5]

Messing (1979)

Plasmid

pBIISK

pBTBi

Stratagene, La Jolla, Calif.
This work

pTB19
pTB913
p:UC19
p:UTB2

lmanaka et al. (1981)
lmanaka et al. (1984)
Yanisch-Perron et al. (1985)
This work

pUTB3

Ap', lacZ, 2.9 kb
pBIISK- containing the 3.4 kb
SpeI-EcoRI fragrnent ofpTB19
27 kb, Km', Bleo', Tc'
4525 bp, Km', Bleo', repB
Ap', lacZ, 2.7 kb
pUC19 containing pTB913 in the
EcoRI site
pUC19 containing pTB913 linearized
with NcoI (NcoI-SmaI fusion)

This work
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Determination of growth rates. After overnight-growth
under selective pressure B. subtilis 8G5 cells containing
either pTB19 (antibiotics, Km and Tc) or pTB913 (anti-
biotic, Km) were diluted 1: 1000 in fresh TY broth con-
taining either 5 or 25 !lg/ml Km. At 30 min intervals
the optical density at a wavelength of 660 nm (OD660)
was determined using a Philips PU8700 spectrophotom-
eter.

A

.0
-0

-Bg

Results

Restriction map ofpTB19 and location ofpTB913
.0

---,,-,:
p E

Fig. 1. Localization of the end points of the integrated copy of
pTB913 in pTBI9. Relevant genes and restriction sites are shown.
The heavy black ljnes indicate pTB913 sequences present in pTB19 ;
the shaded parts indicate the fragments containing the integration
end points. Fragments 1 and 2 (see Results) are indicated. The
dotted area indicates the region containing the second rolling-circle
replicating (RCR) plasmid. Restriction sites: A, Asp700; Ba, Bam-
Hl; Bg, Bgn; Bs, BstNI; D, Dral; E, EcoRI; N, Ncol; P, Pstl;
Sa, Saul; Sp, Spel

The structure of pTB19, including the location of the
two integrated RCR plasmids, is shown in Fig. 1. In
the present studies we focused on the integrated state
of pTB913. We also hoped that sequencing the region
in between the two RCR plasmids would provide insight
into the mechanism of their integration.

To map the lef t integration end point of pTB913,
which is located in the region bordering the integrated
Tc' RCR plasmid, we cloned the 7.1 kb EcoRI fragment
1 of pTB19 in pBIlSK -.Relevant restriction sites sur-
rounding the lef t integration end point are indicated in
Fig. 1. The Ncol site at position 316 of the map of
pTB913 (coordinates according to EMBL Bank acces-
sion number X15670) was present on the cloned EcoRI
fragment. The Spel site located counterclockwise from
this Ncol site was, however, absent in the sequence of
pTB913. Therefore the lef t integration end point must
be located within the 400 b p Spel-Ncol fragment. The
total size of the DNA between the two integrated RCR
plasmids was approximately 1.7 kb. We determined the
nucleotide sequence of this region containing the lef t
integration end point, starting at the Saul site, which
corresponds to the 3' end of the previously published
sequence of the integrated Tcr RCR plasmid (Oskam
et al. 1991).

To map the right integration end point we cloned
the 1.8 kb EcoRI-Pstl fragment 2 of pTB19 (Fig. 1) in
pBIlSK- .Since the EcoRI site is located in the mob
gene of pTB913 (van der Lelie et al. 1989) and this plas-
mid does not contain a Pstl site, the right integration
end point must be located within this fragment. More
detailed restriction allalysis enabled the localization of
the right integration end point to a 60 b p fragment
downstream from the Ncol site (Fig. 1). Since the same
Ncol site was also present near the lef t integration end
point, these results indicate that the region containing
this site was duplicated. As the Ncol site present in the
border regions ofthe integrated copy ofpTB913 is locat-
ed within the coding region of the repB gene, these re-
sults suggest that the site of integration on pTB913 was
located in or near repB sequences.

ed from the foregoing section, a direct repeat (DR;
Fig. 2, indicated with arrows) containing the NcoI site,
was present at both integration end points. As this 55 b p
DR constitutes an internal repeat of the co ding sequence
of repB, this gene is interrupted in the integrated
pTB913. Downstream of the lef t integration site the cod-
ing sequence for the C-terminal 311 amino acids of RepB
(total 334 amino acids) is present, while upstream of
the right integration site the co ding sequence for the
N-terminal 41 amino acids is present.

The sequence upstream of the lef t integration end
point also revealed the presence of an open reading
frame (ORF) on the complementary strand. This ORF
was located between the two integrated RCR plasmids
between positions 1380 (start codon) and 37 (stop co-
don). The ORF was preceded by a possible ribosomal
binding site (RBS) at positions 1394-1390. We consider
the A TG codon at position 1380 as the most likely candi-
date for a start codon. The putative protein encoded
by this ORF had a molecular weight of 52555 Da. Com-
parison with the Swiss-Prot data base revealed no signifi-
cant homologies with other known proteins.

Inabili/y ofin/egra/edpTB913 /o drive replica/ion

In plasmids using the rolling-circle mode of replication
Rep proteins are essential for the initiation of replica-
tion, introducing a nick in the plus origin of replication
(Gruss and Ehrlich 1989). The absence of an intact repB
gene raised the question whether the integrated copy

Nucleotide sequences surrounding the integration end

points

The nucleotide sequences of the regions surrounding the
integration end points are shown in Fig. 2. As anticipat-
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Lef t integration endpoint

S.uI 100 ..

cc TT AGGA T ACTCTCTTGGT AAGAA TTTTGCcmm AAAAGCCAGACAACTmTT AA TGCmGT AAACTGGT A TGTT AGCTTTTCCmT AGA T A T AGAACA TTGTCTCT AG TGGC

...end OOF
.

200 TTCACCAA TTGTGC TCGT AACTTmmT A T AGT A TmGGGGGGTTCTTTTCCACCTTTGTTTCAGTCCA TTTTTCGA TCCTGCCAAA T AGTGmTT AAGGTCAA rn A TCCAAGT A

300 AGCT ACCAAACCAGTGAACA TGGCAm ACAccm A TCCACCCAACT ACGGCCA TTm AAGTCTTTTGGCAAA T ACACTCA TGGTTCmCTGCACT ACCCA TCGGACGCA TTCCTGT

...400 TGT A TCT A T ACCCTGTTmT AAGCCAGTT ACGA T AA TCTCCCAAGGmCTGGA TA mcTcT AA TTGGCGAA T AAA TGmCT AGACGTTCCTCTTGCTCA TCA TCCTCT AGCGTTCC

.500 600

GACTGCACTGTT AAGCTCTG T AAGCAA mcTCA T AA TCA TA TGA TGCAAGCGCm ACGAA TTGGACGA T AACGTGGGTGA TGACGGAACAAACTTtGAA TCTCCCGTGCCACA TGGAA

700 ..

ACGA TCAAGCGAAAAGAA TGCACGA TCmGAAA T AGTCACGACAAGTTGT AA TCCAA TTTGCACCA TCTCCA rn A TT ACCAACTT A TGAA TGGTTGGA TCA T ACTCAAAGTTTTCAA T

800 GAGAAAG TCCTCAAACGCCTCCCAAAA TGGCTGGTTCCCTTCA TG T ACGAAA TGGCGm A TTCTTCAGTCTT ACTCGmCCCA TTGAmCCCAGCmGA TGAACTGCGGCT A TTTT

900 CTCTTCTTTTccCTTTmCGTTT ACmGACGmT ACAAACAAACCA TCGACCTCT ACAAA T AA T ACAGGTTGA TGT ACA TGCTCACGCmmGGAA T ACTCGAAACTTGT AA T AA

..1000 GTGTTGACGGA TTGCCTCA TGACT AA T AACCCGA T AGCCT AAAAGGGmCT AACGT ACTGGCTGCTTTTCGA T AGGAAGGTCCCTGAACAGCT AA TTCAA T AGCT ACCTCCTCAA TCAA

.1100 Sp.I .

TGGGC T AAAAGAACCTGCA TCCTCAAACTCT AAA T AACGA TCAAGGAGAAAAACA TA TTCCCCTGTCTCCCGGTCACGGT AA T AA TT ACGA TTT AA TTCAA TCTCTCCGAAGAGACT AGT

1300 ..

TATATGATATTTTCTTTTATCAATGAGTCGATAGCGTTTmATCTCGTTmCTGCAATCTGTTGATCCATATCCTCCAAAATATTTTTCATAACGCTGGAGAAGGTATmGTAATTG

14{)0 cc TCCAAACCA TTTGCTCAA TTTmTT AAA TTTGGA T A T ACTGTGTT A TTCTTTTGCA TGAGGGGTT ACTCmTGTTTGTGA TTT AGTTTTGGTTGACT AAGA TTCT ACCAAGGAGT A

st.rt OOF«< -mr

1500 ACCCTCTTTTTCA TG TT A TTTGCTT A TT AACT ACCGCGCTTTcGCTTGmGCCmCA TTT AGTGAACTCACT ACGTTCGTTCACT AAA TGAAGGGGA T AAAA TTT A TTCCGCCCACAA

...1600 NcoI Dr.I

T AA TTTT ACTCA T ACAGTGGACAAGACAAAAAGTGGAAAAGTGAGACCA TGGAGAGAAAAGAAAA TCGCT AA TGTTGA TT ACTTTGAACTTCTGCA TA TTmGAA TTT AAAAA

.

V.1AspLysThrLysSerGlyLysV.1ArgProTrpArgGluLysLysIleAlaAsnV.1AspTyrPheGluLeuLeuH1sIleLeuGluPh.LysLy

Right integration endpoint

containing the disrupted repB gene, were unable to do
so.

Generation ofpTB913 frompTB19

of pTB913 could still drive replication. The N-terminal
part of RepB that could be expressed from the right
end of the integrated copy of pTB913 is unlikely to be
functional, since it contains only about 12% ofthe entire
Rep protein and lacks the active site region (Gruss and
Ehrlich 1989).

Although appropriate expression signals could not
be found upstream of the 5' truncated repB gene at the
left end of the integrated copy of pTB913, this did not
exclude the possibility that an N-terminally truncated,
functional protein might be formed. To test the possibili-
tY that the left end of the integrated copy of pTB913
would permit replication in B. subtilis, we cloned the
3.4 kb Spel-EcoRI fragment, containing the coding se-
quence of interest, in pBIISK- .The resulting plasmid
was denoted pBTB1. As controls, we cloned pTB913
linearized with either EcoRI or Ncol in either the EcoRI
or, after filling in the Ncol sticky ends, the Smal site
of pUC19: the resulting plasmids were designated
pUTB2 and pUTB3, respectively. pUTB2 contains an
intact repB gene, whereas pUTB3 contains a truncated
repB gene very similar to that present at the left integra-
tion end point. The various plasmid fragments are
shown in Fig. 3. Plasmid preparations from E. coli were
used for introduction into B. subtilis 8G5 competent
cells. Results, shown in Table 2, indicate that pUTB2,
containing the intact repB gene, was capable of efficient-
ly transforming B. subtilis, whereas pBTB1 and pUTB3,

To obtain an estimate of the frequency of the deletion
event generating pTB913 from pTB19, B. subtilis 8G5
(pTB19) cultures were treated as described in Materials
and methods. Autonomously replicating plasmid
pTB913 was obtained only twice from 33 cultures ana-
lysed, indicating that the generation of pTB913 from
pTB19 was a rare event. In these two cultures, cells con-
taining pTB913 represented more than 50% of the popu-
lation. Apparently, once formed, cells containing
pTB913 rapidly out compete cells containing pTB19.

We analysed whether growth rate differences existed
between cells containing either pTB19 or pTB913. The
results are presented in Fig. 4. At a Km concentration
of 5 ~g/ml, the doubling times (measured as increase
in optical density of the cultures) of B. subtilis 8G5
(pTB19) and 8G5 (pTB913) were nearly the same: 28.1
and 29.3 min, respectively. At 25 ~g/ml Km, however,
the doubling times differed considerably: 42.9 min for
8G5 (pTB19) and 29.9 min for 8G5 (pTB913). Since the
latter conditions were used to select for the excision of
pTB913, it can be concluded that cells containing free
pTB913 will rapidly outgrow cells containing pTB19.
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repB bleo polU
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mob
---4

repB Km
-~

mob repf
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=i -.=t=

E N
pTB19

Fig.3. (Parts of) plasmids pTB913 (left)
and pTB19 (right) used in the construc-
tion of vectors for replication studies. E
EcoRI; N, Ncol; S, Spel. -Il- indicates
the position where pTB913 was inter-
rupted in the vectors pUTB2 and
pUTB3

pTB913 pBTB
-J

--11-

Table 2. Transformation frequencies of Bacillus subtilis 8G5 compe.
tent cells using plasmids containing (parts of) repB

Plasmid Transformation frequencya

pTB913
pBTBl
pUTB2
pUTB3

6x10-s
<6x10-8

10-4
<4 x 10-8

a Transfonnation frequency is defined as the nuffiber of transfor.

ffiants divided by the total nuffiber of cells present

0 100 200 300 400

Time{min) -

Fig. 4. Growth curves of Baci/lus subtilis 8G5 containing either
pTB19 (circles) or pTB913 (squares). Cel1s where grown in media
containing 5 Ilg/ml kanamycin (Km) (filled symbols) or 25 ~g/ml
Km (open symbols)

Lelie et al. 1989) and that the RepB replication functions
consisted of (i), the repB gene, encoding the RepB repli-
cation protein (334 amino acids), which is virtually
identical to the RepU replication protein from pUB110
(Maciag et al. 1988; Muller et al. 1986) ; (ii), a plus origin
of replication (Muller et al. 1986); and (iii), a palU type
MO, identical to the MO ofpUB110 (van der Lelie et al.
1989).

The nucleotide sequence of the RepA replication de-
terminant encodes (i), the 396 amino acid RepA protein ;
and (ii), a region consisting of 3.5 DRs of 24 bp each,
which are believed to constitute a target site for protein
interaction (Imanaka et al. 1986). Janniere et al. (1990)
obtained evidence that the RepA determinant of pTB19
confers theta-type replication. In contrast to a previous
report (Imanaka et al. 1984), the present studies showed
that pTB19 did not contain functional RepB determi-
nants, because in the integrated copy of pTB913 the
repB gene was interrupted.

An interesting observation concerns the presence of
a 55 bp DR of repB sequences at the sites of integration
of pTB913. Since this DR is not present in the intact
repB gene, it was apparently formed as a consequence
of the integration event. It is unlikely that this occurred
by recombination at a pre-existing 55 bp homologous
sequence in the RepA replicon, since the probability that
a 55 bp sequence from within the repB gene (about 1 kb)
would occur by chance in a 20 kb plasmid (estimated
size ofthe RepA replicon before integration) is < 10-25.
We have no evidence that IS elements were present in
the vicinity of the integrated copy of pTB913. IS ele-
ments may weIl have mediated an analogous event re-
sulting in the integration of pUB110 in pSK41 since
in that case IS257 sequences were present at the sites
of integration (Byrne et al. 1991). Furthermore, with
pTB913, integration did not take place at the RSA site,
an event described previously for pE194/pT181 cointe-
grate formation (Gennaro et al. 1987), and for pAMa1
(Perkins and Youngman 1983).

The generation of pTB913 from pTB19 appears to
be an example of precise excision through recombination
(Ehrlich 1989; Ehrlich et al. 1986; Peeters et al. 1988)
at the 55 bp DR present at both sites of the integrated
copy of pTB913. Two types of mechanisms have been
proposed to explain deletion formation between DRs
(for a review see Ehrlich 1989). The first involves break-
age and joilling between the repeats and the second repli-
cation errors due to template switching. The latter mech-
anism has been favoured to explain deletion formation
in plasmids generating ssDNA (Bron et al. 1991; Ehrlich

Discussion

Imanaka et al. (1984) described the presence oftwo func-
tional replication determinants, RepA and RepB, on the
large 26.5 kb plasmid pTB19, originating from a thermo-
philic Bacillus species. The variant pTB913, which arose
spontaneously from pTB19, contained only the RepB
replication determinant. We showed that pTB913 repli-
cated via the rolling-circle mode of replication (van der
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plasmid might therefore be considered as a means for
RCR plasmids to survive unfavourable conditions, such
as those encountered in thermophilic Bacilli. This, ob-
viously, would require the inactivation of destabilizing
functions on the RCR plasmid. The disruption of the
rep gene in RCR plasmids is an apparent solution to
that problem.
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