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A system for the positive selection of structural plasmid rearrangements in Bacillus subtilis
was developed. Random deletions removing a transcription terminator structure in the assay
plasmid, designated pGP100, resulted in expression of the cat-86 gene, under control of a
constitutive bacteriophage promoter. The resulting chlorampenicol-resistant colonies were ana-
lyzed for plasmid contents and were shown, by restriction analysis, to contain initially both the
intact parental plasmid and a deletion variant. Sequence analysis of deletion derivatives revealed
a consensus target site (5*-A-T-T-A-A/T-3*) at or near deletion termini, which resembles topo-
isomerase I target sites. Endpoints on one side of the deletions were found to be clustered in the
promoter region of the tetracycline resistance gene present on pGP100, the gene product of
which is an integral membrane protein. Furthermore, deletion of the genes encoding the ATP-
dependent exonuclease, AddAB, severely reduced the structural stability of pGP100. The data
indicate that similar mechanisms underlie deletion formation in pGP100, and a different plasmid-
based system, pGP1, which we have analyzed previously. q 1996 Academic Press, Inc.

Genetic instability has been investigated in stability in B. subtilis, described previously by
Peijnenburg et al. (1987), is based on a penP–a wide variety of both prokaryotic and eukary-

otic organisms. These rearrangements, such lacZ fusion encoded on plasmid pGP1. Cells
harboring parental plasmids form blue colo-as duplications, deletions, translocations, and

insertions, are often the result of illegitimate nies on plates supplemented with the chromo-
genic substrate X-gal.2 The frequency of whiterecombination between sequences sharing lit-

tle or no homology (Franklin, 1971). Possible colonies in the cell progeny was used as a
measure of plasmid deletion formation. In ourmechanisms of illegitimate recombination

have been described in detail and are thought earlier work (Peijnenburg et al., 1988; 1989),
and in more recent studies using this system,to involve template switching during DNA

replication or breakage-and-reunion events we tried to define parameters underlying the
structural instability of pGP1 (Meima et al.,(for reviews: Anderson, 1987; Ehrlich, 1989;

Ehrlich et al., 1993). In several studies, illegit- 1995; R. Meima, G. Venema, S. Bron, manu-
script in preparation). Our current model isimate recombination events have been shown

to underlie structural plasmid instability in the that the initial event in the establishment of
deletions is the introduction of ssDNA nicksgram-positive bacterium Bacillus subtilis.

This has severely interfered with attempts to or double-strand DNA breaks (DSBs), possi-
bly by DNA topoisomerases, followed by re-develop stable host–vector systems for this

industrially important bacterium (Bron, 1990;
2 Abbreviations used: DSBs, double-strand DNAJannière et al., 1993).

breaks; x-gal, 5 bromo-4-chloro-3-indolyl, b-D-galacto-A system to measure structural plasmid in-
pyranoside; MC, mitomycin C; Ap, ampicillin; Cm, chlor-
amphenicol; Em, erythromycin; Tc, tetracycline; Km, ka-

1 To whom correspondence should be addressed. Fax.: namycin; Sp, spectinomycin; PCR, polymerase chain re-
action.31 50 3632348; E-mail (Internet): S.Bron@biol.rug.nl.
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15POSITIVE SELECTION SYSTEM FOR STRUCTURALLY REARRANGED PLASMIDS

combinational repair processes, which yield lectable phenotype and (ii) exhibits little or no
selective growth differences between cells car-either parental or deleted plasmid molecules

(R. Meima, G. Venema, S. Bron, manuscript rying intact or deleted plasmids.
In the present paper we describe the con-in preparation). Sequence analyses revealed

two distinct classes of deletions occurring in struction and characterization of such a posi-
tive selection vector, designated pGP100,pGP1. The first class represents deletions that

are thought to result from topoisomerase I- which enables the identification of plasmid de-
letions in a low-copy-number state without themediated breakage and reunion. Potential to-

poisomerase I target sites were found at or need for segregation of cells carrying deletion
variants only. Furthermore, data on the struc-near deletion fusion points. The second type

of deletion is probably caused by error-prone tural stability of the vector in wild-type and
AddAB-deficient strains, together with nucle-repair of DSBs; this class was predominantly

found in cells lacking the B. subtilis ATP- otide sequence analyses of fusion points in
deletion variants of pGP100, suggest that, alsodependent exonuclease, AddAB. A model

proposed for the establishment of DSB-depen- in this system, DNA topoisomerase I is likely
to be involved in deletion formation and thatdent deletions involves exonucleolytic pro-

cessing of the ends and the subsequent anneal- expression of AddAB is essential for main-
taining the structural integrity of this plasmid.ing of short direct repeats (Conley et al., 1986;

R. Meima, G. Venema, S. Bron, manuscript
in preparation). MATERIALS AND METHODS

With pGP1, several rounds of replication and
Strains and Plasmids

segregation are required to yield cells containing
only deleted plasmids, which interferes with the Bacterial strains and plasmids used

throughout this study are listed in Table 1.sensitivity of the stability assay. Moreover, se-
lective growth advantage of cells carrying de-
leted plasmids is an important factor in the ob- Chemicals and Enzymes
served frequencies of white colonies. These

Chemicals used were of analytical grade
growth differences are thought to result mainly

and were obtained from Merck (Darmstadt,
from inefficient processing by signal peptidase

Germany). Restriction endonucleases were
of the truncated PenP product, during its translo-

used as recommended by the manufacturer
cation across the membrane (C. Cordes, G. Ven-

(Boehringer, Mannheim, Germany); T4 DNA
ema, S. Bron, manuscript in preparation). Cells

ligase and T4 DNA polymerase (Boehringer)
harboring plasmids carrying deletions in the

were used according to Sambrook et al.
penIP region were shown to have considerably

(1989). 5-Bromo-4-chloro-3-indolyl b-D-ga-
higher growth rates than cells carrying intact

lactopyranoside (X-gal) was obtained from
pGP1 (Peijnenburg et al., 1987). Apart from the

Boehringer. Antibiotics were purchased from
problems caused by selective growth advantages

Sigma (St. Louis, MO; ampicillin, chloram-
of cells carrying pGP1 deletion variants, another

phenicol, clindamycin, and spectinomycin) or
disadvantage of the pGP1 system is the fact

from Boehringer (kanamycin). Mitomycin C
that the screening of recombinants is based on a

(MC) was obtained from Sigma and was used
recessive mutation, which can only be identified

at a final concentration of 50 ng/ml.
when deleted plasmids are fully segregated in a
subpopulation of the culture. These parameters

Media and Growth Conditions
could hamper accurate comparisons between the
stabilities measured in strains with different B. subtilis minimal medium consisted of

Spizizen’s minimal salts (Spizizen, 1958),growth rates. Together, these observations urged
us to develop a selection system which is: (i) supplemented with glucose (0.5%) and casein

hydrolysate (0.02%; Difco, Detroit, MI).based on a dominant marker to produce a se-
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16 MEIMA, VENEMA, AND BRON

TABLE 1

STRAINS AND PLASMIDS

Strain or plasmid Relevant genotype or plasmid marker Source or reference

B. subtilis
2G8 tyr-1 thy Laboratory collection
8G5 trpC2 tyr-1 his ade met rib ura nic Bron and Venema (1972)
8GS0 8G5 carrying a deletion of the addaB region, Spr This study
8GE1-251 8G5 derivatives carrying multiple copies of the This study

addAB genes, Emr Clir

E. coli
MC1061 F0 araD139 D (ara-leu) 7696 galE15 galK16 D Wertman et al. (1986)

(lac)X74 rpsL (Strr) hsdR2 (r0K m/
K) mcrA

mcrB1
Plasmids

pWV01 2.2-kb cryptic plasmid from Lactococcus lactis Leenhouts et al. (1991)
pGK11 3.2-kb, pWVO1 derivative, Cmr Kok et al. (1984)
pGKV2 4.9 kb, pGK11 derivative, carrying promoterless v.d. Vossen et al. (1985)

B. pumilis cat-86 gene and bacteriophage
SPO2 promoter, Cmr Emr

pMTL23T pMTL23 carrying the E. coli rrnB T1T2 Laboratory collection
terminator, Apr

pTC2 pMTL25 carrying Tcr gene of pMV158 as a Laboratory collection
filled-in EcoRI/BamHI fragment in the SmaI
sites, Apr

pKM1 pUC7 carrying S. faecalis Kmr gene, 4.1-kb Kiel et al. (1987)
M13mp18penIP M13mp18 containing the penIP fragment of Laboratory collection

pGP1 in the BamHI site, 8.7 kb
pGP100 pGKV2 derivative carrying penIP fragment from This study

pGP1 and promoterless cat-86 gene; Tcr, Kmr,
9.1 kb

pGP1001 pGP100 carrying ScaI deletion, 7.2 kb This study
pGP1003 pGP100 carrying ScaI–XmnI deletion, 6.3 kb This study
pGP1004 pGP100 carrying BamHI deletion, 7.6 kb This study
pGP1005 pGP100 carrying EcoRI deletion, 6.6 kb This study
pGP100AD2 Deletion derivative of pGP100, isolated from This study

parental strain 8G5; Kmr, Cmr, 5.3 kb
pGP100CD24 Like pGP100AD2; Kmr, Cmr, 5.9 kb This study
pD2 pMTL23 carrying add flanking sequences, 3.9 kb Laboratory collection; B. J. Haijema
pD2S pD2 carrying Spr as a fragment This study
pSPT1988 Apr, E. coli replicon carrying the 8.8-kb SalI– Kooistra and Venema (1988)

SmaI add fragment, 11.9 kb
pSPT1988E pSPT1988 carrying the pE194 Emr marker in the This study

SmaI site, 13.1 kb

Amino acids and nucleotides, if required, were (Difco), 5 g; NaCl, 10 g; pH 7.4. Ampicillin
(Ap) was used at 100 mg/ml for Escherichiaadded at 20 mg/ml each; vitamins were added

at 0.4 mg/ml. Minimal agar consisted of mini- coli. Unless indicated otherwise, chloram-
phenicol (Cm) was used at 5 mg/ml for B.mal salts supplemented with 0.5% glucose,

0.02% casein hydrolysate, required growth subtilis and E. coli. Erythromycin (Em) was
used at a final concentration of 150 mg/ml forfactors, and 1.5% agar. TY broth contained

(per liter): trypton (Difco), 10 g; yeast extract E. coli (or 50 mg/ml when used in combination
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17POSITIVE SELECTION SYSTEM FOR STRUCTURALLY REARRANGED PLASMIDS

with Cm) and 2 mg/ml for B. subtilis. Tetracy- DNA Isolations and Molecular Cloning
Techniquescline (Tc) and kanamycin (Km) were added

at 12.5 and 50 mg/ml, respectively, for both
Chromosomal DNA from B. subtilis was

E. coli and B. subtilis; spectinomycin (Sp) was
isolated according to Bron and Venema

added to a final concentration of 50 mg/ml and
(1972). Large-scale or mini preparations of

100 mg/ml for E. coli and B. subtilis, respec-
plasmid DNA from both B. subtilis and E. coli

tively. Optical densities of cultures were mea-
were obtained as described by Ish-Horowicz

sured at 600 nm using a Vitatron Microproces-
and Burke (1981). [3H]-Labeled chromosomal

sor Controlled Photometer (Vital Scientific,
DNA was isolated from B. subtilis 2G8, which

Dieren, The Netherlands). Maximum growth
had been grown on minimal medium supple-

rates were determined using the equation
mented with 20 mg/ml tyrosine, 2 mg/ml thy-
midine, and [methyl-3H]thymidine (10 mCi; sp
act, 20.7 mCi/mg; Amersham, United King-mmax
dom). The specific activity was approximately

Å (10logXt 0 10logX0)/
10log2rt (hr 01), (1) 2 1 105 cpm/mg of chromosomal DNA. Clon-

ing procedures were performed as described
by Sambrook et al. (1989). DNA restriction

where X is the number of cells and t is time fragments were recovered from agarose gels
(h). Instead of using viable cell counts, we by electrophoresis onto DEAE NA45 mem-
calculated mmax values using optical densities branes (Schleicher & Schuell, Dassel, Ger-
as measures for X. mmax values were deter- many) and purified according to the instruc-
mined using data from the exponential growth tions of the manufacturer. Southern blotting
phase only. was performed as described previously

(Meima et al. 1995), using the nonradioactive
ECL direct nucleic acid labeling and detection

Competence and Transformation system (Amersham).

B. subtilis cells were grown to compe-
Construction of the Positive Selection

tence essentially as described by Bron and
Vector pGP100

Venema (1972) and transformed with ap-
proximately 1 mg DNA per 100 ml of cells Plasmid pGKV2 is a derivative of the

broad-host-range Lactococcus lactis plasmidfor 30 min at 377C. After exposure to DNA,
cultures were diluted threefold in pre- pWV01 (Kok et al., 1984; Leenhouts et al.,

1991). It contains a promoterless Bacilluswarmed TY broth, incubated at 377C for 1
h to allow expression of antibiotic resistance pumilis cat-86 gene, which still contains the

original translation signals (van der Vossen etmarkers, and plated on selective media. In
the case of selection of Em-resistant trans- al., 1985). Furthermore, in pGKV2 a constitu-

tive promoter derived from the B. subtilis bac-formants, cultures were diluted threefold in
TY broth containing 0.1 mg/ml Em and teriophage SPO2 is located upstream of cat-

86, which enables expression of this gene inplated after 1 h incubation at 377C. Proto-
plast transformations were performed as de- both E. coli and B. subtilis. This vector was

used for the construction of the positive selec-scribed previously (Chang and Cohen,
1979). Transformation of E. coli was per- tion vector (Fig. 1). First, a 0.5-kb NsiI–PstI

fragment from pMTL23T carrying the E. coliformed either by the CaCl2 method as de-
scribed by Sambrook et al. (1989) or by rrnB T1T2 transcription terminator (Brosius et

al., 1980) was inserted in two orientations inelectrotransformation, using a Bio-Rad
Gene Pulser (Bio-Rad Laboratories, Rich- the unique PstI site of pGKV2, which is

located between the SPO2 promoter andmond, CA).
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18 MEIMA, VENEMA, AND BRON

FIG. 1. Schematic presentation of the construction of pGP100. Open arrows represent the penIP sequences.
The Emr, Tcr, and Kmr markers are shown as hatched arrows; the filled arrows indicate the position of the
bacteriophage SPO2 promoter and the promoterless cat-86 gene. The open boxes represent the E. coli rrnB
T1T2 transcription terminator. The replication functions (dotted arrow) were derived from pGP1 (Meima et
al., 1995). See text for details of the construction.
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19POSITIVE SELECTION SYSTEM FOR STRUCTURALLY REARRANGED PLASMIDS

cat-86, resulting in plasmids pGKV2Ta and Assay for Structural Plasmid Stability
pGKV2Tb. The efficiency of the T1T2 region
in terminating cat-86 transcription driven by B. subtilis strains were transformed with ap-
the SPO2 promoter was tested by transferring proximately 1 mg of pGP100 DNA per 100
cells harboring the recombinant plasmids to ml of cells, as indicated above. Selection was
plates supplemented with Cm (10 mg/ml). Re- performed for resistance to Km and Tc. The
sistance to Cm was fully expressed in cells frequency of deletion formation was measured
harboring pGKV2Ta, whereas growth of cells by either of the following two methods.
carrying pGKV2Tb was completely inhibited, Direct plating. Transformants were grown
indicating that, at least in B. subtilis, the termi- overnight in TY broth supplemented with Km
nator is only functional in the orientation pres- and Tc and plated on TY agar to determine
ent in pGKV2Tb. Consequently, this plasmid the number of viable cells/ml in the cultures.
was chosen for further use. Next, the Emr

Aliquots of the diluted cultures were stored at
marker in pGKV2Tb was deleted by digestion 0807C in 10% glycerol. Cultures, 5 ml, in TY
with SacI and NsiI. The ends of the remaining broth supplemented with Km, were inoccu-
fragment were made blunt using T4 DNA lated with approximately 15–20 cells/ml.
polymerase, and the resulting fragment was After overnight growth, the cultures were
ligated to a 1.4-kb BamHI fragment (the ends plated on TY agar containing Cm (5 mg/ml).
also filled in with T4 DNA polymerase) from The total viable cell count was determined by
pKM1 (Kiel et al., 1987) carrying the Strepto- plating samples on TY agar supplemented
coccus faecalis Kmr gene. The resulting plas- with Km; deletion frequencies were expressed
mid, pGKV2Tb8, was subsequently digested as the ratio of Cmr cells to the total number
with SmaI and ligated to a 1.6-kb BamHI/T4 of viable cells. These ratios were expressed
DNA polymerase-treated fragment carrying per generation.
the Tcr gene from the Streptococcus agalac- Fluctuation assay. Deletion frequencies
tiae plasmid pMV158 (present on pTC2; Ta- were measured using the fluctuation test origi-
ble 1). One of the resulting constructs, nally designed by Luria and Delbrück (1943),
pGKV2Tb81, was chosen for further use. In with the modifications described by Chedin et
this plasmid, the Tcr gene is transcribed in the al. (1994). A large number of identical, but
direction of the T1T2 terminator. Since the Tcr

independent, cultures were inoculated with a
gene carries its own terminator (Lacks et al., limited number of cells. Based on the recom-
1986), the opposite orientation places this ter- bination frequencies determined by direct
minator just upstream of the cat-86 gene. This plating experiments, cells were diluted to a
could cause transcriptional termination, even final titer, small enough to ensure that the cul-
after deletion of the T1T2 region, thereby lim- tures did not contain recombinants at the onset
iting the detection of deletions giving rise to of the experiment. Cells were then grown until
expression of cat-86. In a final step, the penIP each culture, on average, contained one re-
fragment from pGP1 was inserted as a SmaI– combinant. Selection was then applied by ad-
HindII fragment in PstI-linearized and T4 dition of Cm, which blocks growth of all the
DNA polymerase-treated pGKV2Tb81, to cultures that did not contain recombinants, but
yield plasmid pGP100. The latter construct allows the growth of recombinants. Recombi-
was subsequently transferred to 8G5 and nation frequencies were subsequently calcu-
transformants were checked for sensitivity to lated as described by Chedin et al. (1994).
Cm on TY agar supplemented with Cm (5 mg/ Because these frequencies are based on the
ml). All constructs containing the terminator fraction of nongrown cultures, selective

growth advantages of cells containing recom-structure in the proper orientation appeared to
be sensitive to this level of Cm. binants could effectively be ruled out.
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20 MEIMA, VENEMA, AND BRON

Nucleotide Sequence Analyses RESULTS

Chloramphenicol Resistance Conferred byPlasmid DNA was isolated from Cmr B.
subtilis colonies, harboring deleted plasmids. Plasmids Carrying Deletions Created

in VitroSubsequently, these plasmids were transferred
to E. coli, to enable the isolation of sufficient

To test whether the SPO2 promoter can drive
quantities of plasmid DNA for deletion map-

expression of cat-86 in selected variants of
ping and sequence analysis. Prior to sequenc-

pGP100 which lacked the T1T2 terminator, a
ing, fusion points were mapped by restriction

number of deletions were created in vitro by
analysis and polymerase chain reactions

digesting the plasmid with various restriction
(PCR), using the set of primers indicated in

endonucleases. The resulting constructs (Fig. 2)
Fig. 4A. Sequencing reactions were performed

were transferred to 8G5 and the transformants
using the T7Sequencing kit (Pharmacia LKB

were tested for their ability to grow on TY agar
Biotechnology, Uppsala, Sweden).

containing increasing amounts of Cm. The re-
sults (Fig. 2) show that deletions removing the

Detection of AddAB Activity
T1T2 terminator led to the expected resistance
to Cm, since cat-86 expression in these con-ATP-dependent nuclease activities in cell-

free extracts were measured as described by structs will occur under control of the SPO2
promoter and possible other promoters upstreamKooistra and Venema (1991). SDS–PAGE

and immunological detection of AddAB using of cat-86. When the terminator was completely
deleted, in pGP1001 and pGP1003, resistancespecific antisera against AddA and AddB were

performed as described previously (Meima et of the cells to 15–25 mg/ml Cm was observed,
which was comparable to that of the controlal., 1995).

FIG. 2. Chloramphenicol resistance conferred by derivatives of pGP100. Deletion derivatives of pGP100
were constructed in vitro using the restriction sites indicated in the bottom panel. S, SalI; Sc, ScaI; X,
XmnI; B, BamHI; E, EcoRI; K, KpnI; A, Asp718. B. subtilis 8G5 transformants were selected on appropriate
media and subsequently transferred to plates containing increasing amounts of Cm.
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21POSITIVE SELECTION SYSTEM FOR STRUCTURALLY REARRANGED PLASMIDS

strain, carrying pGKV2. Low levels of Cmr ml were plated. This indicated that the resistant
colonies found with pGP100-containing cellscould also be obtained with pGP1005 in which

both the T1T2 region and the SPO2 promoter did not result from chromosomal mutations.
Subsequently, a number of Cmr colonies washad been deleted. Most likely, expression of the

cat-86 gene in this construct is driven by read- grown in Km-containing TY broth in the ab-
sence of Cm, to enable the propagation and sub-through activity from the Kmr promoter. Finally,

resistance to Cm could not be observed with sequent isolation of total plasmid DNA. Restric-
tion analysis of plasmid DNA isolated fromcells harboring pGP1004, which carries a dele-

tion of the penIP fragment, but still has an intact these cultures was subsequently performed us-
ing the unique Asp718/KpnI site located approx-T1T2 region. From these data it was concluded

that Cm resistance could indeed be obtained by imately 70 bp upstream of the cat-86 ribosome
binding site. This site was expected not to bedeletion of the transcriptional terminator and

that pGP100 is potentially a suitable vector for affected in the vast majority of the deletion vari-
ants expressing CAT-86 activity. Figure 3assaying structural plasmid instability.
shows typical restriction patterns of plasmid
DNA isolated from five randomly selected CmrStructural Stability of pGP100 in B. subtilis

Wild-Type Cells clones. All Cmr clones contained a mixture of
the parental and a recombinant plasmid, albeit

The stability of pGP100 in our laboratory
in varying ratios, demonstrating that deletion

strain 8G5 was determined as described under
events had been selected without the need for

Materials and Methods. Overnight cultures
full segregation of the deletion variants.

grown in Km-containing TY medium were
plated directly on TY agar containing Cm (5

Replacement Kinetics of pGP100 by Itsmg/ml). The average frequency of Cmr colonies
Deletion Derivatives in Mixed Culturesin 10 independent stability assays was 1.5 1

1007 (Table 2). The results obtained with strains
As demonstrated by Peijenburg and co-work-

8GS0 and 8GE251, which are also shown in
ers (1987), selective growth advantage of cells

Table 2, will be discussed in following sections.
carrying deletion variants over cells harboring

The number of generations was 19 to 20 in all
parental plasmids is a major factor contributing

cultures tested. As a negative control, plasmid-
to the levels of instability observed with pGP1.

free 8G5 was also cultured and plated on Cm-
Although the relative growth advantages of cells

containing agar; no Cmr colonies were obtained
carrying deleted plasmids, compared to cells

when cultures with a total cell count of 41 107/
with the parental plasmid, were the same in all
genetic backgrounds studied and therefore did
not affect comparative analyses of deletion fre-

TABLE 2 quencies, growth differences will seriously in-
terfere with determinations of absolute valuesRECOMBINATION FREQUENCY OF pGP100 IN STRAINS

8G5, 8GS0, and 8GE251 of initial deletion frequencies. This consider-
ation was a major reason for the construction of

% Cmr

the pGP100 assay system. To evaluate the extent
Strain Relevant genotype colonies/generationa

of possible growth differences in the newly de-
veloped system, we studied the kinetics of re-8G5 wt 1.5 1 1007

8GS0 DaddAb 2.3 1 1006 placement of 8G5 cells carrying pGP100 by
8GE251 [addAB]b

n 3.7 1 1008 cells harboring the deletion derivatives
pGP100AD2 or pGP100CD24 (Table 1; Fig.

a The number of cell generations was 16 for 8GK0 and
5A). For this aim, cells carrying pGP100AD220 for both 8G5 and 8GE251.
or pGP100CD24 (grown overnight under Cmb Multiple chromosomal copies of the addAB genes; n

is approximately 75. and Km selective pressure) were mixed with
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22 MEIMA, VENEMA, AND BRON

Stability of pGP100 in an addAB Deletion
Mutant

The structural stability of some plasmids
was shown to be affected by mutations in the
genes encoding the ATP-dependent nuclease
(AddAB) of B. subtilis (Kupsch et al., 1989;
Peijnenburg et al., 1987; 1989; Meima et al.,
1995; R. Meima, G. Venema, S. Bron, manu-
script in preparation). To analyze whether an
add deletion mutation had an effect on the
stability of pGP100, strain 8GS0 was con-
structed which carries a deletion of the
addAB-ORF3 operon. This strain was con-
structed as described previously (Meima et al.,FIG. 3. Restriction patterns of Asp718-digested plasmid

DNA isolated from five randomly selected Cmr colonies. 1995); however, in 8GS0, the addAB genes
M, molecular mass marker (phage SPP1 DNA 1 EcoRI); were replaced by the Spr marker, rather than
lane 1, parental pGP100; lanes 2–6, Cmr clones. Arrows the Kmr marker which we have used in our
indicate the positions of deletion derivatives.

earlier work. The Km gene could not be used
here, since this marker is also present on
pGP100; homology between chromosome and

cells harboring pGP100 (grown overnight on
test plasmid could interfere with our stability

Km and Tc) in ratios of 1 to 99, 1 to 49, or 1
assays. Deletion of the addAB genes in the

to 9. The mixed cultures were diluted 200-fold
resulting integrants was confirmed by their

and propagated under selective pressure (Km)
sensitivity to mitomycin C and by Southern

for an additional 7 to 8 generations. Next, the
blotting of chromosomal DNA using addAB-

percentage of Cmr cells as a fraction of the total
specific probes (results not shown). pGP100

number of cells (Kmr) was determined by plat-
was introduced into 8GS0 and transformants

ing on selective media. The results, shown in
were selected for resistance to both Km and

Table 3, indicate that cells carrying the deletion
Tc. The stability of pGP100 in the resulting

plasmids were enriched by only a factor of 2 to
Kmr Tcr Cms clones was subsequently tested.

3, irrespective of the initial mixing ratios. This
The results (Table 2) show that in theDaddAB

implies that, compared to the results obtained
mutant high deletion frequencies were ob-

previously with the pGP1 system (Peijnenburg
tained. These frequencies were approximately

et al., 1987), growth differences between cells
2.3 1 1006, which is at least 10-fold higher

with parental plasmids and cells carrying dele-
than in the parental strain. We did not observe

tion plasmids are considerably less drastic with
clear differences in plasmid copy number be-

the pGP100 system. This was confirmed by
tween the two strains in Southern hybridiza-

analysis of the maximal growth rates (mmax,
tions. These data show that the functional ex-

hr01) of cultures of 8G5[pGP100AD2] and
pression of AddAB is important for the struc-

8G5[pGP100]. The mmax of cells carrying the
tural integrity not only of pGP1, but also of

deletion plasmid was only 1.07 times higher
pGP100.

than that of cells containing pGP100 (2.56 and
2.39, respectively). For a culture grown for 7 to

AddAB Overproduction Improves the
8 generations, this would result in a 1.6- to 1.7-

Stability of pGP100
fold accumulation of cells containing recombi-
nant plasmid, a value which is in fair agreement In our earlier work on structural plasmid

stability we showed that overproduction of thewith the factor 2.16 found in the mixed-culture
experiment. AddAB complex improved the stability of
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23POSITIVE SELECTION SYSTEM FOR STRUCTURALLY REARRANGED PLASMIDS

FIG. 4. (A) Linear map of the deletion target region on pGP100. The positions of primers used for PCR
analyses and sequencing are indicated (d1–d4 and d11); nucleotide numbers correspond to the circular
map shown in Fig. 1. (B) Nucleotide sequence of the region between the Tcr marker and the promoterless
cat-86 gene. The positions of the highly clustered right deletion endpoints observed in the parental strain
8G5 (Fig. 5A), are indicated by the arrows (f).

pGP1 considerably (Meima et al., 1995). To Em (Chopin et al., 1989). Southern blotting
of PstI-digested chromosomal DNA showeddetermine the effect of AddAB overproduc-

tion on deletion formation in pGP100, the lat- that the addAB genes were amplified at least
50-fold when selected on 25 mg/ml of Cli.ter plasmid was introduced in strain 8GE251.

This strain was constructed by Campbell-type Immunological detection of AddAB in cell-
free extracts of wild-type and overproducingintegration of plasmid pSPT1988E, carrying

the wild-type addAB genes and the pE194 Emr strains revealed high amounts of AddAB in
the overproducing strain (result not shown).marker (Iordanescu et al., 1978). Subse-

quently, the addAB genes were amplified by The ATP-dependent exonuclease activity
showed an up to 77-fold increase in the ampli-selection on increasing concentrations of the

MLS-type antibiotic clindamycin (Cli), after fied strains with increasing amounts of Cli
(Table 4). Strain 8GE251, isolated at 25induction of Emr expression with 0.1 mg/ml
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FIG. 5. Nucleotide sequences near deletion termini in pGP100. The sequences in the top lines represent
the fusions created by the deletion events; the sequences in the middle and bottom lines represent the
regions flanking the right and left deletion endpoints, respectively. (A) Deletion endpoints isolated from
wild-type 8G5 cells. Putative consensus sequences for topoisomerase I, 5*-A-T-T-A-W-3* (W Å A or T),
are shown in bold. Arrows (.) indicate possible breakage points; directly repeated sequences (DRs) between
which recombination has occurred are underlined. The nucleotide numbers correspond to those indicated
in Figs. 4A and 4B. *Characteristics of right endpoints. (B) Endpoints generated in the addAB deletion
mutant, 8GS0.

mg/ml Cli, was selected for further analysis strain 8G5 (Table 2); the average recombina-
tion frequency was approximately 3.7 1 1008,and transformed with plasmid pGP100. The

frequency of Cmr cells was considerably indicating that AddAB overproduction im-
proved the stability of pGP100.lower than that observed with the parental
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FIG. 5—Continued

Selective Growth Advantages of Cells data indicate that; (i) the microtiter-based
fluctuation assay can be used effectively withContaining Deletion Derivatives of

pGP100 the pGP100 deletion cassette and (ii) in the
pGP100 assay system selective growth differ-

To analyze possible effects of selective
ences between cells harboring parental plas-

growth differences of cells carrying parental
mid and those carrying recombinant plasmids

and deletion plasmids in the strains tested in
are very small.

these studies, recombination frequencies were
determined using the fluctuation assay. The

Deletion Mapping and Endpoint Sequencing
average recombination frequency, as deter-
mined from at least four independent stability To determine whether specific sequences

were associated with the deletion events oc-assays, was 1 1 1007 per generation for the
parental strain, 8G5. This is somewhat lower curring in pGP100, plasmid DNA was isolated

from randomly selected Cmr colonies obtainedthan the frequency determined by direct plat-
ing, which indicates that selective growth ad- in independent assays, and these were trans-

ferred to E. coli for the isolation of sufficientvantages of cells carrying recombinant plas-
mids do exist, although the differences are quantities of DNA for mapping and sequenc-

ing. Since, as shown in Fig. 3, the plasmidvery small. This is in fair agreement with the
rates at which recombinants accumulated, as DNA preparations from B. subtilis contained

both parental and deletion plasmids, E. coliobserved with mixed cultures of cells carrying
wild-type pGP100 and cells containing a re- transformants were initially selected for resis-

tance to Km. Kmr transformants were subse-combinant plasmid (see above). The same ap-
plied to the addAB deletion mutant; with the quently replica-plated onto plates containing

Km or Tc, which enabled the selection offluctuation assay, a recombination frequency
of approximately 2 1 1006 was found. These transformants containing deletion variants
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TABLE 3

REPLACEMENT KINETICS OF CELLS CONTAINING THE PARENTAL PLASMID pGP100 BY ITS DELETION DERIVATIVES

pGP100AD2 AND pGP100CD24

Number of
Plasmid Ratio % Cmr, T0 % Cmr, Tx Factora generations

pGP100AD2 1:99 (1%) 0.99 2.67 2.70 7
1:49 (2%) 1.84 3.19 1.73 8
1:9 (10%) 8.53 17.52 2.05 8

pGP100CD24 1:99 (1%) 1.08 3.11 2.87 7
1:49 (2%) n.d.b n.d. n.d. n.d.
1:9 (10%) 6.73 13.85 2.06 8

Note. The cells containing parental and deletion plasmids were mixed in ratios of 1 to 99, 1 to 49, and 1 to 9,
respectively, and the mixtures were diluted 1:200 before subculturing. The fraction of Cmr cells was determined as
the percentage of the viable count, i.e., the number of cells yielding colonies on plates supplemented with Km.

a Enrichment of pGP100AD2 and pGP100CD24.
b Not determined.

(Tcs). Restriction patterns of plasmid DNAs positions of the fusions could be located with
an accuracy of about 200 bp by PCR. Thisisolated from the Kmr Tcs E. coli trans-

formants were identical to those of the original enabled us to device suitable primers for se-
quencing. The sequences of 10 randomly se-deletion plasmids isolated from B. subtilis,

indicating that no further structural rearrange- lected deletion variants of pGP100 isolated
from 8G5 and 8GS0 (DaddAB) are shown inments had occurred in E. coli. The deletion

derivatives were further characterized by us- Fig. 5. The results show that in the parental
strain 8G5, a strong clustering (90%) ofing restriction analysis and PCR techniques.

The size of the deletions varied from approxi- ‘‘right’’ endpoints had occurred between the
035/010 promoter region and the transla-mately 1.7 to 3.7 kb in different deletion vari-

ants. Using a set of primers flanking the dele- tional start site of the Tcr gene (Figs. 4A and
4B). Furthermore, a preferred target sequence,tion target region on pGP100 (Fig. 4A), the

TABLE 4

ATP-DEPENDENT NUCLEASE ACTIVITIES IN CELL-FREE EXTRACTS OF THE addAB DELETION MUTANT 8GS0 AND

STRAINS OVEREXPRESSING AddAb

ATP-dependent nuclease activitya

Strain /ATP 0ATP D (cpm)b cpm/mg Rel. activity

8G5 1210 786 424 663 1
8GS0 776 700 76 28 0
8GE1 1573 766 807 1323 2
8GE61c 15537 921 14616 27067 41
8GE1251c 22250 823 21427 33480 51
8GE251c 36005 907 35098 50867 77

a Release of acid-soluble [3H]-labeled nucleotides (cpm).
b cpm, counts per minute.
c Amplification was performed on 6 (8GE61), 12.5 (8GE1251), and 25 (8GE251) mg/ml Cli.
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5*-A-T-T-A-A/T-3*, or related sequences data indicate that full segregation of deletion
plasmids was not required for obtaining re-were found at or near the majority of the right

deletion endpoints. These strongly resemble combinant clones and that selection of such
recombinants was possible even if the re-the type I deletions which we have described

previously for pGP1 (R. Meima, G. Venema, arranged plasmid was present at a low number
of copies per cell. This is a major improve-S. Bron, manuscript in preparation; Fig. 5A).

In only one of the endpoints, recombination ment compared to our previously used system
for plasmid deletion formation, based on plas-had occurred between a short DR, generating

a type II deletion (R. Meima, G. Venema, S. mid pGP1 (Peijnenburg et al., 1987; Meima
et al., 1995; R. Meima, G. Venema, S. Bron,Bron, manuscript in preparation). In contrast

to the data obtained in our studies on pGP1, manuscript in preparation), and other systems
in which no positive selection could be ap-no similar clustering of deletion termini could

be observed in the penIP transcription/transla- plied. We demonstrated that in the parental
strain the deletions in pGP100 mainly oc-tion regulatory region.

We next determined endpoint sequences in curred between nonrepeated sequences and
that most of the right deletion endpoints werepGP100 deletion derivatives generated in the

DaddAB mutant, 8GS0. As was the case with clustered in the promoter region of the Tcr

gene. As in pGP1, AT-rich topoisomerase I-pGP1, deletions in this background mainly oc-
curred between short DRs. In fact, all five like sites appeared to constitute the majority

of the targets for deletion formation, althoughdeletions analyzed here had occurred between
short DRs. In pGP100-DD49, recombination the regions in which deletions occurred were

very different in the two plasmids systems.had occurred between two 8-bp repeats, re-
sulting in exactly the same deletion as pG100- This observation suggests that a common

mechanism for deletion formation is involved,CD7, which was isolated from the wild-type
background. Moreover, at least one additional in which topoisomerase I is likely to play a

key role. In fact, the consensus deletion targetrecombinant isolated from the addAB deletion
mutant, pGP100-DD52, carried the same de- site derived from the sequencing data strongly

resembles the 5*-A-T-T-T-A-3* sequence,letion (not shown). These data indicate that
short repeats are a preferred target for recom- which is the preferred sequence for in vitro

topoisomerase I-mediated integration of hep-bination in AddAB-deficient hosts.
adnavirus DNA (Wang and Rogler, 1991). A
role for topoisomerase I in certain illegitimateDISCUSSION
recombination events has also been proposed
by several authors (Champoux and Bullock,In the present article the construction and

characterization of pGP100, a selection vector 1988; Shuman, 1991). We consider it there-
fore likely that topoisomerase I-mediated ille-enabling a positive assay for structural plas-

mid instability in B. subtilis, are described. In gitimate recombination is a common cause of
DNA rearrangements, also in plasmids.this plasmid, recombination events involving

the deletion of a transcriptional terminator re- Cotranscriptional/translational anchoring of
plasmids encoding exported proteins was shownsult in the fusion of a promoterless cat-86 gene

to a constitutive promoter derived from bacte- to result in hypernegative supercoiling (Lodge
et al., 1989; Lynch and Wang, 1993). Domainsriophage SPO2. Recombinant plasmids can be

selected by virtue of the Cm resistance which of hypernegative supercoiling stimulate the for-
mation of secondary structures and single-they endow to their host. In the parental strain

8G5, Cmr colonies were obtained at a fre- stranded DNA regions which constitute target
sites for DNA topoisomerases or other endonu-quency of 1.5 1 1007 per generation. These

clones all contained both the parental plasmid cleases. It is likely that a similarly anchored
complex is formed between pGP100 and theand a deletion derivative of pGP100. These
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membrane, through expression of the Tcr gene, segregation of recombinant molecules in a sub-
population of the culture. Moreover, growth dif-the gene product of which is an integral mem-

brane protein (Espinosa et al., 1984; Lacks et ferences between cells containing intact plas-
mids and cells with deleted plasmids are muchal., 1986). This may explain why deletions occur

preferentially in the Tcr promoter region of smaller in the present system, in particular since
only a limited number of generations of cellpGP100. Recent results obtained in our group

(C. Cordes, G. Venema, S. Bron, manuscript in growth is required for the selection of recombi-
nants. The development of an elegant microtiter-preparation) indicated that expression of the 3*

truncated penP gene also induces domains of based assay for B. subtilis (Chedin et al. 1994)
enabled us to perform fluctuation analyses, elim-hypersupercoiling in pGP1. In this plasmid, de-

letion endpoints were predominantly found in inating any possible selective growth differences
between cells carrying parental plasmids onlythe penIP transcription/translation regulatory se-

quences. This observation lends further support and those harboring one or more deleted copies
(Luria and Delbrück, 1943; Boe, 1992; Chedinfor our idea that expression of genes encoding

membrane proteins or exported proteins is a et al., 1994). Our data show that this assay can
be applied to the pGP100 system and that differ-general factor in causing structural instability of

expression vehicles. ences between cells carrying parental or recom-
binant plasmids were only very small. There-In previous work, using plasmid pGP1, we

showed that deletion of the genes encoding fore, the frequencies as determined by either
direct plating or fluctuation assays, approximateAddAB resulted in very high levels of instabil-

ity and that the majority of the deletions molecular recombination frequencies, rather
than the net result of initial frequencies and sub-formed were distinctly different from those

generated in the parental strain (R. Meima, G. sequent segregation kinetics. However, the pres-
ent assay does not allow us to analyze the possi-Venema, S. Bron, manuscript in preparation).

Based on these data we proposed a model in ble effect of competition between recombinant
and parental plasmids which, as shown bywhich the AddAB complex prevents, or at

least reduces, deletion formation via a process Bierne et al. (1995), may affect the measure
of recombination frequencies. Nevertheless, theof error-free recombinational repair. In the ab-

sence of AddAB, the initial lesions, probably pGP100 system provides a powerful and accu-
rate tool for further analyses of the effects ofDSBs, are thought to be repaired via a differ-

ent, error-prone pathway, yielding recombi- several DNA-metabolic functions, such as topo-
isomerase I, on structural plasmid stability. Fi-nant molecules. The present work showed that

the effects of the absence or overproduction nally, pGP100 might also be a valuable system
for the analysis of plasmid recombination in E.of AddAB on pGP100 stability were similar

to those on pGP1. In addition, analogous to coli and L. lactis, since this plasmid replicates
in these hosts as well.the pGP1 system, recombination in pGP100

deletion derivatives isolated from the addAB
deletion mutant occurred between short DRs ACKNOWLEDGMENTS
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