
JOURNAL OF BACTERIOLOGY,
0021-9193/97/$04.0010

Feb. 1997, p. 1219–1229 Vol. 179, No. 4

Copyright q 1997, American Society for Microbiology

Role of Enzymes of Homologous Recombination in Illegitimate
Plasmid Recombination in Bacillus subtilis

ROB MEIMA, BERT JAN HAIJEMA, HANS DIJKSTRA, GERT-JAN HAAN, GERARD VENEMA,
AND SIERD BRON*

Department of Genetics, Groningen Biomolecular Sciences and Biotechnology Institute, University of Groningen,
NL-9751 NN Haren, The Netherlands

Received 23 September 1996/Accepted 3 December 1996

The structural stability of plasmid pGP1, which encodes a fusion between the penicillinase gene (penP) of
Bacillus licheniformis and the Escherichia coli lacZ gene, was investigated in Bacillus subtilis strains expressing
mutated subunits of the ATP-dependent nuclease, AddAB, and strains lacking the major recombination
enzyme, RecA. Strains carrying a mutation in the ATP-binding site of the AddB subunit exhibited high levels
of plasmid instability, whereas a comparable mutation in the A subunit did not affect plasmid stability. Using
an alternative plasmid system, pGP100, we were able to demonstrate that the differences in stability reflected
differences in initial recombination frequencies. Based on a comparison of endpoint sequences observed in the
various hosts, we speculate that at least two different mechanisms underlie the deletion events involved, the
first (type I) occurring between nonrepeated sequences, and the second (type II) occurring between short direct
repeats (DRs). The latter event was independent of single-strand replication intermediates and the mode of
replication and possibly requires the introduction of double-strand breaks (DSBs) between the repeats. In the
absence of functional AddAB complex, or the AddB subunit, DSBs are likely to be processed via a recA-
independent mechanism, resulting in intramolecular recombination between the DRs. In wild-type cells, such
DSBs are supposed to be either repaired by a mechanism involving AddAB-dependent recombination or
degraded by the AddAB-associated exonuclease activity. Plasmid stability assays in a recA mutant showed that
(i) the level of deletion formation was considerably higher in this host and (ii) that deletions between short DRs
occurred at higher frequencies than those described previously for the parental strain. We propose that in
wild-type cells, the recA gene product is involved in recombinational repair of DSBs.

Illegitimate recombination is a major cause of instability of
cloning vectors in Bacillus subtilis (for reviews, see references
15 and 16). Structural plasmid instability, such as deletion
formation and DNA inversion, frequently results from recom-
bination between sequences that have little or no homology
(17). Two types of illegitimate recombination can be distin-
guished. The first relates to the copy choice model of homol-
ogous recombination (35) and involves template switching or
slipped mispairing of the progressing replication fork during
DNA replication (16). This type of intramolecular recombina-
tion event is largely RecA independent, although stimulation
of slipped mispairing by RecA has been observed (1). The
second type of illegitimate recombination involves DNA
“breakage-and-reunion” between either short direct repeats
(DRs) in both prokaryotic (9, 10, 12) and eukaryotic systems
(36, 51) or between non-DR sequences. These events usually
involve DNA-handling enzymes, such as topoisomerases, ori-
gin-nicking proteins, transposases, site-specific recombinases,
and DNA invertases (16). The role of topoisomerases in the
generation of deletions has been suggested in several studies
(5, 14, 23, 24, 43, 44). Several host-encoded functions normally
active in homologous recombination and DNA repair may also
be involved in illegitimate rearrangements. For instance, phage
l carrying a palindromic structure was shown to be sensitive to
endonucleolytic cleavage by the Escherichia coli SbcCD com-
plex (6, 18).

Several studies on structural plasmid instability in the gram-
positive soil bacterium B. subtilis have indicated that the ATP-
dependent nuclease (AddAB), a key enzyme in the major
pathway of homologous recombination, is required for the
structural integrity of several plasmids (34, 39, 42). In our
previous studies, we showed that overproduction of the
AddAB complex improved the structural stability of our model
plasmids pGP1 and pGP100 considerably, whereas deletion of
the genes encoding AddAB resulted in high levels of instability
(39, 40). Based on these data, we hypothesized that the heli-
case activity associated with AddAB (31) might improve struc-
tural plasmid stability by unwinding secondary structures which
we consider to constitute potential target sites for deletion
formation, in a process in which topoisomerases are likely to be
involved (43, 44). The observation that, in addition to AddAB,
several other recombination and DNA repair mutants affected
the structural stability of pGP1 (42, 44) suggests that, in addi-
tion to the helicase-dependent pathway, other pathways for
pGP1 deletion formation may exist.
The major aim of the present study was to analyze the

molecular mechanism(s) underlying the effects of the AddAB
complex on pGP1 deletion formation. Specifically, we analyzed
the contributions of the two subunits of this multifunctional
complex (AddA and AddB) to plasmid deletion formation.
Since these subunits have different functions in recombination
and DNA repair (20), we also addressed the question of
whether these subunits contribute in a distinguishable way to
illegitimate recombination events. Our approach was to study
the effects of mutations in the ATP-binding motifs of the
AddA and AddB subunits on the structural stability of pGP1.
The construction of these mutants and their characterization
with respect to the effects on homologous recombination and
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DNA repair were described previously (20). The results of the
latter studies showed that mutation of subunit A interfered
with recombination, DNA repair, and phage transduction,
whereas mutation of the AddB subunit had no or only modest
effects on these processes. In contrast to its modest effect on
recombination and DNA repair, we show in the present paper
that the structural stability of pGP1 was severely reduced in the
AddB mutant and that the deletions generated in this mutant,
as well as those obtained in various addAB mutants, differed
from those observed in the wild-type strain. In a previous
study, we suggested that this particular class of deletions may
result from double-strand breaks (DSBs) (40). Similar deletion
endpoints were observed in a recA background, suggesting that
the repair of these DSBs in wild-type cells is stimulated by both
AddAB and RecA.

MATERIALS AND METHODS

Strains and plasmids. Bacterial strains and plasmids used in 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 recommended by the manufacturers (Boehringer, Mannheim, Germany;
New England Biolabs, Beverly, Mass.); T4 DNA ligase and T4 DNA polymerase
(Boehringer) were used as described by Sambrook et al. (45). 5-Bromo-4-chloro-
3-indolyl-b-D-galactopyranoside (X-Gal) was obtained from Boehringer. Ampi-
cillin, chloramphenicol, and spectinomycin were obtained from Sigma (St. Louis,
Mo.); erythromycin, kanamycin, and tetracycline were purchased from Boehr-
inger. Blasticidin S was from ICN Pharmaceuticals (Zoetermeer, The Nether-
lands). Mitomycin (MC) was obtained from Sigma and was routinely used at 50
ng/ml.
Media and growth conditions. B. subtilis minimal medium consisted of Spiz-

izen’s minimal salts (49) supplemented with glucose (0.5%) and casein hydroly-
sate (0.02%; Difco Laboratories, Detroit, Mich.). Amino acids and nucleotides,
if required, were added at 20 mg/ml each; vitamins were added at 0.4 mg/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
the following (per liter; pH 7.4): tryptone (Difco), 10 g; yeast extract (Difco), 5 g;
NaCl, 10 g. Ampicillin was used at 100 mg/ml for E. coli, chloramphenicol was
used at 5 mg/ml for B. subtilis, and erythromycin was used at final concentrations
of 150 mg/ml for E. coli (or 50 mg/ml when used in combination with chloram-
phenicol) and 2 mg/ml for B. subtilis. Kanamycin and tetracycline were used at 50
and 6 mg/ml, respectively, for both E. coli and B. subtilis. Spectinomycin was used
at final concentrations of 50 and 100 mg/ml, and blasticidin S was used at 150 and

TABLE 1. Strains and plasmids

Strain or plasmid Relevant genotype or plasmid markerb Source or
reference

B. subtilis
8G5 trpC2 tyr-1 his ade met rib ura nic 2
8GK0 8G5 carrying a deletion of the addAB genes; Kmr 39
8GK01 8GK0 carrying pIN5 in amyE locus (addA2B2); Kmr Tcr 20
8GK02a 8GK0 carrying wild-type addAB genes (addA1B1); Kmr Tcr 20
8GK03a 8GK0 carrying addAB-A-K36G mutation (A*B); Kmr Tcr 20
8GK04a 8GK0 carrying addAB-B-K14G mutation (AB*); Kmr Tcr 20
8GK05a 8GK0 carrying the addAB-A-K36G and B-K14G mutations (A*B*); Kmr Tcr This study
8GS01-8GS05 Like that of 8GK01 to 8GK05; Kmr and Tcr markers replaced by the Spr and Bsr markers,

respectively
This study

7G224 trpC2 tyr-1 ade met rib ura nic recA4 13

E. coli MC1061 F2 araD139 D(ara-leu)7696 galE15 galK16 (lac)X74 rpsL (Strr) hsdR2 (rK
2 mK

1) mcrA
mcrB1

53

Plasmids
pGP1 Cmr Emr, pWVO1 replicon, carrying penP-lacZ fusion, 10.5 kb 42
pGP100 Kmr Tcr, pWVO1 replicon, carrying promoterless cat-86 reporter gene for recombinant

selection, 9.0 kb
40

pLB5 Kmr Cmr Apr, Staphylococcus aureus replicon, 5.9 kb 3
pBEST402 pUC derivative containing the Bacillus cereus Bsr gene 26
pIN5 Apr Tcr, pSC101 derivative containing amyE sequences for integration in B. subtilis 20
pIN6 Like pIN5; Tcr replaced by Bsr marker from pBEST402 This study
pIN588 pIN5 containing the B. subtilis addAB genes flanked by amyE 20
pUK7 Kmr, pUC7 derivative in which the Apr marker (on a 0.94-kb SspI-DraI fragment) was

replaced by the Kmr gene from the S. faecalis plasmid pJH1, 3.1 kb
Lab collection

pGK11 pWVO1 carrying the pC194 Cmr gene 27
pAMb1 Emr, theta-type replicon from S. faecalis, 26.5 kb 8
pUK7-b Kmr, pUK7 carrying the pAMb1 replication functions, present on a 4.2-kb EcoRI-HpaII

fragment, 7.3 kb
This study

pUK7-11 Kmr, pUK7 carrying the pWVO1 replication functions present on a 1.8-kb MboI fragment,
4.9 kb

This study

pHP709FK-11 Kmr Emr, pHP7 derivative in which the Kmr gene is flanked by a 9-bp repeat; origin of
replication of pWVO1, 6.8 kb

4; this study

pHP718FK-11 Like that of pHP709FK-11; 18-bp repeat 4; this study
pHP727FK-11 Like that of pHP709FK-11; 27-bp repeat 4; this study
pHV60 Apr Tcr Cmr, 5.6 kb 41
pVP1 pHV60 carrying the penP-lacZ fusion of pGP1, 11.1 kb This study
pVP2 pVP1 carrying the 5.6-kb EcoRI fragment of pAMb1 containing the replication functions,

16.7 kb
This study

pVP6 pVP1 carrying the pWVO1 origin from pUK7-11, 12.9 kb This study

a In these strains, the addAB genes were introduced in the amyE locus of the addAB deletion mutant, 8GK0, by use of the pIN5 set of integration plasmids (20) and
the pIN6 series described here.
b Km, kanamycin; Tc, tetracycline; Sp, spectinomycin; Bs, blasticidin S; Cm, chloramphenicol; Em, erythromycin; Ap, ampicillin; superscript r, resistance.
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400 mg/ml for E. coli and B. subtilis, respectively. OD600 values of cultures were
measured with a Vitatron microprocessor-controlled photometer (Vital Scien-
tific, Dieren, The Netherlands).
Competence and transformation. B. subtilis cells were grown to competence

essentially as described by Bron and Venema (2) and transformed with approx-
imately 1 mg of DNA/100 ml for 30 min at 378C (200 rpm). After exposure to
DNA, the cultures were diluted threefold in prewarmed TY broth, incubated at
378C for 1 h to allow expression of antibiotic resistance markers, and plated on
selective media. When Emr transformants were selected, cells were diluted
threefold in TY broth containing 0.1 mg of erythromycin and plated after 1 h of
incubation at 378C. a-Amylase-deficient transformants were selected on TY agar
supplemented with 1% soluble starch (Sigma) as described by Smith et al. (48).
Transformation of E. coli was performed either by the CaCl2 method as de-
scribed by Sambrook et al. (45) or by electrotransformation with a Gene Pulser
(Bio-Rad Laboratories, Richmond, Calif.).
DNA isolations and molecular cloning techniques. Chromosomal DNA from

B. subtilis was isolated as described by Bron and Venema (2). Total plasmid and
chromosomal DNAs were isolated essentially as described by Bron and Luxen
(3). Large-scale preparations or minipreparations of plasmid DNA from both B.
subtilis and E. coli were obtained as described by Ish-Horowicz and Burke (25).
DNA concentrations were determined with a GeneQuant RNA-DNA calculator
(Pharmacia LKB Biochrom, Cambridge, United Kingdom). Cloning procedures
were performed as described by Sambrook et al. (45). DNA restriction fragments
were recovered from agarose gels by electrophoresis onto DEAE NA45 mem-
branes (Schleicher & Schuell, Dassel, Germany) and purified as described in the
instructions of the manufacturer. Southern blot analyses were performed with
the nonradioactive enhanced chemiluminescence direct nucleic acid labeling and
detection system (Amersham). Approximately 1 mg of chromosomal or total
DNA was digested with appropriate restriction enzymes, and electrophoresis was
performed at room temperature for 4 h at 20 mA. The DNA was subsequently
transferred to GeneScreen Plus membranes (Dupont, NEN Research Products,
Boston, Mass.) as described previously (39). Probe labeling, hybridization, and
detection with the enhanced chemiluminescence kit was subsequently carried out
as indicated by the supplier. Relative amounts of various plasmid DNA forms
were estimated by densitometric scanning of the resulting blots with an Ultroscan
XL enhanced laser densitometer (LKB, Bromma, Sweden).
Nucleotide sequence analysis. Plasmid DNA was isolated from B. subtilis

colonies harboring deletion variants of pGP1. Subsequently, these plasmids were
transferred to E. coli to enable the isolation of sufficient quantities of plasmid
DNA for deletion mapping and sequence analysis. Sequencing reactions were
performed either by using a T7Sequencing Kit (Pharmacia LKB, Uppsala, Swe-
den) or by automated, nonradioactive sequencing with an ALF sequencer (Phar-
macia).
Preparation of cell extracts. Cell lysates to be assayed for ATP-dependent

nuclease activity were prepared as follows. Cells were grown in either TY broth
or minimal medium and harvested 2 to 3 h after the transition from the expo-
nential to the stationary growth phase. Subsequently, the cells were washed twice

with one-fifth of the original volume of 50 mM Tris-HCl (pH 8.0), containing 0.1
mM EDTA and 0.1 mM dithiothreitol, and the pellets were finally resuspended
in 1/10 of the original volume of the same buffer. Lysates were obtained with a
French press at 1,000 lb/in2 by use of a J5-598A laboratory pressure cell press
(Aminco, Inc., Silver Spring, Md.).
Assay of ATP-dependent exonuclease activity. ATP-dependent exonuclease

activities in cell lysates were measured essentially as described by Kooistra and
Venema (30). Reaction mixtures were incubated for 30 min at 408C and pre-
pared for scintillation counting as indicated.
Assays for structural plasmid stability. (i) The structural stability of pGP1 was

determined essentially as described by Peijnenburg et al. (42). Randomly se-
lected blue colonies were grown separately for 15 to 20 generations in TY broth,
which was supplemented with chloramphenicol to prevent plasmid loss during
cultivation. The cultures were subsequently plated on minimal agar containing
chloramphenicol and X-Gal, and the percentage of white colonies in the progeny
was used as a measure of deletion formation. (ii) The stability of pGP100 was
measured as described previously (40), based on the principles of the fluctuation
analysis designed by Luria and Delbrück (37). This microtiter-based procedure,
which enables the screening of large numbers of identical, yet individually grown
cultures, effectively eliminates possible effects of selective growth differences
between cells harboring the parental plasmid and cells carrying deleted plasmids
on recombination frequencies.

RESULTS

Stability of pGP1 in strains expressing mutant AddAB pro-
teins. Our previous studies showed that deletion of the genes
encoding AddAB severely interfered with the structural stabil-
ity of a model plasmid, pGP1, in B. subtilis (39). To investigate
which of the activities of the heterodimeric AddAB enzyme
affected the stability of pGP1, the plasmid was introduced in B.
subtilis 8G5 derivatives carrying mutated copies of one or both
add genes (20). These mutations are located in the ATP-bind-
ing sites of the AddA and AddB subunits (30). In both ATP-
binding motifs, the highly conserved lysine residue was re-
placed by a glycine (subunit A, replacement occurring at
position 36 [K36G; this mutant is designated A*B throughout];
subunit B, replacement occurring at position 14 [K14G; des-
ignated AB*]) (Table 1). As a result of these mutations, a KpnI
(Asp718) site was introduced, enabling the identification of the
mutant alleles by Southern hybridization. The mutant copies
were introduced into the amyE locus of the addAB deletion

FIG. 1. Integration of mutated addAB copies in the amyE locus of strain 8GK0 (addA2B2). (A) Linear maps of 8GK01, carrying the integration plasmid (pIN5),
and strains 8GK02 through 8GK05, carrying the wild-type or mutant addAB alleles in the amyE locus are shown. (*), positions of the lysine3glycine substitutions,
creating the KpnI (Asp718) sites. The expected fragments generated by KpnI digestion are shown in the lower panel. amyEf(ront), 59 part of amyE; amyEb(ack), 39 end
of the amyE gene. For details on the construction of pIN5 and its derivatives, see the work of Haijema et al. (20).
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mutant (strain 8GK0) (Fig. 1) via replacement recombination
as described by Haijema et al. (20). Southern analyses of Asp-
718-digested chromosomal DNA from Tcr amy integrants
showed that recombination had occurred at the correct posi-
tion (results not shown). As was reported previously, strain
8GK0 (addA2B2) is extremely sensitive to MC treatment and
UV irradiation (39). In strains 8GK02 (addA1B1) and 8GK04
(AB*), resistance to MC and sensitivity to UV irradiation were
restored to wild-type levels, whereas strains 8GK01
(addA2B2), 8GK03 (A*B), and 8GK05 (A*B*) remained sen-
sitive to mutagenic treatment (Table 2).
The various strains were subsequently transformed with

pGP1. First, we analyzed the growth characteristics of the
mutant strains harboring pGP1. Freshly restreaked blue colo-
nies were transferred to liquid minimal medium and supple-
mented with the appropriate antibiotics, and growth was mon-
itored by OD600 measurements. As can be seen in Fig. 2,
growth of the strains affected in exonuclease and helicase ac-
tivity was impaired, whereas growth of the strain carrying the

mutation in the AddB subunit (8GK04) was comparable to
that of strain 8GK02, carrying the wild-type addAB genes.
Next, we tested the structural stability of pGP1 in these

hosts. The results are listed in Table 2. Strain 8GK02(pGP1),
carrying the wild-type addAB genes in the amyE locus, was
used as a control. The stability of pGP1 in this strain was
similar to that in the parental strain 8G5, which carries the
addAB genes at the original chromosomal location (Table 2).
Compared with its stability in the control strain, pGP1 was
extremely unstable in strain 8GK04 (AB*), carrying the muta-
tion in the B subunit. The percentage of white progeny in this
strain was similar to that observed in the addA2B2 strains
8GK0 (39) and 8GK01 (Table 2).
In contrast to the high level of pGP1 instability observed in

the strain carrying the mutant B subunit, the stability of pGP1
in strain 8GK03 (A*B) was comparable to that observed in the
control strain. Although with respect to viability, recombina-
tion, and repair, this mutant is similar to the addAB deletion
mutants 8GK0 and 8GK01, the enzyme produced by this mu-
tant apparently allows the stable maintenance of pGP1. Unex-
pectedly, in the double mutant, 8GK05 (A*B*), the levels of
pGP1 stability were also comparable to those in the control
carrying the wild-type addAB alleles. Apparently, the mutant
enzyme produced in this background retains an activity which
is essential for the structural stability of pGP1 and which can
be separated from the activities necessary for the role of
AddAB in general recombination and DNA repair processes.
Single-stranded (ss) and multimeric plasmid DNA produc-

tion in add mutants. Several studies demonstrated that muta-
tions in the recBCD and addAB genes, respectively, result in
the accumulation of concatameric head-to-tail DNA of rolling-
circle plasmids (high-molecular-weight [HMW] DNA) (11, 19,
52). HMW DNA is thought to be formed as a consequence of
impaired termination of rolling-circle replication. In wild-type
cells, these linear double-stranded (ds) DNA molecules are
degraded by E. coli RecBCD (exonuclease V [ExoV]) or B.
subtilis AddAB. The accumulation of large amounts of HMW
DNA in ExoV-deficient strains could result in reduced copy
numbers of plasmid monomers which, in turn, might affect the
rate of appearance of plasmid recombinants. To test whether a
relation existed between possible differences in copy number of
plasmid monomers, ssDNA production, multimeric DNA pro-
duction, and the level of pGP1 structural instability, total plas-
mid and chromosomal DNAs were isolated from the various
strains used and analyzed by Southern hybridization. Blue
transformants of strains containing pGP1 were grown in min-
imal medium under selective pressure (chloramphenicol), and
growth was monitored by OD600 measurements as described
above. Samples were taken in the early stationary phase, and
the plasmid profiles were analyzed by Southern hybridization.
As a positive control for HMW DNA production, strain 8G5
harboring plasmid pLB5 was included. This plasmid is known
to generate large amounts of HMW plasmid DNA (19). The
results showed that the copy number of pGP1 differed consid-
erably in the various host mutants (Fig. 3A). In strains 8GK02
(addA1B1) and 8GK04 (AB*), the copy number of pGP1
appeared higher than that in the exonuclease-deficient mu-
tants 8GK01 (addA2B2) and 8GK03 (A*B). As judged from
densitometric scannings of the blots, the difference in copy
number was about three- to fivefold. Despite the difference in
monomer copy numbers, the amounts of multimeric DNA
were comparable in all strains tested; moreover, only low
amounts of this type of DNA were present. The control, strain
8G5(pLB5), showed a high level of HMW DNA production
(Fig. 3B), indicating that the method used was appropriate to
detect the eventual presence of HMW DNA. In contrast to

FIG. 2. Growth, in minimal medium, of 8GK0 (addA2B2) and its derivatives
containing pGP1. Arrows indicate the time points at which samples were taken
for the preparation of total plasmid DNA, which was used for the Southern
analyses shown in Fig. 3.

TABLE 2. Stability of pGP1 in strains carrying mutations in the
genes encoding AddABa

Strain Relevant genotype % White Cmr

colonies ExoVb MCrc

8G5(pGP1) WTd 1–5 1 1
8GK0(pGP1) addA2B2 .50 2 2
8GK01(pGP1) addA2B2 .50 2 2
8GK02(pGP1) addA1B1 1–5 1 1
8GK03(pGP1) A*B 1–5 2 2
8GK04(pGP1) AB* .50 1 1
8GK05(pGP1) A*B* 1–5 2 2

a The stabilities are represented relative to those of the control strain, 8GK02,
which carries the wild-type addAB genes in the amyE locus.
b Presence (1) or absence (2) of ATP-dependent exonuclease activity.
c Presence (1) or absence (2) of resistance to MC treatment.
dWT, wild type.
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pLB5, only trace amounts of ssDNA intermediates were de-
tected with pGP1. This is in agreement with our results from
previous experiments using 32P-labeled probes which also in-
dicated that only small amounts of ssDNA can be detected
with pGP1 (44). Together, these data clearly show that no
relation existed between differences in copy number of plasmid
monomers, ssDNA production, or multimeric (HMW) DNA
production, and the observed differences in the structural sta-
bility of pGP1 in the strains used (Table 2; Fig. 3A).
Sequences of deletion fusion points. In our previous work,

we have determined the sequences involved in pGP1 deletion
formation in the parental, recombination-proficient strain 8G5
(43). In 53% of the recombinant plasmids analyzed, the dele-
tion was located in the 5.5-kb BamHI fragment carrying the
penP-lacZ fusion; in the others, deletions had occurred else-
where. Of the deletions in the penP-lacZ region, 90% involved

recombination between nonrepeated sequences. To analyze
the specificity of the deletions generated in the mutants studied
here, we determined the sequences of deletion fusion points
generated in these mutants. Comparison of such sequences
may give indications concerning the mechanism(s) involved in
deletion formation. Rearranged plasmids were isolated from
these mutants, and the deletions were globally mapped by
restriction and PCR analyses. Based on the mapping data,
appropriate primers located in close proximity to the fusion
points were selected for sequencing (Fig. 4A). The sequences
are shown in Fig. 4B and C, in which the positions of the
deletion endpoints are indicated relative to the BamHI site at
position 2019 (Fig. 4A). The results obtained with the addAB
deletion mutant (strain 8GK01) are shown in Fig. 4B. In this
host, recombination between short DRs accounted for the
majority of the deletion events (four of five cases). This is in
sharp contrast with the endpoints generated in the parental
strain, 8G5, in which only 1 of 28 deletions appeared to be the
result of recombination between short DRs (43). These data
indicate that different processes may underlie deletion forma-
tion in addAB wild-type and addAB null strains.
As mentioned above, pGP1 was also highly unstable in strain

8GK04, carrying the subunit B mutation (Table 2). Sequence
analysis of a number of randomly selected deletions isolated
from this mutant revealed that in this background both types of
deletions were present (Fig. 4B); three of the eight endpoints
sequenced were the result of recombination between short
DRs. In the other five deletions, recombination had occurred
between non-DRs; moreover, AT-rich sequences were present
in the vicinity of most of the fusion points. A similar pattern
was observed in strain 8GK03 (A*B) (Fig. 4C). Together, these
data indicate that on the nucleotide sequence level, two major
classes of deletions can be discriminated, namely, (i) type I
deletions, which occur between nonrepeated sequences, and
(ii) type II deletion events, in which recombination occurs
between short DRs.
Effects of selective growth advantages of cells carrying de-

leted plasmids. Based on the differential growth rates of the
various strains tested in this study (Fig. 2), one could argue that
the observed differences in stability merely reflect differential
segregation kinetics of recombinant plasmids rather than dif-
ferences in initial recombination frequencies. To test whether
the differences observed in the levels of structural plasmid
rearrangements could be affected by selective growth differ-
ences between the strains tested, we also analyzed the stability
of plasmid pGP100 in these backgrounds. This vector, which
carries the same replication functions as those of pGP1, en-
ables (i) positive selection of recombinants, by virtue of anti-
biotic resistance, without the requirement of full segregation,
and (ii) accurate determination of recombination frequencies,
ruling out possible effects of selective growth disadvantages of
cells carrying recombinant plasmids on the frequencies mea-
sured (fluctuation test) (40). Comparison of this plasmid with
pGP1 showed that although the selection procedure is rather
different, similar deletions occur in this vector.
Since pGP100 carries the same antibiotic resistance markers

as those present on the chromosome of the add mutants de-
scribed here, 8G5 derivatives were constructed in which the
Kmr and Tcr markers were replaced by the Spr and Bsr genes,
respectively (strains 8GS01 through 8GS05 [Table 1]). These
strains were subsequently transformed with pGP100 and as-
sayed for the structural stability of this plasmid (Table 3).
From the data obtained, it appears that although the absolute
differences between the various mutants were smaller than
those with pGP1, a similar pattern of plasmid instability was
observed in the add mutants with this system. Therefore, it can

FIG. 3. Southern blot analyses of total plasmid DNA isolated from various
addAB mutants. (A) Total plasmid DNA preparations of pGP1 from the add
mutants. In each lane, 1 mg of DNA, either untreated (2) or linearized with
EcoRI (1), was applied. As a probe, BstYI-digested pGP1 DNA was used.
Lanes: M, molecular mass marker (phage SPP1 DNA 3 EcoRI); 1, 8GK02
(addA1B1); 2, 8GK01 (addA2B2); 3, 8GK04 (AB*); 4 and 5, 8GK03 (A*B); 6,
8GK05 (A*B*). (B) Plasmid profile of wild-type (8GK02; addA1B1) and the
addAB deletion mutant (8GK0; addA2B2) harboring pLB5. Total DNA was
either undigested (2) or cut with PstI (P) or BamHI (B). Since pLB5 does not
contain a recognition sequence for the latter enzyme, this showed that the HMW
product is plasmid derived. m, multimeric; oc, open circular; l, linear.
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be concluded that although selective growth differences may
occur, this did not affect the general conclusion that the sta-
bility of pGP1 and pGP100 differs considerably in the various
hosts tested in this study.
A recA mutation stimulates type II deletion formation. Al-

though, by definition, illegitimate recombination events are
recA independent, several studies have indicated that RecA, or
functionally related enzymes, may well affect the frequency at
which these events occur (1, 38). Therefore, we next tested
whether pGP100 recombination frequencies might also be af-
fected in a recA mutant. The average recombination frequency
in the recA4 strain was equally high as that in the DaddAB
background (2.5 3 1026). Moreover, sequence analysis of de-
letion fusion points indicated that in the recA4 strain, both type
I and type II deletions were produced at comparable frequen-
cies (Fig. 5). This indicates that in this host, type II deletions
are produced at a higher rate than they are in wild-type cells,
where this class of deletions represented less than 10% of the
total recombinant plasmid pool. These data show that the

RecA protein is likely to be involved in the recombinational
repair of DSBs.
Effect of recA and addAB mutations on copy choice illegiti-

mate recombination. As mentioned above, the formation of
type II deletion between short DRs is stimulated in DaddAB
mutants. Previous work, both in our group and in other labo-
ratories, has shown that deletions between short homologies
may result from copy choice illegitimate recombination events
(4, 16). As a model system for this type of deletion formation,
precise excision of transposon sequences, as a result of recom-
bination between repeats flanking the transposable element,
has frequently been used. The aim of the experiments de-
scribed below was to demonstrate that precise excision fre-
quencies are not affected by deletion of the addAB genes and,
hence, that the type II deletions studied here are based on a
different mechanism. For this purpose, we have analyzed pre-
cise excision frequencies in recA4 and DaddAB backgrounds.
This was done by fluctuation analyses, using the pHP700 series
of plasmids described by Bron et al. (4), which carry DRs of
various lengths in a pWVO1-derived replicon (plasmids
pHP709FK-11, pHP718FK-11, and pHP727FK-11) (Table 1).
The results of these analyses are summarized in Table 4. The
frequency of precise excision in both the recA and addAB
mutant was not significantly different from that measured in
the parental strain. Since the frequency of type II deletions was
increased in these hosts, this suggests that the type II deletion
events observed with pGP1 and pGP100 are the result of a
mechanism different from copy choice illegitimate recombina-
tion.
The measure of deletion formation is independent of ss

replication intermediates. To test whether deletion formation
was stimulated by the presence of ssDNA replication interme-
diates, the stabilities of the penP-lacZ cassette in plasmids,

TABLE 3. Stability of pGP100 in addAB mutantsa

Strain Relevant genotype % Cmr

recombinants/generation

8GS0(pGP100) addA2B2 2.3 3 1026

8GS01(pGP100) addA2B2 1.2 3 1026

8GS02(pGP100) addA1B1 1.0 3 1027

8GS03(pGP100) A*B 2.6 3 1028

8GS04(pGP100) AB* 9.5 3 1027

8GS05(pGP100) A*B* 1.2 3 1027

a The stability is expressed as the frequency of Cmr recombinants per gener-
ation in a fluctuation test (see Materials and Methods).

FIG. 4. Nucleotide sequences near fusion points in deletion derivatives of pGP1 isolated from various addAB mutants. (A) Physical map of SacI-linearized pGP1.
For details, see Meima et al. (39). The positions of oligonucleotide primers used for PCR and sequence analyses are indicated. (B) Endpoint sequences in pGP1 deletion
variants isolated from strains 8GK01 (addA2B2) and 8GK04 (AB*). For each deletion, the fusion point is shown in the upper line. The middle and lower lines represent
the sequences flanking the left- and right-hand deletion termini, respectively. Solid triangles indicate possible breakage points within the AT-rich sequences associated
with left-hand deletion termini; these sequences are shown in bold type in the middle lines. DRs at the endpoints are underlined. Nucleotide numbers are given relative
to the BamHI site at position 2019 of the map shown in Fig. 4A. *, characteristics of left endpoints. (C) Deletion endpoints generated in mutant 8GK03 (A*).
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using either the rolling-circle or theta mode of replication,
were compared. For this purpose, a 6.0-kb EcoRI-HindIII frag-
ment carrying the penP-lacZ fragment of pGP1 was fused to
EcoRI-HindIII-digested pHV60. The latter is a pBR322 deriv-
ative which replicates only in E. coli (41). In the resulting
construct, pVP1, the replication functions of pAMb1, a theta-
replicating plasmid from Streptococcus faecalis (8), and those
of the rolling-circle-replicating pWVO1 (the same as that
present in pGP1 and pGP100) were inserted, yielding plasmids
pVP2 and pVP6, respectively. The average percentages of
white progeny, corrected for plasmid copy number, were the
same with both types of replicon (approximately 1%), and
moreover, both showed an 8- to 10-fold-increased frequency of
white colonies in a DaddAB host (results not shown). This
indicates that the recombination events described in the
present paper are not stimulated by single-stranded DNA rep-

lication intermediates, again showing that copy choice errors
are unlikely to account for the deletions studied here.

DISCUSSION

In the present work, we analyzed illegitimate plasmid recom-
bination events in B. subtilis and, in particular, the role of the
major exonuclease, AddAB, in this process. Structural plasmid
stability was analyzed in strains expressing AddAB complexes
carrying mutations in the ATP-binding sites of one or both of
their subunits. Recent work in our group showed that the A
subunit of AddAB is essential for the exonuclease and helicase
activities of the complex and that the ATP-binding site of this
subunit is indispensable for the in vivo activity of AddAB in
recombination and DNA repair (20). In contrast, mutation of
the ATP-binding site of the B subunit exerted no such effects
on recombination and DNA repair. However, the present re-
sults show that the latter mutation severely affected the struc-
tural stability of pGP1 and pGP100, whereas the A subunit
mutation showed no significant increase in plasmid deletion
formation. In fact, pGP100 stability appeared slightly improved
in the latter host, as compared with that in the wild-type situ-
ation. In addition, the wild-type level of plasmid stability ob-
served in the double mutant 8GK05 (A*B*) indicated that the
mutant complex produced in this host retains an activity which
increases plasmid stability compared with that in the deletion
mutant. Apparently, this activity can be uncoupled from the
activities required for the function of AddAB in homologous
recombination processes (see below).

FIG. 5. Nucleotide sequences near fusion points in deletion derivatives of pGP1 isolated from the recA4 mutant. The sequences are presented as described in the
legend to Fig. 4.

TABLE 4. Precise transposon excision frequencies in strains 8G5,
8GK0 (DaddAB), and 7G224 (recA)

Plasmid
Precise excision frequencya

8G5 DaddAB recA4

pHP709FK-11 ,1028 ,1027 ,1027

pHP718FK-11 8.6 3 1027 3.7 3 1027 2.4 3 1027

pHP727FK-11 2.4 3 1026 2.0 3 1026 2.6 3 1026

a Average of four independent experiments. Frequencies are expressed as the
number of Cmr colonies as a fraction of the total number of viable cells.
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Two distinct classes of deletions were observed in pGP1. In
type I events, recombination occurs between nonrepeated se-
quences and possibly involves topoisomerase I activity (43). In
contrast, type II deletions occur between short DRs, resulting
in deletion of one DR and the intervening sequences. These
deletions are unlikely to result from copy choice illegitimate
recombination, demonstrated by the fact that (i) precise exci-
sion frequencies were not affected in addAB and recA mutants
and (ii) deletion formation was not significantly stimulated by
ssDNA replication intermediates. Type II recombinants were
predominant in the addAB deletion mutant and, to a lesser
extent, the recA4 mutant. Together with the fact that pGP1
stability was also affected in several other recombination and
DNA repair mutants (42), this indicates that in addition to the
helicase model described previously (43, 44) (see Introduc-
tion), alternative models for plasmid deletion formation have
to be considered. Possible models for type II deletion forma-
tion in pGP1 as well as in pGP100 (40) may involve errors in
the recombinational repair of initial DNA damage. Since the
repair pathways acting upon damaged DNA will be different in
various recmutants, this may result in different repair products.
A model for recombinational repair of DNA DSBs has been
proposed by Sargentini and Smith (46). This model involves
the repair of DSBs via a mechanism which resembles x-stim-
ulated RecBCD-dependent recombination. By analogy, we
speculate that AddAB could prevent type II deletion forma-
tion in B. subtilis. DSBs, possibly introduced by DNA gyrase or
other endonucleases, are preferred substrates for the AddAB-
associated exonuclease activity, resulting in degradation of the
linear molecules (Fig. 6A). Alternatively, when an active x site
is present, DSBs can be repaired as described by Sargentini
and Smith (46) (Fig. 6B), in a process involving both AddAB
and RecA. The observed levels of instability in the recA host,
as well as the high occurrence of type II deletions in this strain,
suggest that a RecA-dependent pathway may indeed be in-

volved in the repair of DSBs. The models shown in Fig. 6A and
B imply that DSBs may either be destroyed (Fig. 6A) or re-
stored by an AddAB-RecA-dependent recombinational repair
pathway (Fig. 6B). The observed distribution of type I and type
II deletions in the recA host indicates that both pathways may
be equally important in an addAB wild-type strain. In either
case, type II deletions will be formed only at low frequencies in
strains synthesizing wild-type AddAB. In the absence of func-
tional AddAB (strains 8GK0 and 8GK01), DSBs are thought
to be processed by a 39359 exonuclease from both ends, re-
sulting in the production of ssDNA tails. Subsequent annealing
of short DRs followed by DNA polymerase I-dependent gap
filling and ligation by DNA ligase will result in the establish-
ment of a type II deletion (Fig. 6C). Similar models for recA-
independent deletion formation following the introduction of
DSBs have been described previously (9, 10, 28). The high level
of instability in the addAB deletion mutant would, according to
this model, suggest that DSBs occur at relatively high frequen-
cies.
Based on the model presented here, the generation of type

II deletions in strain 8GK04 (AB*) may be explained by as-
suming that this mutant is affected in the processivity of its
helicase activity, resulting in only partial degradation of linear
molecules. These could subsequently serve as a substrate for
type II deletion formation. This assumption is based on the
observation that a similar mutation in the ATP-binding motif
of the E. coliRecD subunit appeared to be less processive in its
helicase activity than the wild-type enzyme (32). Although no
sequence homology exists between RecD of E. coli and B.
subtilis AddB (30), these mutations may exert similar effects.
Recent in vitro experiments have indicated that the AddAB*
mutant is indeed affected in its helicase and exonuclease ac-
tivities on linear dsDNA (21).
In contrast to the deletion mutant, 8GK01, strains 8GK03

(A*B) and 8GK05 (A*B*), lacking both the AddAB-related

FIG. 6. Working models for the repair of DSBs and the formation of type II deletions in pGP1 and pGP100. (A) Degradation of linearized dsDNA in strains
expressing wild-type AddAB. Degradation and/or loop formation will protect DSBs from exonucleolytic trimming by other nucleases as described for panel C below.
(B) x-stimulated, AddAB-dependent recombinational repair of DSBs, involving RecA-SSB (single-strand binding protein)-mediated strand invasion, as proposed by
Sargentini and Smith (46). (C) Formation of type II deletions as a result of recircularization of linearized ds pGP1 molecules in the absence of AddAB. 1, 39359
processing; 2, annealing of short DRs, possibly catalyzed by a short homology-matching protein (9), and removal of displaced single strands; 3, DNA polymerase
I-dependent gap filling (59339) and sealing by DNA ligase.
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exonuclease and helicase activities, showed wild-type stabilities
of pGP1 and pGP100. The AddAB complexes produced in
these hosts may retain an ATP-independent DNA binding
capacity for DNA ends but may not be able to process from
these ends. This might protect DSBs from exonucleolytic pro-
cessing (Fig. 6C) and may explain why the stability of pGP1
and pGP100 in these strains is improved compared with that in
the DaddAB mutant in which the AddAB enzyme is not pro-
duced. Nevertheless, type II deletions were observed in the
AddA*B host at a similar frequency as that of the AddAB*
mutant, although the stability of pGP1 was considerably higher
than that in the latter strain. This difference in stability be-
tween the A and B subunit mutants cannot exclusively be the
result of different segregation kinetics, as was demonstrated by
the fluctuation analyses. Which activity is required for the
observed stabilization in the A*B mutant remains to be ana-
lyzed.
To date, we can only speculate about the molecular mech-

anism of type I deletion formation and the putative role of
recombination enzymes in this event. They may be formed in a
topoisomerase I-dependent fashion as proposed previously (7,
22, 47). These models, however, predict the involvement of two
topoisomerase I-induced nicks within a ssDNA region of one
molecule, whereas putative target sites were present only at
one side of type I deletions in our studies. If the initial event of
type I deletion formation involves a single nick introduced by
DNA topoisomerase I, this means that the substrate for re-
combination remains primarily circular. This implies that
AddAB is unlikely to affect type I deletion formation, since
such molecules do not constitute substrates for ExoV com-
plexes, such as RecBCD and AddAB (50).
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