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Plasmid deletion formation was compared in wild-type, recE4, and addB72 strains of Bacillus
subtilis. Deletion frequencies in plasmid pGPI, as monitored with apenP-IacZ fusion, were low
in recE4 and high in addB72, in comparison to the wild-type strain. In the wild-type and recE4

strains, deletions between direct I y repeated sequences were rare. In contrast, ahout half of tbe
deletions in the addB72 mutant resulted from recomhination at direct repeats of 5 hp or more.
The sequences at or near the left deletion endpoints showed striking similarities in the three
strains. (I) 5'-T-T-T-3', or the complement 5'-A-A-A-3', was frequent I y located at these sites. (2)
5'-T-G-T-A-3' was found close to most ofthese termini. (3) Nearly allleft termini occurred in a
region rich in hyphenated dyad symmetry, which includes the penP transcription/translation

regulatory sequences. It is assumed that DNA secondary structures, together with a sequence
preference, specify the majority of the lef t deletion termini, which we speculate to be target sites
for topoisomerase I. The right termini of deletions in the wild-type and addB72 mutant were
frequent I y located close to a loose octanucleotide consensus sequence: 5'-G/C-G/C-G/C-G-A/T -

A/T-A/T-A/G-3'. In contrast, in the recE4 mutant, the sequence 5'-C-A-G/C-G/C-G/C-G/C-T/
G-3' was more frequent I y found at this position. @ 1989 Academic pre". Inc.

Deletions are frequent among plasmid
rearrangements in Bacillus sublilis, This type
of structural plasmid instability is most of ten
the result of illegitimate recombination, that
is recombination between DNA sequences of
little or no homology (Anderson, 1987). Two
kinds of models have been proposed: the first
invo1ves aberrant DNA rep1ication, and the
second breakage and reunion of DNA se-
quences (for reviews see Ehrlich, 1989; Ehr1ich
el al" 1986). In B, sublilis and Escherichia
coli deletions at short direct repeats (Albertini
el al" 1982; Brullier el al" 1988; Lopez el al"
1984; Peeters el al" 1988) have been inter-
preted as a consequence of the first mecha-
nism. The second may apply to severa1 de1e-
tions in p1asmid-encoded pneumococcal mal
gelles in B, sublilis (Lopez el al" 1984 ). It has
been suggested that these de1etions were me-
diated by a topoisomerase 1I-1ike enzyme. To-
poisomerase II has also been assumed to play
a role in i11egitimate recombination in E. coli

(Ikeda et al., 1981 ). In addition, origin nicking
enzymes invo1ved in the initiation/termina-
tion of replication can generate deletions
starting at the origins (Michel and Ehrlich,

1986a,b).
Relatively litt1e is known about cellular

functions involved in structural plasmid in-
stability in B. subtilis. In this respect, host re-
combination functions are ofinterest. We have
shown before (Peijnenburg et al., 1987) that
in several recombination- and repair-deficient
strains of B. subtilis the levels of structural in-
stability ofplasmid pGP1, as monitored with
a penP-IacZ fusion, differed from those in the
wild-type. Of the recombination- and repair-
deficient mutants in B. subtilis (Alonso et al.,
1988; Mazza and Ga1izzi, 1978), the recE and
add mutants have biochemically been char-
acterized.

The B. subtilis RecE and E. coli RecA pro-
teins are functionally analogous (de Vos et al.,
1983; Lovett and Roberts, 1985). In both a
DNA-dependent A TPase activity promotes
homologous pairing and strand exchange dur-1 To whom reprint requests should be addressed.
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containing a penP-lacZ fusion replicates in B.
subtilis and can be used to select plasmid rear-
rangements preventing the expression of fJ-ga-
lactosidase (Peijnenburg et al., 1987, 1988).
Rearranged derivatives ofpGP1, isolated from
strains 8G5, 7G224 (recE4), and 6G2266
(addB72), are denoted as pGP5-x, pGP4-x,
and pGP7-x, respectively, where x is a suffix
number .

Growth to competence and transformation
were as described before (Bron and Venerna,

1972).

Media and Chemicals

Media and chemicals used are described
elsewhere (Peijnenburg el al., 1988). Chlor-
amphenicol (5 J.tg/ml) and erythromycin (5 J.tg/
ml) were used as selective antibiotics.

Transfer and Hybridization of DNA

DNA was transferred from agarose gels to
GeneScreenPlus membranes (New England
Nuclear, Boston, MA) as recommended by the
supplier. Prehybridization and hybridization
with (a-32p]DNA probes were performed at
65°C for 6 and 18 h, respectively, in solutions
containing O.f% polyvinylpyrrolidone, 0.2%
Ficoll, 0.2% bovine serum albumin, 0.05 M
Tris-HCl (pR 7.5), 1 M NaCl, 0.1% sodium
pyrophosphate, 1% sodium dodecyl sulfate,
10% dextran sulfate, and 200 ,ug/ml denatured
calf thymus DNA (Sigma, St. Louis, MO).
Hybridization membranes were autoradio-
graphed on XAR-5 (Kodak) films. Radioac-
tivities were determined by scintillation
counting of strips cut from the hybridization
membranes.

ing general recombination (for reviews see Cox
and Lehman, 1987; Smith, 1988; West, 1988).
Furthermore, RecA and RecE proteins are
considered to p1ay key regulatory roles in the
cellular response to DNA damage in E. coli
(SOS response; for review see Walker, 1985)
and B. sublilis (SOB response; Love and Yas-
bin, 1986). The arnount of RecE protein is
strongly reduced in the recE4 mutant (de Vos
and Venerna, 1982).

Three mutations resulting in the loss of
A TP-dependent DNase activity in B. sublilis
have been mapped in two loci, one defined by
the addA5 and the other by the addB71/72
mutations (Doly el al., 1974; Alonso el al.,
[?88). The Add protein complex of B. sublilis,
like its.RecBCD equivalent of E. coli (for re-
view see Telander-Muskavitch and Linn,
1981) not onfy functions as A TP-dependent
DNase, but also as DNA-dependent A TPase
and A TP-dependent helicase (Shernyakin el
al., 1979).

The purpose of the present investigations
was to study the effects of the recE and addB
mutations on plasmid deletion formation in
B. sublilis. In the addB72 mutant deletion
formation, particularly at direct repeats, was
high. The high stability ofpGP1 in the recE4
mutant resulted mainly frorn decreased dele-
tion formation at nonrepeated sequences.

MA TERIALS AND METHODS

Bacterial Strains and Plasmids

B. subtilis strain 8G5 (trpC2 tyr ade his nic
ura rib met) was described before (Bron and
Venerna, 1972). Since it is recombination-
proficient, this strain wi11 be referred to as the
wild-type. Strain 7G224 (trpC2 tyr ade nic ura
rib met recE4), a derivative of 8G5, was de-
scribed by de Vos and Venerna (1983). Strain
6G2266 (ade his nic ura rib met addB72) was
obtained after transformation of strain 8G5
with DNA from strain GSY2266 (metB5
hisH2 addB72). Tyr+ transformants being
sensitive to 0.05 J!-g/m1 mitomycin C were se-
1ected. The Add- phenotype (absence of A TP-
dependent DNase activity) was confirmed as
described by Do1y et al. ( 1981 ). P1asmid pGP 1

DNA Techniques

Isolation of DNA, restriction mapping,
molecular cloning procedures, radiolabeling
by nick-translation, and sequence analysis of
deletion junction points were performed fol-
lowing described procedures (Maniatis el al.,
1982; Peijnenburg el al., 1988). DNA second-
ary structures were predicted by computer
analysis as described before (Peijnenburg el al.,

1988).
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highest coordinates of Fig. 1, respectively. As
in the wild-type (Peijnenburg et al., 1988),
nearly allleft deletion endpoints generated in
the recE4 and addB72 strains appeared to be
located in the narrow region between nucleo-
tides 1 and 705, which contains the penP pro-
moter (around position 510) and/or Shine-
Dalgamo (SD) sequences (position 670). Sim-
ilar to the wild-type, in both strains the
majority of the right endpoints occurred in or
downstream of the lacZ coding region.

RESULTS

Selection ofpGPl Deletion Derivatives

Approximately 70 blue colonies of B. sub-
tilis 7G224(PGP 1) and 6G2266(pPG 1 ), grown
for about 20 generations on minimal agar
supplemented with 5-bromo-4-chloro-3-in-
dolyl fJ-D-galactopyranoside (X-gal),2 chlor-
amphenicol (Cm), and erythromycin (Em),
were cultured separately in antibiotics-con-
taining TY medium (15 to 20 generations),
and plated on minima1 agar containing X-ga1,
Cm, and Em. Approximately 1000 colonies
were screened for each culture. All 6G2266
cultures produced white progeny (frequency
ofwhites 5 to 53%). In none ofthe 70 cultures
from recE4 colonies could white progeny be

detected. Only after prolonged subculturing
were 49 white colonies obtained from inde-
pendent cultures. Deleted plasmids isolated
from the wild-type strain were described before

(Peijnenburg et al., 1988).

Deletion Junction Points in pGP4 Plasmids

The sequences of the left and right deletion
junction points of 10 randomly chosen pGP4
plasmids (shown in italics in Fig. IA), are
shown in Fig. 2 (top). The data can be sum-
marized as follows.

(1) The suggestion from the restriction
analysis that nearly allleft endpoints were 10-
cated between nucleotides I and 705 was con-
firmed. This means that in all cases, except for
pGP4-51, the penP promoter and/or SD se-
quences had been removed, thereby prevent-
ing expression of the fusion.

(2) A number of identical deletions (PGP4-
20/-26) had been selected. The right deletion
terminus of pGP4-13 was also identical to that
of pGP4-20 and pGP4-26.

(3) Although direct repeats of more than 3
bp were present in the vicinity of many end-
points, none of the 10 deletions studied had
occurred between such repeats. Also, no in-
verted repeats of more than 3 bp were found
to flank the lef t and right points of breakage.

(4) In seven pGP4 plasmids the sequence
5'-T-T-T-3' or its 5'-A-A-A-3' complement was
found at, or immediately next to, the lef t
breakage points (Fig. 2, top left). In the 710-
bp region containing allleft termini, 708 po-
tential cleavage sites exist. From the known
sequence ofthis region it can be deduced that
181 of these sites are located in or immediately
flanking a T- T -T or A-A-A triplet. Given a
frequency of 181/708 potential cleavage sites
at such positions, the probability that, by
chance, cleavage would occur in or immedi-
ately flanking T-T-T (or A-A-A) sequences

Mapping ofthe Deletions

All selected plasmids appeared to carry
deletions. In 25 pGP4, and 28 pGP7 plasmids,
generated in the recE4 and addB72 strains,
respectively, both deletion endpoints were 10-
cated within the 5.5-kb BamHI fragment car-
rying the penP-lacZ fusion. The termini were
mapped by restriction ana1ysis. The results
(Fig. 1) indicate that a great variety of de1etions
had been isolated: at least 22 different pGP4
and 26 different pGP7 plasmids were found.
In most plasmids either penP or both penP
and lacZ sequences were 1acking. The only
exceptions are pGP7-5 and pGP7-6, in which
exclusively lacZ sequences were de1eted.
Deletions ofthe latter class were observed nei-
ther in the recE4 nor in the wild-type strain
(Peijnenburg et al., 1988).

In the following we define "left" and "right"
deletion endpoints according to the lowest and

2 Abbreviations used: X-gal, 5-bromo-4-chloro-3-indolyl

{:I-D-galactopyranoside; Cm, chloramphenicol; Em, eryth-

romycin; SD, Shine-Dalgarno; 55, single-stranded.
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FIG. 2. Nucleotide sequences (5' to 3') near terrnini of deletions obtained frorn B. subtilis recE4 (upper
part) and addB72 (bottorn part) strains. The left and right sequences represent the regions flanking the left
and right deletion terrnini, respectively. Arrows indicate breakage points. Directly repeated sequences at the
endpoints are boxed. Breakage rnay have occurred at any position within or irnmediately flanking the boxes.
T -G- T -A sequences are shown in small characters. Trinucleotide T -T -T or A-A-A boxes and the hepta- and
octanucleotide consensus sequences are indicated (1Jill). The sequences were aligned according to best match
with these boxes. Nucleotide positions correspond to those in Fig. I. ,

in 7 of 10 cases amounts to 3.5 X 10-3. This
low probability suggests that, like in the wild-
type (Peijnenburg et al., 1988), T -T -T and A-
A-A are preferred sequences at the left cleavage
sites.

In four pGP4 plasmids (pGP4-46/-20/-26/
-25) the sequence 5'- T -G- T -A-3' was present
very close to the left deletion termini (Fig. 2,

top lef t). In two more plasmids (pGP4-11/-47;
not shown in Fig. 2), this sequence was found
at less than 18 hp distance from the cleavage
points. A similar high association of T -G- T -
A sequences near lef t termini (16 of28) was
ohserved hefore in the wild-type strain 8GS
(Peijnenhurg el al., 1988).

These results suggest that in the wild-type

FlG. I. Deletions in the penP-IacZ region of pGPI. The upper parts of (A) and (B) show the restriction
maps ofthe 5.5-kb BamHI insert in pGPI. Numbers correspond to positions (in bp) in this insert, the first
nucleotide denoted I. The lower parts of(A) and (B) show the derivatives obtained in strains 7G224 (recE4)
and 6G2266 (addB72), respectively. Restriction sites are as follows: A, Aaill; B, BamHI; C, AccI; D, DraI;

E, EcoRI; G, Bg/II; H, BssHIl; 0, OxaNI; P, PstI; S, SacI. Deleted sequences are indicated with horizonta1
lines. Vertica1 dashes in the bottorn parts of (A) and (B) demarcate the positions of the restriction sites used
for fine mapping. The numbers in italics represent deletions of which the junction points were sequenced.
D, penP sequences; ., lacZ sequences; -, B. licheniformis DNA sequences. The promoter (position 491-
519) and Shine-Dalgarno (position 668-673) sequences of penP are designated as -35. -10. and SD, re-

spectively.

mi
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O
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3
3
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and recE4 strains similar sequences consti-
tuted the left deletion endpoints in many cases.
In fact, several left termini obtained in the
recE4 mutant and strain 8G5 were identical
(Table 1).

(5) Some right deletion termini were also
identical in the recE4 mutant and strain 8G5
(Table 1; pGP4-19 and pGP5-90; pGP4-25
and PGP5-8). Differences were also observed.
In strain 8G5, 15 of 28 right endpoints were
found close to the octanucleotide sequence 5'-
G/C-G/C-G/C-G-A/T -A/T -A/T -A/G-3' (Peij-
nenburg et al., 1988). In the recE4 strain, none
ofthe sequences flanking the 10 right deletion
endpoints contained a perfect match of this
consensus (Fig. 2, top right). Instead, another
sequence, 5'-C-A-G/C-G/C-G/C-G/C- T /G-3'
seemed to occur frequently at or near the right
points of cleavage (Fig. 2, top right). Both se-
quences have a G/C-rich stretch of four nu-
cleotides in common. Differences are an A/T -
rich stretch of four nucleotides following the
G/C stretch in 8G5 and a C-A dinucleotide
preceding the G-C stretch in the recE4 mutant.

TABLE 1

COINCIDlNG TERMlNlOF DELETIONS PRODUCED IN STRAINS 8G5 (PGP5 PLASMIDS), 7G224 (PGP4 PLASMIDS)

AND 6G2266 (PGP7 PLASMIDS)

Position Lef! termini Position Right termini

112-113 pGPS-W-20/-10S
PGP4-26/-20

pGP7-!.2.
pGPS-4

pGP7-U
pGPS-n
pGP4-.1.4.
pGPS-2Y-l1Q
pGPS-~
PGP7-8/-:?:2
pGP4-2S
pGP4-13

pGP7-n
pGPS-T}j-66
pGP4-46

PGP7-41/-ll
PGPS-90/-8
pGP7-30

PGPS-34/-§1

509-510 pGP5-?;.§J-n
pGP7-'§J-.:?:2
pGP5-~
pGP7-55
pGP5-90

pGP4-l2.
pGP5-W-l!Q
PGP5-68/- 73

pGP5-§Jj-2
PGP5-IO/-IO8
PGP4-26/-20/-13

pGP5-~
pGP7-41
pGP5-8
pGP4-25

2041-2042

114-115

2687-2688
239-240

3815-3816
3962-3963
3985-3986
4069-4070
4361-4362
4540-4541

339-340
342-343

486-487

508-509 5312-5313

621-622

664-665

Note. Presumed breakage points are located in between the nucleotides indicated. In the case ofrepeated sequences
at the deletion endpoints (underlined suffix numbers), the position refers to one ofthe possible breakage points.

In contrast to the left deletion endpoints,
the right terrnini were only rarely found at T -

T -T or A-A-A sequences (two possible cases
are PGP4-ll/-51). Likewise, T-G-T-A se-
quences were not found near the right terrnini.

Deletion Junction Points in pGP7 Plasmids

The deletion terrnini of 13 randomly chosen
pGP7 plasmids were sequenced. The results
(Fig. 2, bottorn) can be summarized as follows.

(1) Like most ofthe pGP4 and pGP5 plas-
mids, all sequenced pGP7 plasmids lacked
(part of) the penP regulatory region.

(2) PlasmidspGP7-8 andpGP7-59 had the
same deletion terrnini. These plasmids were
a1so identica1 to pGP5-56, the only plasmid
obtained in the wild-type strain in which direct
repeats and flanking inverted repeats were
present at the deletion terrnini (Peijnenburg
et al., 1988). Some other pGP7 deletion ter-
mmini coincided with endpoints of pGP5 and
pGP4 plasmids (Table 1 ).

(3) A striking difference with the wild-type
and recE4 strains was that in 6 of the 13 se-
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-HMW

-CCC-4

quenced pGP7 plasmids, deletion had oc-
curred between direct repeats: 5 bp (pGP7 -
53); 6 bp (pGP7-27/-22); or 10 bp (pGP7-8/-
59/-51). This is significantly different frorn the
wild-type strain (lof 28 pGP5 deletions oc-
curred at direct repeats; X2 test: p < 0.001),
and the recE4 strain (none of 10 de1etions in-
volved direct repeats; X2 test: 0.001 < p
< 0.005). Flanking inverted repeats of more
than 3 bp were not found near the left and
right points of breakage. P1asmids pGP7 -17
is noteworthy: a1though a direct repeat was
present at the junction point, the de1etion did
not result in the conservation of only one copy
ofthe repeat (A-A-C-C-C-G was converted to

A-A-C-C-C-C-C-G).
(4) Figure 2 (bottorn 1eft) shows that at, or

immediate1y next to, the 1eft cleavage site the
triplet T-T-T (or its A-A-A complement) was
found in 8 of 13 cases. Given the frequency
of 181/708 potential c1eavage sites at such po-
sitions (see foregoing paragraph), the proba-
bi1ity that, by chance, cleavage wou1d occur
in or immediately flanking T -T -T .( or A-A-A)
sequences in 8 of 13 cases arnounts to 5.3
X 10-3. This indicates that a1so in the addB72
strain T- T- T and A-A-A are preferred se-
quences at the left deletion endpoints.

The tetranucleotide T -G- T -A was present
in the vicinity ofeight left (pGP7-13/-19/-14/
-8/-59/-41/-22/-30/-17), and two right (PGP7-
8/-59) deletion endpoints.

The octanucleotide sequence G/C-G/C-G/
C-G-A/T -A/T -A/T -A/G or variants with one
or two mismatches were present in the vicinity
of eight right deletion termini (Fig. 2, bottorn
right). In this respect, these pGP7 plasmids
were rather similar to the pGP5 plasmids
(Peijnenburg et al., 1988). Strikingly, very little
similarity with the octanucleotide consensus
was observed near most ofthe right endpoints
ofpGP7 plasmids in which the deletions had
occurred between direct repeats (PGP7-22;
-8; -59; -27; -53).

As in the recE4 and wild-type strains, T-T-
T (or A-A-A) sequences were rare (PGP7-27
and -53) at right cleavage sites. Likewise, T-
G- T -A sequences were found in only two cases
(PGP7-8/-59) near right endpoints.

Single-Stranded Plasmid DNA in Strains

8G5, 7G224, and 6G~266

Single-stranded (ss) DNA, generated during
the replication of most small plasmids in B.

subtilis (te Riele et al., 1986a,b ), has been sug-

gested to be invo1ved in the production of

deletions based on direct repeats (Brunier et

al., 1988; Ehrlich, 1989; Ehr1ich et al., 1986;
Peeters et al., 1988). To study whether pGK13

and itS derivative pGP1 produced ss DNA, and

whether the amounts of such DNAs might be

different in the three host backgrounds, total

DNA from strains 8G5, 7G224, and 6G2266

containing the plasmids were analyzed (Fig.

3). pGK13 and pGP1 appeared to generate

similar amounts of ss DNA (approximately
6% of the total radioactivity) in the three

strains. These results indicate that the observed

differences in the levels of structural instability

were not correlated with the amounts of ss

plasmid DNA in the three strains.

DISCUSSION

We have described before (Peijnenburg et

al., 1987) that the structural stability of plas-

Zl" 5.2" '.7." 5.7" 6.5" 6.7"

2 3 2 3

@ @

FiG. 3. Single-stranded plasmid DNA in B. subtilis
strains 8G5 (wild-type), 7G224 (recE4), and 6G2266
(addB72). Total DNA, extracted from the three strains,
was electrophoresed on 0.8% agarose gels and, after de-
naturation, transferred to GeneScreenPlus membranes.
The DNAs were hybridized to 32p-Iabeled pGKI3 DNA
as probe. (A) pGK13; (B) pGPI. Lanes 1, wild-type; lanes
2, recE4; lanes 3, addB72; +, treatment ofthe DNA with
nuclease SI; -, no SI treatment; CCC, cova1ently closed
circular monomers; OC, open circular monomers; SSC,
single-stranded circular monomers; HMW, high-molec-
ular-weight DNA; CCC-6, CCC ofpGPI deletion deriv-
ative pGP7-53. The values above the lanes are estimates
of the fractions of single-stranded plasmid DNA.
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mation ofthe appropriate secondary structures
for deletion formation. The effects of tran-
scription on superhelicity were recent I y dis-
cussed by Liu and Wang ( 1987); Wu el al.
( 1988); and Pruss and Drlica ( 1989). These
authors suggest that DNA in front of a tran-
scription ensemble becomes positively super-
coiled and behind the ensemble negatively su-
percoiled. Negative supercoiling would in
particular occur between two divergent I y
transcribing ensembles, which is likely to be
the case in the penP /penI promoter region. If
DNA becomes more negatively supercoiled,
the probability that secondary structures will
form increases (Mizuuchi el al., 1982).

E. coli and Micrococcus luleus DNA topo-
isomerase I have been shown to cleave pref-
erentially ne:ar junctions of double- and single-
stranded DNA in stem-loop structures (Kir-
kegaard el al., 1984; Kirkegaard and Wang,
1985). Some sequence specificity can also be
deduced frorn the above-mentioned studies:
T- T- T and A-A-A triplets were frequent at the
cleavage sites. Our present results, and those
described before (Peijnenburg el al., 1988),
also suggest that DNA secondary structures
(or increased negative superhelicity), together
with sequenc~ preferences, in particular T -T -
T and A-A-A triplets, specify many lef t dele-
tion endpoints. The analogy with the results
of above-mentioned experiments makes it at-
tractive to speculate that topoisomerase I is
involved in the generation of the left deletion
endpoints in our system.

Although transcription/topoisomerase I-
mediated deletion formation may explain the
clustering of lef t deletion termini, a second ex-
planation cannot be ruled out at present. This
concerns a possible selective growth advantage
of cells harboring plasmids in which due to
deletion of transcription/translation regulatory
sequences, expression of the penP-lacZ fusion
is prevented. However, such an explanation is
not easily reconciled with the observed strain-
specific differences in deletion frequencies. We
have shown before (Peijnenburg el al., 1987)
that the deleted plasmids did not differentially
affect the growth rates of recE4, addB72, or
wild-type strains.

mid pOPl was low in addB72 and high in
recE4, in comparison to rec+ strains of B. sub-
tilis. Evidence was presented that these differ-
ences in the levels of stability reflected differ-
ences in the frequencies of deletion formation,
rather than differences in growth rates between
the strains, when carrying deleted plasmidso

In the present investigations we have made
a comparison at the molecular level between
deletions generated in the three strainso The
comparison revealed several similarities be-
tween deletions generated in the three strainso
( 1) A number of identical endpoints were pro-
duced in two or all three strainso (2) Nearly all
lef t deletion endpoints were located between
nucleotides 1 and 705. This segment ofDNA
contains the intergenic region between the
penI and the penP genes (Himeno et al., 1986).
It is very rich in hyphenated dyad symmetry
and can potentially form stabIe intrastrand
secondary structures (Peijnenburg et al., 1988).
We can now compare the distribution of all
sequenced left deletion endpoints in the ther-
modynamically most favorable secondary
structure (Fig. 4). This comparison indicates
that, irrespective of the host, the majority of
the lef t deletion endpoints (about 70% of all)
clusters in four regions, indicated as I, II, 111,
and IV. This suggests that secondary structure
formation may be an important factor in the
generation of the deletions studied here. (3)
Irrespective of the host, many lef t breakage
points were found in the sequence T- T -T , or
its complement A-A-Ao Furthermore, most of
the left termini were found at a short distance
(less than 10 bp) from a T -0- T-A box, one or
two of which were present in each of the re-
gions I to IV (Fig. 4).

These results taken together suggest a com-
mon mechanism for a major fraction of the
lef t deletion endpoints in the three hostso In
the foregoing paper we have speculated about
this mechanism (Peijnenburg et al., 1988). The
observation that penP transcription regulatory
sequences were removed in most ofthe deleted
plasmids led to the speculation that, irrespec-
tive of the host background, active transcrip-
tion from the two divergently transcribed penI
and venP promoters might facilitate the for-
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deletion endpoints. Whether these loose con-
sensus sequences are indeed involved in dele-
tion formation, and if so, how RecE might be
involved is not clear at present.

An alternative possibility is that RecE is in-
volved in deletion formation via its regulatory
role in the SOS-like system of B. sublilis (SOB
response). Conceivably, SOB-induced en-
zymes could be involved in the formation of
deletions. The observation that also in re cF,
recL, and re cM mutants deletion frequencies
were low (Peijnenburg el al., 1987) is in agree-
ment with this idea. In these strains prophage
induction, a well-known SOB phenomenon,
is also low (Alonso el al., 1988).
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Deletions between short direct repeats were
rare in the wild-type and the recE4 strains.
Several other studies, both in B. sublilis and
E. coli, have shown that such deletions may
comprise more than half ofthe total (Albertini
el al., 1982; Ehrlich el al., 1986; Jones el al.,
1982; Lopez el al., 1984). In contrast, nearly
half of the deletions in the addB 72 strain were
associated with direct repeats of 5 to 10 bp.
This seems to indicate that the add+ gene
products interfere with deletion formation be-
tween direct repeats.

Since in the addB72 strain the frequency of
deletion formation was about 5- to IO-fold in-
creased relative to the wild-type (Peijnenburg
el al., 1987), and deletions between direct re-
peats comprised about half of the total, it
seems that the levelof deletion formation at
nonrepeated sequences was also raised. One
possible explanation is that the A TP-depen-
dent helicase activity ofthe Add protein com-
plex (Doly el al., 1981) destabilizes the sec-
ondary structures which we assume to be dele-
tion-prone. Why, in particular, the relative
frequency of deletions between direct repeats
is raised in the addB72 strain is not clear from
this explanation.

Our results showed that deletion formation
was reduced in recE4 compared to wild-type
strains. Increased structural plasmid instability
in rec+ compared to recE4 strains of B. sublilis
was observed by others using homologous B.
sublilis DNA (Rapoport el al., 1979; Aubert
el al., 1982). Since we used heterologous DNA,
our system is different. In E. coli deletion for-
mation at short direct repeats in lacI-IacZ fu-
sion strains was reported to occur 25-fold more
frequently in a rec+ than in a recA background
(Albertini el al., 1982). The role of the RecA
protein in this system was not clear. Neither
is the role of the RecE protein in our system
clear. The observation that in the vicinity of
many right endpoints generated in the wild-
type and addB72 mutant the loose sequence

pattem GIC-GIC-GIC-G-AIT -AlT -AlT -AlG
was frequently present, and that this pattem
was different in deletions generated in the
recE4 strain could indicate that the wild-type
RecE protein plays a role in specifying the right

REFERENCES

ALBERTINI, A. M., HOFER, M., CALOS, M. P., AND
MILLER, J. H. ( 1982). On the formation of spontaneous
deletions: The importance of short sequence homologies
in the generation of large deletions. Ce119, 319-328.

ALONSO, J. C., TAILOR, R. H., AND LODER, G. (1988).
CharacteriZAtion of recombination-deficient mutants of
Bacillus subtilis. J. Bacteriol. 170, 300 1- 3007.

ANDERSON, P. ( 1987). Twenty years of illegitimate re-
combination. Genetics IIS, 581-584.

AUBERT, E., FARGETTE, F., FOUET, A., KLIER, A., AND
RAPOPORT, G. (1982). Use ofa bifunctional cosmid for
cloning large DNA fragments of B. subtilis. In ..Molec-
ular Cloning and Gene Regulation in Bacilli" (A. T.
Ganesan, S. Chang, and J. A. Hoch, Eds.), pp. 11-24.
Academic Press, New York.

BRON, S., AND VENEMA, G. (1972). Ultraviolet inactiva-
tion and excision repair in Bacillus subtilis. I. Construc-
tion and characterization of a transformabie eightfold
auxotrophic strain and two ultra-violet-sensitive deriv-
atives. Mutat. Res. IS, 1-10.

BRUNIER, D., MICHEL, B., AND EHRLICH, S. D. (1988).
Copy choice illegitimate recombination. Cell S2, 883-
892.

Cox, M. M., AND LEHMAN, J. R. (1987). Enzymes of
general recombination. Annu. Rev. Biochem. S6, 229-
262.

DE Vos, W. M., DE VRIES, S. C.,AND VENEMA, G. (1983).
aoning and expression ofthe Escherichia coli recA gene
in Bacillus subtilis. Gene 2S, 301-308.



215PLASMlD DELETION FORMATION

..Molecular Cloning, a Laboratory Manual." Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY.

MAZZA, G., ANDGALIZZI, A. (1978). ThegeneticsofDNA
replication, repair and recombination in Bacil/us sub-
tilis. Microbiologica 1, 111-135.

MICHEL, B., AND EHRLICH, S. D. (1986a). Illegitimate
recombination at the replication origin ofbacteriophage
M13. Proc. Natl. Acad. Sci. USA 83,3386-3390.

MICHEL, B., AND EHRLICH, S. D. (1986b). Illegitimate
recombination occurs between the replication origin of
plasmid pCI94 and a progressing replication fork.
EMBO J. 5,3691-3696.

MJZUUCHI, K., MIZUUCHI, M., AND GELLERT, M. (1982).
Cruciform structures in pa1indromic DNA are favored
by DNA supercoiling. J. Mo( Biol. 156, 229-243.

PEETERS, B. P. H., DE BoER, J. H., BRON, S., AND VE-
NEMA, G. (1988). Structura1 plasmid instability in Ba-
cil/us subtilis: Effect of direct and inverted repeats. Mol.
Gen. Genet. 212,450-458.

PEUNENBURG, A. A. C. M., BRON, S., AND VENEMA, G.
( 1987). Structura1 plasmid instability in recombination-
and repair-deficient strains of Bacil/us subtilis. Plasmid
17, 167-170.

PEiJNENBURG, A. A. C. M., BRON, S., AND VENEMA, G.
(1988). Plasmid deletion formation in Bacil/us subtilis.

Plasmid20,23-32.
PRuss, G. J., AND DRLICA, K. (1989). DNA supercoiling

and prokaryotic transcription. Cel/ 56,521-523.

RAPOPORT, G., KLIER, A., BILLAUT, A., FARGETTE, F.,
AND DEDONDER, R. (1979). Construction ofa colony
bank of E. coli containing hybrid plasmids representative
ofthe Bacil/us subtilis 168 genome. Mol. Gen. Genet.

176,239-245.
SHEMYAKIN, M. F" GREPACHEVSKY, A. A., AND CHES-

TUKIN, A. V. ( 1979). Properties of Bacil/us subtilis A TP-
dependent deoxyribonuclease. Eur. J. Biochem. 98, 417-
423.

SMITH, G. R. (1988). Homologous recombination in pro-
caryotes. Microbiol. Rev. 52, 1-28.

TELANDER-MusKAVITCH, K. M. T., AND LINN, S. (1981).
RecBC-Iike enzymes: Exonuclease V deoxyribonu-
cleases. [n ..The Enzymes" (P. D. Boyer, Ed.), Vol. XIV,
pp. 230-250. Academic Press, New York.

TE RiELE, H., MICHEL, B., AND EHRLICH, S. D. (1986a).
Single-stranded plasmid DNA in Bacil/us subtilis and
Staphylococcus aureus. Proc. Natl. Acad. Sci. USA 83,
2541-2545.

TE RIELE, H., MICHEL, B., AND EHRLICH, S. D. (1986b).
Are single-stranded circles intermediates in plasmid
replication? EMBO J. 5,631-637.

WALKER, G. W. (1985). Inducible DNA repair systems.
Annu. Rev. Biochem. 54, 425-457.

WEST, S. C. ( 1988). Protein-DNA interactions in genetic
recombination. Trends Genet. 8,8-13.

Wu, H-Y., SHYY, S., WANG, J. C., AND LIU, L. F. (1988).
Transcription generates positively and negatively su-
percoiled domains in the template. Cel/ 53, 433-440.

Communicated bv Kurt Nordstr6m

DE Vos, W. M., AND VENEMA, G. (1982). Transfonnation
of Bacillus subtilis competent ce1ls: Identification of a
protein involved in recombination. Mol. Gen. Genet.

187,439-445.
DE Vos, W. M., AND VENEMA, G. (1983). Transfonnation

of Bacillus subtilis competent ce1ls: Identification and
regulation ofthe recE gene product. Mol. Gen. Genet.
190, 56-64.

DoLY,J., LE ROSCOËT, D., ANDANAGNOSTOPOULOS, C.
( 1981 ). Substrate specificity and adenosine triphospha-
tase activity of the A TP-dependent deoxyribonuclease
of Bacillus subtilis. Eur. J. Biochem. 114,493-499.

DoLY, J., SASARMAN, E., AND ANAGNOSTOPOULOS, C.
(1974). ATP-dependent deoxyribonuclease in Bacillus
subtilis and a mutant deficient in this activity. Mutat.
Res.22, 15-23.

EHRLICH, S. D. (1989). 1llegitimate recombination. In
"Mobile DNA" (D. E. Berg and M. Howe, Eds.), pp.
799-832. ASM Publications, Washington DC.

EHRLICH, S. D., NOlROT, P. H., PETIT, M. A., JANNI~RE,
L., MICHEL, B., AND TE RlELE, H. (1986). Structural
instability of Bacillus subtïlis plasmids. In "Genetic En-
gineering" (J. K. Setlow and A. Ho1laender, Eds.), Vol.
8, pp. 71-83. Plenum, New York.

HIMENO, T ., IMANAKA, T ., AND AIBA, S. ( 1986). Nucleo-
tide sequence of the penici1linase repressor gene penlof
Bacillus licheniformis and regulation of penP and penI
by the repressor. J. Bacteriol. 168, 1128-1132.

IKEDA, H., MORIYA, K., AND MATSUMOTO, T. (1981). In
vitro study of i1legitimate recombination: Involvement
ofDNA gyrase. Cold Spring Harbor Symp. Quant. Biol.
45, 399-408.

JONES, I. M., PRlMROSE, S. B., AND EHRLICH, S. D. ( 1982).
Recombination between short direct repeats in a recA
host. Mol. Gen. Genet. 188,486-489.

KIRKEGAARD, K., PFLUGFELDER, G., AND WANG, J. C.
(1984). The cleavage ofDNA by type-I DNA topoiso-
merases. Cold Spring Harbor Symp. Quant. Biol. 49,
411-419.

KIRKEGAARD, K., AND WANG, J. C. (1985). Bacterial to-
poisomerase I can relax positively supercoiled DNA
containing a sing1e-stranded loop. J. Mol. Biol. 185,625-
637.

LIU, L. F., AND WANG, J. C. (1987). Supercoiling ofthe
DNA template during transcription. Proc. Natl. Acad.
Sci. USA 84,7024-7027.

LoPEZ, P., ESPINOSA, M., GREENBERG, B., AND LACKS,
S. A. ( 1984). Generation of deletions in pneumococcal
mal genes cloned in Bacillus subtilis. Proc. Natl. Acad.
Sci. USA 81,5189-5193.

LovE, P. E., AND Y ASBIN, R. E. ( 1986). Induction of the
Bacillus subtilis SOS-like response by Escherichia coli
RecA protein. Proc. Natl. Acad. Sci. USA 83, 5204-
5208.

LoVE1T , CH. M., AND ROBERTS, J. W. ( 1985). Purification
of a RecA protein analogue from Bacillus subtilis. J.
Biol. Chem. 260,3305-3313.

MANIATIS, T., FRITSCH, E. F.,AND SAMBROOK, J. (1982).


