
 

 

 University of Groningen

The Mode of Replication Is a Major Factor in Segregational Plasmid Instability in Lactococcus
lactis
Kiewiet, Rense; Kok, Jan; Seegers, Jos F.M.L.; Venema, Gerard; Bron, Sierd

Published in:
Molecular Microbiology

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1993

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Kiewiet, R., Kok, J., Seegers, J. F. M. L., Venema, G., & Bron, S. (1993). The Mode of Replication Is a
Major Factor in Segregational Plasmid Instability in Lactococcus lactis. Molecular Microbiology, 10(2).

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 10-02-2018

https://www.rug.nl/research/portal/en/publications/the-mode-of-replication-is-a-major-factor-in-segregational-plasmid-instability-in-lactococcus-lactis(f2d0ebc5-d828-4ed7-a055-274c400434fa).html


APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Feb. 1993, p. 358-364
0099-2240/93/020358-07$02.00/0
Copyright C 1993, American Society for Microbiology

The Mode of Replication Is a Major Factor in
Segregational Plasmid Instability in

Lactococcus lactis
RENSE KIEWIET, JAN KOK, JOS F. M. L. SEEGERS, GERARD VENEMA,

AND SIERD BRON*

Department of Genetics, Centre of Biological Sciences, Kerklaan 30,
NL-9751 NN Haren, The Netherlands

Received 23 March 1992/Accepted 13 October 1992

The effects of the rolling-circle and theta modes of replication on the maintenance of recombinant plasmids
in Lactococcus lactis were studied. Heterologous Escherichia coli or bacteriophage A DNA fragments of various
sizes were inserted into vectors based on either the rolling-circle-type plasmid pVVO1 or the theta-type plasmid
pAM,l. All pAM1il derivatives were stably maintained. pVV01 derivatives, however, showed size-dependent
segregational instability, in particular when large DNA fragments were inserted. All recombinant pWV01
derivatives generated high-molecular-weight plasmid multimers (HMW) in amounts that were positively
correlated with plasmid size and inversely correlated with the copy numbers of the monomeric plasmid forms.
Formation of HMW or reductions in copy numbers were not observed with pAMj3l derivatives. The results
indicate that HMW formation and/or reduction in plasmid copy numbers is an important factor in the
maintenance of pWVO1 derivatives. It is concluded that theta-type plasmids are superior to rolling-circle-type
plasmids for cloning in lactococci.

Lactococci are important organisms in dairy and other
food fermentations. Considerable progress in studies on the
molecular genetics of these bacteria has been made since the
development of cloning vectors based on the highly related
lactococcal plasmids pWV01 (21, 22) and pSH71 (12, 13).
Both replicons have an extensive host range, sustaining
replication in many gram-positive bacteria, such as Lacto-
coccus, Lactobacillus, Leuconostoc, Pediococcus, Propi-
onibacterium, Staphylococcus, Streptococcus, Clostridium,
Listeria, and Bacillus species, as well as in some strains of
the gram-negative bacterium Eschenchia coli (21, 22, 28,
33).
Analyses of the nucleotide sequences and modes of repli-

cation of pWV01 and pSH71 have revealed that both belong
to the class of small plasmids that generate single-stranded
DNA intermediates during rolling-circle replication (RCR)
(16, 26). It is known from studies with Bacillus subtilis that
RCR-type plasmids are frequently refractory to the cloning
of large inserts, and recombinant plasmids often show a high
degree of instability. Several studies have indicated that the
formation of single-stranded DNA intermediates is an impor-
tant factor in both structural instability (3, 6, 14, 16) and
segregational instability (4-6, 16). The formation of linear
high-molecular-weight plasmid multimers (HMW) by RCR
plasmids (15, 37) has also been implicated in structural
instability (27) and segregational instability (16, 36).

Plasmids that replicate via a theta mechanism also have
been used for the construction of cloning vectors in gram-

positive bacteria. Theta-type plasmids neither generate sin-
gle-stranded DNA replication intermediates nor do they
form HMW products in wild-type B. subtilis strains (15).
Several cloning vectors are based on pAMP, (19, 32), a

broad-host-range Enterococcus faecalis plasmid that repli-
cates via a unidirectional theta mechanism (8). Structurally,
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these plasmids are very stable in B. subtilis (19). Some
variants, however, are segregationally unstable in this or-

ganism (32). The latter property was attributed to the ab-
sence of a stability determinant, which was assumed to
specify a plasmid resolution function (34).
To date, no systematic studies on the effects of heterolo-

gous DNA inserts on plasmid maintenance in lactococci
have been reported. This subject is relevant to the develop-
ment of efficient and stable host-vector systems for these
bacteria. The major aim of the present study was to compare
the effects of the size of DNA inserts on the maintenance of
RCR- and theta-type plasmids in Lactococcus lactis. Deriv-
atives of the plasmids pWV01 (RCR type) and pAM,31 (theta
type) were chosen for this comparison. Evidence is pre-
sented that the theta-type plasmid is superior to the RCR-
type plasmid for cloning in L. lactis.

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plas-
mids used in this study are listed in Table 1.

Media. L. lactis was grown at 30°C in M17 medium (35)
containing 0.5% glucose (GM17 medium). E. coli and B.
subtilis were routinely cultured in TY broth (tryptone, 10
g/liter; yeast extract, 5 g/liter; and NaCl, 10 g/liter (pH 7.4A)
at 37°C. When B. subtilis was grown to competence, the
media and procedures described previously by Bron (2) were
used. When required, media were supplemented with anti-
biotics to the following concentrations: chloramphenicol, 5
,ug/ml; erythromycin, 5 ,ug/ml for L. lactis and B. subtilis and
100 ,ug/ml for E. coli; ampicillin, 50 ,ug/ml. For plates, media
were supplemented with 1.5% agar.

Isolation of DNA. Plasmid DNA was isolated by standard
alkaline-lysis procedures (2). Total DNA was isolated from
L. lactis as described previously for B. subtilis (2). When
HMW were analyzed, shearing of the DNA was avoided by
using pipettes with a wide bore.
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TABLE 1. Bacterial strains, plasmids, and DNA inserts

Bacterial strain, Properties Source or
plasmid, or insert Prprisreference

E. coli JM101 supE thiA(lac-proAB) [F'traD36proAB lacIqlacZAM15] 30
B. subtilis 8G5 trpC2 tyrI met his nic purA ura rib 4
L. lactis
MG1363 L. lactis subsp. lactis, plasmid-free; Lac- Prt- Lab collection
Wg2 L. lactis subsp. cremoris, industrial strain Lab collection

Plasmids
pWVOl 2.2 kb; cryptic plasmid from L. lactis Wg2 21
pIL252 Emr, 4.7 kb; unstable pAM,B1 deletion derivative 32
pMTL23 Apr, 2.4 kb; pUC derivative containing lacZot gene 9
pC194 Cmr, 2.9 kb; Staphylococcus aureus plasmid 17
pE194cop6 Emr, 3.7 kb; Staphylococcus aureus plasmid 18
pSR11 Emr, 6.8 kb; stable pIL252 derivative This work
pAMS100 Emr Cmr, 8.4 kb; pAMP1 or pSR11 derivative This work
pAMS101 through pAMS171 pAMS100 with various heterologous inserts in the BclI site This work
pKS100 Emr Cmr, 5.0 kb; pWV01 derivative This work
pKS101 through pKS171 pKS100 with various heterologous inserts in the BclI site This work

DNA inserts
iC 1.2 kb; E. coli chromosomal DNA 4
3C 4.2 kb; E. coli chromosomal DNA 4
5L 5.6 kb; phage A DNA; coordinates 22346-27972 31
7L 7.2 kb; phage A DNA; coordinates 34499-41732 31
8L 8.4 kb; phage X DNA; coordinates 415-8844 31
10L 10.2 kb; phage X DNA; coordinates 38814-0415 31
12L 12.2 kb; phage X DNA; coordinates 41732-0-5505 31
16L 16.8 kb; phage X DNA; coordinates 5505-22346 31
112D 8.0 kb; shortened 12L fragment This work
171 8.4 kb; 1C and 7L fragments This work

Restriction enzymes, molecular cloning, and gel electro-
phoresis. DNA-modifying enzymes were used as recom-
mended by the suppliers (Boehringer GmbH, Mannheim,
Germany, or New England Biolabs, Beverly, Mass.). Gen-
eral cloning techniques were as described previously (29).

Transformations. B. subtilis was grown to competence and
transformed as described by Bron (2). E. coli was trans-
formed by using the CaCl2 method (29). L. lactis was
transformed by electroporation as described by Leenhouts
et al. (25), using a gene pulser apparatus (Bio-Rad Labora-
tories, Richmond, Calif.) equipped with a pulse controller
unit.

Southern hybridizations. After agarose gel electrophoresis,
the DNA was transferred to GeneScreen Plus filters (NEN
Research Products, Dreieich, Germany) as described by
Chomczynski and Qasba (10). The ECL gene detection
system (Amersham International, Amersham, United King-
dom) was used for hybridizations as recommended by the
supplier.
Assay of segregational stability. Single colonies of plasmid-

carrying strains, which had been purified by two successive
platings, were used to inoculate GM17 medium containing
chloramphenicol. At an optical density at 660 nm of 0.5, the
cultures were diluted 106-fold in 100 ml of prewarmed GM17
medium without chloramphenicol. The cells were grown for
about 120 generations in successive batch cultures, the
optical density of which never exceeded 0.8 (at 660 nm). This
prevented the cells from entering the stationary phase of
growth. At regular intervals, appropriate dilutions of the
cultures were plated on nonselective GM17 agar. At least
200 individual colonies from each sample were transferred to
plates containing chloramphenicol. Resistance to the antibi-
otic was correlated with the presence of a plasmid of the

expected size, whereas antibiotic-susceptible colonies were
plasmid free (50 colonies of each type were tested for the
presence or absence of the plasmid). Restriction analysis of
plasmids extracted from cells grown for about 120 genera-
tions indicated that deleted variants of the plasmids did not
accumulate in these experiments.

Determination of plasmid copy numbers. Plasmid copy
numbers were estimated in two different fractions: (i) the
circular monomers (covalently closed plus open circular),
and (ii) all plasmid forms (circular plus linear HMW). To
estimate the copy numbers per chromosome equivalent of
the monomeric circular plasmid forms, plasmid-carrying L.
lactis strains were grown to the late exponential phase in
2-ml portions of GM17 medium supplemented with 5 ,ug of
chloramphenicol per ml and 10 ,iCi of [methyl-3H]thymidine.
The addition of chloramphenicol prevented the accumula-
tion of plasmid-free cells. The total DNA of these cultures
was extracted, heated for 10 min at 65°C, vortexed at
maximum speed for two 30-s intervals, and placed on ice for
5 min. Chromosomal and plasmid DNAs were separated in
0.5% agarose gels, and the ethidium bromide-stained bands
were excised and dissolved in a boiling water bath. Fifteen
milliliters of Hydroluma (Lumac Systems, Inc., Titusville,
Pa.) was added, and the radioactivity in the samples was
determined by using a Mark II liquid scintillation counter
(Nuclear Chicago Corp., Des Plaines, Ill.). The plasmid copy
numbers per chromosome were estimated from the ratios of
the radioactivities in the plasmid and chromosomal DNA
fractions as described previously (2). The size of the lacto-
coccal chromosome was taken to be 2.446 megabases (24).
The densitometric procedure described by Janniere et al.
(20) was used to determine the total plasmid copy numbers
(including those of HMW). This method involves the com-
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FIG. 1. Plasmids pKS100 and pAMS100. Only sites relevant for the construction and properties of the plasmids are shown. Open reading
frames, genes, and the T1T2 transcriptional terminators are indicated. Details of the construction are described in the text. Symbols: El,
pWV01 or pAM 1; 1 , pE194; , pC194; _, T1T2 terminator; V, fusion between ClaI and HpaII; 0, fusion between MboI sites; a,
fusion between NruI and SnaBI.

parison of restriction patterns of the total DNA of cells
carrying the plasmid of interest with those of a reference
DNA mixture, consisting of a fixed amount of chromosomal
DNA to which known amounts of the plasmid DNA are

added.

RESULTS

Construction of plasmids. pWVO1 was selected as the
RCR-type model plasmid for the analysis of the effects of the
mode of replication on plasmid maintenance in L. lactis.
This plasmid has been well characterized and is widely used
in lactococci (21, 26). The pAMP1 derivative pIL252 (32)
was chosen as the theta-type model plasmid. An undesirable
property of the original pIL252 plasmid was that, because of
its construction, it lacks the stability determinant orfH (32,
34). The 2.2-kb orfH-containing EcoRl fragment of a pAM,B1
derivative (pHV1431) was inserted into the EcoRI site of
pIL252 to avoid instability of this basic construct. The
resulting plasmid, pSR11, carried the EcoRI fragment in the
same orientation as it did in pAM,B1 and, in contrast to
pIL252, was stably maintained in L. lactis.
pSR11 and pWVO1 were subsequently provided with a set

of antibiotic resistance markers. First, a cassette was con-
structed in the ClaI site of the multiple cloning site of the E.
coli plasmid pMTL23 (9). The cassette contained the pC194-
derived chloramphenicol resistance (CmD) gene (pC194 co-
ordinates 973 to 2008 [17]) and the pE194-derived erythro-
mycin resistance (Emr) gene (pE194 coordinates 3140 to
1939 [18]). The T1T2 transcriptional terminators from the E.
coli rrnB rRNA operon (7) were inserted on a 500-bp EcoRI
fragment into the EcoRI site upstream of the Emr gene to
minimize possible read-through transcription from the cas-

sette into plasmid sequences. These terminators are func-
tional in L. lactis (35a). The transcription terminator of the
Emr gene was present between the two resistance genes. The
cassette was subsequently transferred from pMTL23 to
pWVOl and pSR11 as a BamHI-BglII fragment into the
unique MboI site of pWVO1 and as a BamHI-NruI fragment
between the BamHI and SnaBI sites of pSRll. The resulting
plasmids, denoted pKS100 and pAMS100, are shown in Fig.

1. The copy numbers of pKS100 and pAMS100 were com-
parable (about 15 per chromosome equivalent; see below).

Several heterologous DNA inserts were introduced into
the basic plasmids pKS100 and pAMS100. The DNA inserts
chosen were the 1C and 3C fragments of E. coli BglII DNA
used previously in plasmid stability studies in B. subtilis (4,
5) and several bacteriophage A DNA fragments which were
generated by restriction with BamHI, BglII, or Bcll. The
various fragments were cloned into the unique BclI site in
the Emr gene of pKS100 and pAMS100, resulting in the pKS
and pAMS series of plasmids (Table 1).

Stability of pKS100 and pAMS100 derivatives. The main-
tenance of the various pKS100 and pAMS100 derivatives in
L. lactis was studied in the absence of selective antibiotics.
The kinetics of appearance of plasmid-free cells were deter-
mined with all pKS and pAMS derivatives. Representative
examples are shown in Fig. 2. The results show that pKS100
was stably maintained during the entire assay period (140
generations of growth), whereas the pKS derivatives carry-
ing A DNA fragments of 8 or 12 kb were unstable. Similar
results were obtained with several other pKS derivatives
(data not shown). In contrast, all pAMS derivatives were
stable: no plasmid-free cells were detected within the assay
period (Fig. 2). The results of all plasmid stability assays are
summarized in Fig. 3, in which the percentages of plasmid-
containing cells after 120 generations of growth are plotted
as a function of the size of the DNA inserts. Most pKS100
derivatives carrying inserts smaller than about 8 kb were
stably maintained. pKS103C (insert, 4.2 kb) and pKSlO5L
(insert, 5 kb), however, were slightly unstable. About 80%
(pKS103C) and 90% (pKS105L) of the cells contained the
plasmid after 120 generations of growth. All derivatives with
inserts larger than 8 kb were poorly maintained, and the
instability increased exponentially with the size of the DNA
insert. These results suggested that insert size was an
important factor in the instability of pKS derivatives. Since
plasmid-free cells were not detected with any of the pAMS
derivatives, these results indicated that the stability of the
theta-type recombinant plasmids was superior to that of the
RCR-type recombinants.

APPL. ENvIRON. MICROBIOL.
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FIG. 2. Kinetics of appearance of plasmid-free cells of represen-
tative plasmids in L. lactis. Exponentially growing cultures of
plasmid-carrying MG1363 strains in medium with chloramphenicol
were diluted in antibiotic-free medium and subcultured for approx-
imately 140 generations. After every 10 to 20 generations, samples
were plated onto nonselective agar. Colonies were subsequently
assayed for resistance to chloramphenicol after transfer to selective
plates. Symbols: 0, pKS100 and all pAMS derivatives; V,
pKS108L; A, pKS112L.

Two inserts were altered to assess whether, in addition to
size, specific properties of the inserts might also affect the
maintenance of pKS derivatives. First, the 7L fragment (7.2
kb), the insertion of which did not cause instability (Fig. 3),
was increased in size to 8.4 kb by the addition of the 1.2-kb
1C fragment. The corresponding plasmids were denoted
pKS171 and pAMS171. The second fragment, 12L (12.2 kb),
which caused high levels of plasmid instability in pKS12L,
was shortened to 8.0 kb by deleting two BclI fragments. The
resulting plasmids were denoted pKS112D and pAMS112D.
The small fragments (1.6 and 2.6 kb) that were deleted from
the 12L fragment were also cloned, separately and together,
into the BclI site of pKS100, resulting in pKS102L,
pKS103L, and pKS104L, respectively.
The results of stability assays (Fig. 3) showed that all

7L

100 Fc. - - g-

.c 10

0 . . . . . . . . . . . . . . .

.0.

0 5 10 15 20
Insert size (Kb)

FIG. 3. Relationship between plasmid size and segregational
stability in L. lactis. The percentage of Cmr colonies obtained after
120 generations of growth in nonselective media is shown as a
function of the size of the inserts. Filled symbols represent plasmids
containing the original inserts; open symbols represent plasmids
containing the 171 and 112D inserts (see text for explanation).
Symbols: * and 0, pKS derivatives; A, pAMS derivatives.

1 2 3 4 5 6

-o - hm

oc
lin

cc __

FIG. 4. Analysis of plasmid DNA from L. lactis. Total DNA was
extracted, separated on agarose gels, blotted, and hybridized using
pKS100 or pAMS100 as the probe. Lanes: 1 to 3, pKS100; 4 to 6,
pKS1O1C; 1 and 4, untreated lysates; 2 and 5, total lysates digested
with BglII; 3, and 6, total lysates digested with an enzyme that
cleaves each plasmid only once (PstI). cc, covalently closed mono-
mers; oc, nicked monomers; lin, linearized plasmid DNA; hm,
high-molecular-weight plasmid forms.

newly constructed pAMS derivatives remained fully stable.
However, plasmid pKS171, containing the fusion of the 1C
and 7L fragments, was unstable (Fig. 3). Since neither the 1C
nor the 7L fragment had an effect on plasmid stability on
their own, it is unlikely that a specific sequence on one of
these fragments caused the instability of pKS171. Figure 3
also shows that pKS112D (8.0 kb), obtained from the unsta-
ble pKS112L (12.2 kb), was almost totally stable during the
assay period. Since all small plasmids carrying fragments
from pKS112L (pKS102L, -103L, and -104L) were also
stable, it seems unlikely that a specific sequence on pKS112
caused its instability. These results indicate that the size of
the inserts was the main factor in the instability of pKS
derivatives.

Presence ofHMW DNA. The cloning of heterologous DNA
fragments in RCR-type plasmids often results in the forma-
tion of HMW in B. subtilis (15, 16) and E. coli (11).
Experiments were conducted to determine whether the
plasmids used in the present study generated HMW DNA in
L. lactis. Total DNA lysates of cells carrying the various
constructs were analyzed by Southern hybridization, using
pKS100 or pAMS100 as the probe. HMW DNA was not seen
with any of the pAMS derivatives. However, hybridizing
DNA migrating at the position of HMW was detected with
all pKS chimeras containing either E. coli or ) DNA inserts
but not with the parental plasmid pKS100. Typical results
are shown in Fig. 4. Incubation of the extract containing
pKS1O1C with a restriction enzyme for which no site was
present (BglII) did not affect the migration of the DNA at the

VOL. 59, 1993
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FIG. 5. Copy numbers in circular and HMW plasmid fractions of
pKS derivatives. The copy numbers per chromosome equivalent of
the circular monomeric (covalently closed plus open circular) and
the total plasmid fraction (circular plus HMW) were determined.
The number of plasmid copies in the HMW fraction was calculated
by subtracting the copy numbers in the circular monomeric fraction
from those determined for the total plasmid DNA. Filled bars,
circular plasmid fraction; hatched bars, HMW fraction.

HMW position. This rules out the possibility that the hybrid-
ization signal resulted from nonspecific interaction with
chromosomal DNA. When the DNA was pretreated with an

enzyme cleaving the plasmids once, one band was detected
at the position of the linearized plasmid. This indicates that
the pKS-derived HMW consisted of head-to-tail plasmid
multimers. We conclude that the appearance of insert-
induced HMW in L. lactis depended on the mode of repli-
cation, since this DNA was only formed with RCR-type
plasmids.

Relationships between HMW formation, plasmid copy num-

ber, and stability. Possible relationships between the forma-
tion of HMW, plasmid copy numbers, and stability were
assessed by determining copy numbers in exponentially
growing L. lactis strains. Two assays were used: one yield-
ing the copy numbers of all possible plasmid forms (circular
plus HMW), and the other yielding the copy numbers of the
circular plasmid forms. The copy numbers were measured
relative to chromosome equivalents. Only monomers in the
circular plasmid fraction were considered, since the amounts
of dimeric and oligomeric forms were very low.
Each pAMS derivative had a copy number of 15 to 18 in

both assays. This indicated that only circular plasmid forms
were present, providing further evidence that insert-induced
HMW was not formed with pAMS derivatives. However,
the copy numbers of pKS derivatives were clearly affected
by the presence of heterologous DNA inserts (Fig. 5). With
most pKS plasmids, an inverse relationship was observed
between the copy numbers of the circular monomers and the
insert sizes. For instance, the copy number of pKS100 (with
no insert) was 15, whereas that of pKS116L (with an insert of
16.8 kb) was only 2. The copy numbers of the circular
plasmid forms were inversely related to the copy numbers in
the HMW fraction, which increased with plasmid size. With
the largest pKS derivatives, the HMW fraction amounted to
about 70 plasmid copies per chromosome equivalent. The

u)
a)

cr-

0

0

100

10

0.1 L
0 5 10 15 20

Copy nr. of monomers
FIG. 6. Relationship between copy numbers of the circular

monomers and plasmid stability. The percentages of Cmr cells
correspond to the percentages of plasmid-containing cells after 120
generations of growth in the absence of chloramphenicol. These
values were taken from the experiments described in the legends to
Fig. 2 and 3.

relationship between HMW and insert size was not perfect,
however. For instance, with the 3C insert (4.2 kb), consid-
erably more plasmid copies were present as HMW than with
the larger 5L (5.6 kb) or 7L (7.2 kb) inserts. This means that,
in addition to insert size, insert-specific sequences also
contributed to HMW formation.

Figure 6 shows the relationship between the maintenance
of pKS plasmids and the copy numbers of the circular
monomers. Plasmids with copy numbers higher than about 7
were stably maintained. Plasmids with lower copy numbers
were, however, unstable, and the instability was inversely
related to the copy numbers of the plasmid monomers.

Since the copy numbers determined here are independent
of plasmid size, they are not proportional to the mass
amounts of the various plasmid forms. Since it is conceiv-
able that the mass amounts of HMW are important for
plasmid stability, we also calculated these values for the
various pKS derivatives. This was done by multiplying the
HMW copy numbers by plasmid size. The results (Fig. 7)
revealed an inverse relationship between the mass amounts
ofHMW and the segregational stabilities of pKS derivatives.

DISCUSSION

The results presented in this article show that in L. lactis,
the RCR-type plasmid pWV01 suffers from at least one
disadvantage that was previously also observed with RCR-
type plasmids in B. subtilis (4, 5, 6): increased size of DNA
inserts results in drastically increased segregational instabil-
ity. pAMP1 derivatives with the same inserts were, how-
ever, stably maintained, provided that they carried the
stability determinant orfl (34). Since pAMP1 replicates via
a theta mechanism (8), the difference in replication mecha-
nism is likely to underlie the different segregational stabili-
ties of pWV01 and pAM,1 derivatives in L. lactis. To date,
we have not studied the structural stability of recombinant
pAM,B1 derivatives in L. lactis in detail. We have, however,
never observed deleted forms of pAMP1 derivatives upon
gel electrophoresis (data not shown). This suggests that also
the structural stability of these recombinant pXasmids was

I
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FIG. 7. Relationships between mass of HMW and plasmid sta-
bility in L. lactis. The mass amounts of HMW, expressed per
chromosome equivalent, were calculated as described in the text.
Construct names are indicated.

good. High structural stability of pAMP1 derivatives was
previously observed in B. subtilis (19).
An additional advantage of pAM,B1 compared with

pWVOl is that the copy number of the former does not
appear to be reduced by the presence of DNA inserts.
Two observations are relevant to the question of why

recombinant pWVO1 derivatives show size-dependent segre-
gational instability. First, HMW was induced in mass
amounts that were related to insert size; second, increased
amounts of HMW were paralleled by decreased copy num-
bers of the circular plasmid forms. HMW DNA may play a
role by interfering with normal cell physiology. Such a
mechanism has been suggested by experiments with B.
subtilis (1, 27, 37). It has also been concluded from studies
with E. coli that under certain conditions, HMW can cause
reduced cell viability (23). Since the maximal mass amount
of HMW induced by the largest inserts amounted to about
40% of the total cellular DNA, we consider reduced cellular
growth rates as a realistic possibility. The growth disadvan-
tage of HMW-containing cells would increase the rate of
plasmid segregation from the population. If this is indeed the
role of HMW, it is clear that a certain level of this DNA is
required for the induction of instability. This can be con-
cluded from the observation that several derivatives pro-
duced (low) amounts of HMW but were nevertheless stably
maintained.
The second mechanism by which HMW can be conceived

to reduce the maintenance of pWV01 derivatives is interfer-
ence with the copy control of the circular plasmid forms.
Assuming that the circular pWVO1 plasmid forms are parti-
tioned randomly to daughter cells during cell division, a
reduction in plasmid copy number is expected to result in
increased rates of plasmid loss. The present data do not
allow us to discriminate between the two possible mecha-
nisms. It is also possible that both mechanisms occur.
The observation that insert-induced HMW formation in L.

lactis was associated with plasmids using RCR is not unique.
Similar observations have been made in wild-type B. subtilis
(15, 16) and certain E. coli strains (11).
The correlation between HMW DNA and insert size

indicates that the latter parameter is important for HMW
induction. Insert-induced HMW formation is generally be-
lieved to result from nontermination of leading-strand dis-
placement during RCR (11, 15, 16). The effect of insert size

observed in the present experiments can be explained by
assuming that the probability of nontermination is directly
related to insert size. Other properties of the inserts also
seem to affect HMW formation. This is most obvious with
the relatively small 3C E. coli DNA insert, which induced
considerable amounts of HMW. This may explain why
pKS103C is slightly unstable. From studies conducted in E.
coli, Dabert et al. (11) concluded that the nucleotide com-
position of the inserts affected HMW formation. We have no
indications that this was also the case in the work presented
here. Recent studies by Dabert et al. (lla) indicated that the
presence of the chi sequence on DNA inserts in particular
stimulated HMW formation in E. coli. We consider it un-
likely that similar specific nucleotide sequences were in-
volved in the formation of the HMW described in the present
article. This follows from the observation that insert 12L
caused high levels of HMW, whereas none of its subfrag-
ments was able to do so. Fragment 3C may form an
exception: considerable amounts ofHMW were formed with
this relatively small plasmid.
The present studies, showing that the theta-type plasmid

pAM,l was more stably maintained in L. lactis than the
RCR-type plasmid pWV01, make it likely that endogenous
lactococcal theta-type plasmids are good candidates for the
development of efficient and stable cloning vectors in this
organism.
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