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Summary. The illegitimate integration of plasmid pGG20
(the hybrid between Staphylococcus aureus plasmid pE194
and Escherichia coli plasmid pBR322) into the Bacillus sub-
tilis chromosome was studied. It was found that nucleotide
sequences of both parental plasmids could be involved in
this process. The recombinant DNA junctions between
plasmid pGG20 and the chromosome were cloned and their
nucleotide sequences were determined. The site of recombi-
nation located on the pBR322 moiety carried a short region
(8 bp) homologous with the site on the chromosome. The
nucleotide sequences of the pE194 recombination sites did
not share homology with chromosomal sequences involved
in the integration process. Two different pathways of illegit-
imate recombination in B. subtilis are suggested.
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Illegitimate recombination between nonhomologous DNA
sequences is quite common in various bacteria. The mecha-
nisms of illegitimate recombination in most cases are un-
known, although in several systems the involvement of
DNA topoisomerases has been established (Ikeda et al.
1984; Tkeda 1986). An interesting system of illegitimate re-
combination in vivo comprising integration of Staphylococ-
cus aureus plasmid pE194 into the Bacillus subtilis chromo-
some has been developed by Hofemeister et al. (1983). The
authors found that the erythromycin resistance plasmid
pE194, which is temperature-sensitive for replication, was
able to integrate spontaneously at multiple sites on the chro-
mosome with a low frequency (3 x 10~ 8), They suggested
that pE194 integrated by a Campbell-like reciprocal recom-
bination event. Despite the low frequency of integration,
the temperature-sensitive replication of the plasmid allowed
selection of the integrants at a restrictive temperature
(52° C) on erythromycin containing plates. It has been
shown that pE194 integration is independent of the func-
tioning of the principal gene of B. subtilis for homologous
recombination — recE (Hofemeister et al. 1983). We have
shown that pE194 integration is independent of mutation
in the majority of B. subtilis rec-genes, except rec/49 muta-
tion which decreases the frequency of integration (Kha-
sanov et al. 1985). Hofemeister et al. (1983) have mapped
three regions on pE194 involved in recombination with the
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chromosome. Two additional sites of integration on this
plasmid were mapped in our laboratory (Khasanov et al.
1985; this communications. Sites for illegitimate integration
into the B. subtilis chromosome were found on another
S. aureus plasmid, pC194 and on the Escherichia coli plas-
mid, pBR322 (Khasanov et al. 1985). Prozorov et al. (1985)
reported that sites on wheat DNA cloned in B. subtilis could
also be involved in this process.

The objective of this investigation was to determine the
nucleotide sequences on plasmid and chromosomal DNAs
involved in illegitimate recombination. For this purpose we
used the system of integration of the plasmid pGG20. This
plasmid consists of pE194 and pBR322 replicons fused at
their unique Ps sites (Khasanov et al. 1985). Replication
of this plasmid in B. subtilis is temperature-sensitive due
to the origin of replication from pE194.

Using selection for erythromycin resistance, 4 indepen-
dent integrants of this plasmid were obtained and analysed.
In strains b2 and b4 the pGG20 insertion occurred due
to sites in pBR322. These sites have been mapped earlier
between nucleotides 3612-3757 (b2) and nucleotides
3329-3410 (b4, Khasanov et al. 1985), according to the se-
quence map of pBR322 (Sutcliffe 1978). In strains bl and
b5, sequences with unknown co-ordinates located on the
pE194 moiety of pGG20 were involved in integrational re-
combination.

It was necessary to clone the chromosome-plasmid junc-
tions to study these four cases of integration and we took
advantage of the ability of pGG20 to replicate in E. coli.
Chromosomal DNA from the integrants was cleaved by
restriction endonucleases having no target sites within
pGG20 and ligated at DNA concentrations less than 10 pg/
ml to direct preferential formation of circular monomers.
The ligation mixture was used for E. coli HB101 transfor-
mation. Recircularization of the DNA fragments composed
of the complete pGG20 replicon and adjacent chromosomal
sequences could have resulted in the appearance of hybrid
plasmids in transformants. Selection was performed for tet-
racycline resistance. Bg/II restriction of b2 and b5 DNAs
resulted in the isolation of two plasmids, pGG20-b2 and
pGG20-b5. Smal cleavage of bl DNA resulted in the for-
mation of a hybrid plasmid pGG20-b1. Repeated efforts
to obtain a hybrid plasmid by b4 DNA restriction with
Bgil1, Smal and several other enzymes were unsuccessful.
It became possible to isolate the pGG20-b4 plasmid only
when EcoRI, which cleaves pGG20 in the region of tetracy-
cline resistance gene promoter, was used. This plasmid car-
ried only one recombinant DNA junction, while each of
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Fig. 1.Recombinant plasmids containing plasmid-chromosome
junctions. The position of DNA junctions (J1 and J2) was identified
by digestion of plasmid DNA with various restriction endonucle-
ases (Boehringer-Mannheim) and agarose gel electrophoresis with
subsequent blotting and hybridization with *>P-labelled pGG20.
Junctions were identified as labelled fragments which did not co-
migrate with any fragment from pGG20. In the cases indicated
in the outer segment of the circle, these fragments were cloned
in the pUC19 polylinker, prior to sequencing by a modified Maxam
and Gilbert (1977) procedure (Chuvpilo and Kravchenko 1984).
The direction of sequencing is indicated by an arrow. In the plasmid
maps, the symbols identifying the location of the genes and restric-
tion enzyme sites are as follows: oriB, origin of pE194 replication;
oriE, origin of pBR322 replication; Tc’, tetracycline resistance;
Em’", erythromycin resistance; E, EcoR1; H, HindIl; Hd, HindIII;
B, Bglll; P, Pst1; S, Smal; X, Xbal. Ouly those HindlI sites which
were used for cloning are shown for pGG20-b1 and pGG20-b2.
Chromosomal DNA is shown as a light line, pBR322 as a closed
bar and pE194 as an open bar

the plasmids pGG20-b1l, pGG20-b2 and pGG20-bS had
two DNA junctions. The restriction maps of the plasmids
are shown in Fig. 1.

It is worth mentioning that hybrid plasmids carrying
adjacent chromosomal regions were found in one-third of
all transformants. Other transformants carried plasmids
identical to pGG20 as seen from the results of their restric-
tion mapping (data not shown). They could have arisen
by recircularization of tandemly repeated copies of pGG20
(as in case of B.subtilis transformation via multimeric
forms of plasmid DNA ; Canosi et al. 1978). The possibility
of plasmid amplification after illegitimate integration into
the B. subtilis chromosome was confirmed by Khasanov
et al. (1987).

The 1.25 kb PstI fragment, including the recombinant
junction J2 from pGG20-b2, was cloned in the Pstl site
of the pUC19 polylinker to allow nucleotide sequencing.
The recombinant junction J1 from pGG20-b2 was cloned
on a Hindll/Pstl fragment in Smal/PstI digested pUC19
(Fig. 1). Plasmid-chromosome junctions J1 and J2 from
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pGG20-bt were cloned on a 1.5kb Hindll/Pstl and on
a 0.7 kb Hindll fragment respectively, using either Swmal/
PstI- or Smal-cleaved pUC19 and then were sequenced in
the direction shown in Fig. 1. The single recombinant DNA
junction from pGG20-b4 was sequenced without subclon-
ing as indicated by the arrow in Fig. 1. DNA junctions
J1 and J2 from PGG20-b5 were sequenced beginning from
Xbal (J1) or HindIII (J2) sites in the direction shown in
Fig. 1.

The results of nucleotide sequence determination of re-
combinant DNA junctions (Fig. 2a) indicated that the b2
integrant arose by recombination between short (8 bp) re-
gions of homology (indicated by asterisks in Fig. 2a). More-
over, there is an additional region of homology of 6 bp
near the junction (indicated by asterisks, see Fig. 2a). The
sequence of the single DNA junction of strain b4 allows
us to suggest that the recombination occurred leftward from
the first nucleotide of the chromosomal DNA sequence (in-
dicated by carets in Fig. 2a). The region of 5 bp homology
separated by one nucleotide from the junction point is
shown by asterisks. In the case of b2, duplication of the
short region of homology occurred during integration, as
in the Campbell-like reciprocal recombination mechanism
suggested by Hofemeister et al. (1983). Although the cross-
over point in strain b4 is uncertain, we cannot exclude the
possibility of duplication in the region of recombination.

Unlike integration of pGG?20 using sites on the pBR322
moiety, cointegration by means of the sequences in pE194
(strains bl and b5) occurred irrespective of either any ho-
mologies in recombination sites (b1) or where there was
coincidence of only two nucleotides (b5; see Fig. 2a). The
recombinant junctions and the parental sites on pE194
differ greatly from those on pBR322, but have reasonable
homology with each other (Fig. 2b). This indicates that
the integrants bl and b5 have arisen by the same mecha-
nism, involving plasmid recombination sites without signifi-
cant homology to the chromosomal ones.

Integration of plasmids into the B. subtilis chromosome
involving short homologies (strain b2) may be explained
by slippage error in the replication model proposed for dele-
tions (Efstratiadis et al. 1980; Albertini et al. 1982). Thus,
if the end of a replicating strand could mispair with a par-
tially complementary sequence in a gap of another DNA
molecule, this might result in cointegrate formation, and
the additional homology adjacent to the junction would
serve to “anchor” the mispaired strand in the gap, as has
been suggested by Marvo et al. (1983) for intermolecular
recombination.

Another type of cointegration without homology be-
tween recombination sites (strains bl and b5) cannot be
explained by this model. This type of illegitimate recombi-
nation is probably mediated by an unknown recombination
enzyme of B. subtilis. It was shown by Tkeda et al. (1982;
1984) that illegitimate recombination between pBR322 and
phage A in E. coli could be mediated by DNA gyrase or
T4 DNA topoisomerase (Ikeda 1986) and that recombina-
tion sites frequently had no homologies between each other.
We can only speculate about the involvement of B. subtilis
DNA gyrase in the illegitimate recombination described
here, since DNA gyrase recognition and cleavage sequences
are unknown. We think therefore, that an unknown B. sub-
tilis “‘recombinase” (which could be a typeI or type II
DNA topoisomerase or another DNA cutting enzyme) may
be involved in the formation of recombinants b1 and b5.
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Fig. 2a, b. Nucleotide sequences involved in recombination. a Nu-
cleotide sequences of plasmid-chromosome junctions in strains b1,
b2, b4 and bS. Sequences at the DNA junction of the recombinants
and the sites of recombination on pBR322 and pE194 prior to
recombination are given. Chromosomal and plasmid sequences are
in lower- and wupper-case type, respectively. The homologics at
crossover points and the additional homologous regions are indi-
cated by asterisks. The sequences of pBR322 are taken from Sut-
cliffe (1978). The nucleotide sequence of pE194 is taken from Hor-
inouchi and Weisblum (1982) except for bl (our data), where we
have found 5-TAAGAG at position 1870, instead of 5-TAGG.
The locations of the sequences in pBR322 and pE194 are given
above the first and last base pair in each sequence. The crossover
point in strain b4 is uncertain and is indicated by carets. b Compar-
ison of recombination sites on pE194. The sequences of one strand
are given in the 5’ — 3’ direction. Common nucleotides are given
in upper case and those which are not homologous with lower
case type. The arrows identify the presumed point of crossover

As for strain b4, we cannot attribute it to any of the mecha-
nisms discussed above. b4 might belong to the first class
(as b2), but in the absence of the second junction this cannot
be ascertained.

It is possible that the product of the rec149 gene could
be responsible for some illegitimate recombination events
in B. subtilis, since this mutation decreases the frequency
of integration. Recently, we have found that illegitimate
recombination in our system is increased by 2 orders of
magnitude during the development of competence of rec”
and recE4 cells (unpublished data). This suggests that hypo-
thetical “recombinase” can be activated simultaneously
with the development of competence, as has been observed
for the B. subtilis SOS-like (SOB) system (Yasbin 1977).
However, this illegitimate recombination machinery of
B. subtilis cells differs from the competence-related SOB
system, since the latter can be inhibited by host recE4 defi-
ciency (Love and Yasbin 1984).

Thus, our results indicate the existence of at least two
different mechanisms of illegitimate recombination result-

ing in integration of plasmid replicons into the B. subtilis
chromosome. One mechanisms possibly involves replication
slippage and the other breakage and reunion involving per-
haps a sequence-specific enzymatic machinery.
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