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In this report a method that enables the selection ofstable plasmid variants and the isolation
ofDNA sequences that improve plasmid maintenance is described. The method is based on the
principle that in populations of cells carrying derivatives of a plasmid that differ only in the level
of segregational stability, when grown in a chemostat under conditions with selective pressure
on the plasmid, cells that carry more stabie plasmid variants will be enriched. We developed the
system for Lactococcus /actis using segregationally unstable derivatives of the gram-positive
theta plasmid pAM(:1 I as selection vectors. The results showed that the method is suitable for the
enrichment, and subsequent purification, of three classes of plasmids with improved mainte-
nance properties. The first class involved mutations in the pAM(:1I-derived selection plasmid.
These mutations resulted in increased copy numbers, thereby rendering the plasmid segrega-
tionally more stabie. The other two classes were based on the insertion of additional, stability
promoting, sequences in the selection plasmids. We showed that these sequences can constitute
either replication functions derived from another plasmid or functions directly involved in
plasmid maintenance. The site-specific resolution function ofpAM(:11 was used as an example
ofthe latter functions. We anticipate that the method described should have general applicabil-
ity for the development of stabie host-vector systems in bacteria. @ 1995 Academic Press. Jnc.

It has frequently been observed that plas-
mids in gram-positive bacteria become segre-
gationally unstable when they are used for
cloning.purposes (Gruss and Ehrlich, 1989;
Bron et al., 1990, 1991). This instability can
have at least two different causes. The first is
caused by the insert itself and largely depends
on the mode ofreplication ofthe cloning vec-
tor (Kiewiet et al., 1993a), The second is
caused when cloning of the DNA fragment
takes place at a site that is involved in plas-
mid maintenance. Plasmid stability depends
on faithful replication as weIl as equal distri-
bution to the daughter cells. Therefore, in-

terruption or deletion ofDNA sequences that
are involved in any of these systems will af-
fect their stable inheritance.

Theta-replicating plasmids, which are
usually large and are found in both gram-
positive and gram-negative bacteria, are pres-
ent in the cell at copy numbers that are often
too low to ensure their stable inheritance in
the absence of selective pressure when their
segregation would occurrandomly .Neverthe-
less, most of these naturally occurring plas-
mids are stably maintained. This indicates
that they contain information that ensures
their stable inheritance. A number of these
mechanisms have been well studied by now,
mainly in gram-negative bacteria (for a re-
view see Nordstrom and Austin, 1989). The
only systems involved in the stable mainte-
nance of theta replicating plasmids from
gram-positive bacteria that have been de-
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mid-free progeny than cells with unstable
variants ofthat plasmid. This predicts that, in
a mixed culture of cells that carry variants of
a plasmid which differ in the level ofstability,
an apparent growth advantage of those cells
which harbor the most stable plasmids when
selective pressure is applied to the plasmid
would occur. It must be noted that this SYS-
tem would not be suited to the enrichment of
so-called host-kil1ing functions like the Hok-
Sok system of plasmid R1 (Gerdes et al.,
1985). These functions prevent the accumu-
lation of plasmid-free cel1s and wi11 therefore
not result in a selective growth advantage in
the presence of selective pressure. To test the
validity of our assumption, a chemostat was
inoculated with a mixture of cel1s containing
a segregational1y unstable plasmid and a
stable derivative carrying the same selective
marker. The unstable plasmid in this experi-
ment was the pAMfJ 1-derived plasmid
pIL252 (Sirnon and Chopin, 1988), carrying
the MLS marker which specifies erythromy-
cin resistance. A stable variant ofthis plasmid
was constructed by isolating the EcoRI frag-
ment of pHV 1431, carrying the pAMfJ 1 site-
specific resolvase gene (Swinfield et al.,
1991 ), and inserting this fragment in the
EcoRI site of pIL252. The resulting plasmid
was denoted pSR 11. An overnight culture of
cel1s harboring pSR11 (100 JLl) was added to
100 ml of an overnight culture of pIL252-
containing cel1s so that the initial ratio of cel1s
containing the stable plasmid to cel1s con-
taining the unstable plasmid was about
1: 1000. This mixture was used to inoculate a
chemostat. The dilution rate of the chemo-
statwassetatD = 0.5 h-l, resultingingenera-

tion times of 1.4 h. Samples taken at regular
intervals were plated at appropriate dilution
rates on G M 1 7 agar plates containing erythro-
mycin. The plasmid content was monitored
by miniprep analysis of samples, taken from
the chemostat. After 140 h of growth (about
100 generations), pIL252 could not be de-
tected anymore in the samples. A fraction of
the sample was plated on M17 agar plates in
such a way that cel1s could grow to separate
colonies. Twenty randomly picked colonies

scribed so far are from pAM{3l and pAM{31-
like plasmids. One is the site-specific resolv-
ase ofpAM{3l (Swinfield et al., 1991), which
resolves plasmid multimers to their mono-
mersand therebyincreases the numberofseg-
regational units. The other involves a parti-
tioning function that has been identified for
pSMl9035 (Ceglowski etal., 1993). Ouraim
was to develop a convenient and general
method for the isolation of DNA sequences
that specify plasmid maintenance functions.
Since lactococcal strains <;:arry a large variety
of plasmids with traits of commercial interest
(McKay, 1983), these bacteria were chosen as
model organisms. Many of these lactococcal
plasmids are ofthe theta-type (Kiewiet et al.,
1993b; Seegers et al., 1994) and presumably
carry efficient maintenance functions.

The host strain used was Lactococcus lactis
subsp. lactis MG l363, a plasmid-free deriva-
tive ofL. lactis NCDO 7l2 (Gasson, 1983).
Ce1ls were grown on M l7 medium (Terzaghi
and Sandine, 1975) supplemented with 0.5%
glucose (w/v) and, when necessary, with agar
for plating of ce1ls. Erythromycin was added
to a final concentration of 5 IJ-g/ml and 5-
brom o-4-chl oro- 3- indol y 1- {3- D-galactopyran -

oside (X-gal) to a final concentration of 20
IJ-g/ml when indicated. The continuous cul-
ture experiments were carried out in a fer-
menter as described by Harder et al. ( 1974 ) in
a working volume of 500 ml. The tempera-
ture was kept at 30°C and the pH was con-
tro1led at 7.0 by automatic adjustment with 2
M NaOH. Cloning procedures and the isola-
tion ofDNA were essentia1ly as described by
Sambrook et al. ( 1989). Nucleotide sequence
analysis was carried out by the dideoxynu-
cleotide chain termination method of Sanger
et al. ( 1977). Transformation of L. lactis by
electroporation was carried out as described
(Holo and Nes, 1989). Determination ofthe
levels of segregational instability in the ab-
sence of selective pressure was carried out as
described (Kiewiet et al., 1993a).

Our approach to the enrichment of plas-
mids with improved maintenance properties
was based on the fact that ce1ls with the most
stable plasmids wi1l1ess frequently yield plas-
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were tested for their plasmid content. All
contained pSR II. These results confirmed
our prediction that the most stable plasmids
can be enriched from a population of plas-
mids with different stabilities in a chemostat
when the carrier cells are grown in selective
media. Specifically, this experiment demon-
strates the feasibility of selecting plasmids
carrying maintenance functions from a plas-
mid population which is lacking such a func-
tion in the large majority of the cells.

Based on the results described above, we
anticipated that after shot-gun cloning of
fragments from stabIe plasmids into unstable
test plasmids, recombinants carrying inserts
that improve the stabIe inheritance would be
enriched in a chemostat after prolonged
growth. To test this assumption, a Dral digest
of pAMfJ I, through which the replication
functions of this plasmid are destroyed but
the previously mentioned resolvase gene re-
mains intact, was cloned into the EcoRV site
of pGJS230. This plasmid is a plL252 deriva-
tive in which the entire lacZ gene was cloned
into the Smal site (Fig. I) and which is
equally unstable. Cloning ofDNA fragments
into the EcoR V site ofthis plasmid interrupts
the ORF encoding LacZ and thereby enables
the direct identification of cells which carry

lacZ pGJS230 ORF F..

8556 bps ORF D( l

ORFE

5250,Ndel , -

4763,EcoRI

FIG. I. Map of the unstable selection plasmid
pGJS230. Relevant sites are indicated. The solid bar rep-
resents the pIL252 sequence. MLS, macrolides, lincosa-
mides, streptogramin B antibiotic resistance; ORF F, D,
and E, open reading frames within the pIL252 replicon;
lacZ, lacZ gene of Escherichia coli.

pGJS230 with an insert by plating on X-gal-

containing plates.
All white transformants (236 were ob-

tained), which carried an insert in the lacZ
gene, were pooled and grown in 100 ml M 17
medium with selective pressure on the plas-
mid. This culture was used to inoculate a che-
mostat and cells were grown at a dilution rate
of D = 0.5 h-l. Samples were taken from the

chemostat at regular intervals and tested for
their overall plasmid contents and segrega-
tional stabilities. Growth was continued until
the plasmid profile remained stabIe (approxi-
mately 70 generations). Restriction analysis
of the remaining plasmid showed that the
plasmid carried the expected 1.28-kb DraI
fragment containing the resolvase gene in an
orientation similar to that of the lacZ gene.

A further attempt to isolate thus-far un-
known stability determinants was made. For
this purpose, a partial Sau3A digest of the
large lactococcal plasmid pIL7 (33 kb; Cho-
pin et al., 1984) was shot-gun cloned into the
Bcn site in the lacZ gene of pGJS230. The
ligation mixture was used to transform L.
lactis subsp. lactis MG 1363, and transfor-
mants were plated on erythromycin- and
X-gal-containing plates. All white trans-
formants (174), which carried an insert in
the lacZ gene, were pooled and, similar to
the previously described experiment with
pAMfJ1, grown in 100 ml M17 medium with
selective pressure on the plasmid. This cul-
ture was used to .inoculate a chemostat, and
ce1ls were grown at a dilution rate of D = 0.5

h-l. Samples were taken from the chemostat
at regular intervals and tested for their overall
plasmid contents and segregational stabi1i-
ties. In the inocu1um at least 10 plasmids
with different inserts ranging from 250 bp to
5 kb could be identified, and the initial1evel
of plasmid loss, defined as the probabi1ity of
1oss per division, was found to be 4% per gen-
eration.

The levelof instability was determined by
serial transfer experiments of samples taken
from the culture as described previously
(Kiewiet et al., 1993a). Growth was contin-
ued until the plasmid profile remained stabIe.
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FIG. 2. Segregational stabilities of the test plasmid pGJS230 (circles) and the more stabie derivatives,
isolated from the continuous culture. Determination ofthe levelof segregational stability ofthe individual
plasmids were carried out by serial transfer experiments as described previously (Kiewiet et al.. 1993a).
Triangles, pGJS230-1; black squares, pGJS230-5; white squares, pGJS230-9.

At this stage, after 100 h (70 generations),
only three plasmids could be identified, and
the rate of plasmid loss had dropped to 0.2%
per generation. Cells from the latter sample
were spread on GM 17 plates containing Em,
and resulting single colonies were tested for
their plasmid content. Three different plas-
mids, containing inserts of 0.4, 3.2, and 3.9
kb, were identified, which were denoted
pGJS230-9, pGJS230-5, and pGJS230-1, re-
spectively. These plasmids were tested for seg-
regational stability in the absence of selective
pressure. All three showed an improved stabil-
ity compared to the unstable selection plas-
mid pGJS230 (Fig. 2). To distinguish be-
tween the possibilities that the improved sta-
bility was either plasmid-located or caused by
host mutations, plasmid DNA of the three
plasmid variants was isolated and reintro-
duced into L. lactis MG 1363 byelectropora-
tion. Plasmid pGJS230 was taken as a con-
trol. The results showed that the determi-
nants for the increased levels of stability were
plasmid located. We next tested whether the
improved stabilities were caused by the in-
serts. T o this aim the inserts were d~leted by
restricting the plasmids with EaeI, fol1owed

by self-ligation. The resulting plasmids were
tested for the levelof segregational stability.
In the case of pGJS230-9 the improved stabil-
ity was found to be specified by the parental
pGJS230 sequences in which a mutation had
occurred. In the case of pGJS230-l and
pGJS230-5, the improved stability was
caused by the insert.

The nature of the mutation in pGJS230-9
was analyzed in detail. By swapping of frag-
ments from this plasmid with the corre-
sponding fragments of pGJS230 and by sub-
sequent stability analysis, the mutation could
be located within a 373-bp Nszl/Asp7l8 frag-
ment (Fig. 1 ). The nucleotide sequence of
this fragment was determined. It appeared
that this fragment contained a single point
mutation, localized at the second position of
the last codon ofORF F ofpAM{31 (position
2401 in the sequence described by Swinfield
el al., 1990). This ORF en codes a protein
which negatively regulates the plasmid copy
number. The mutation alters a T-A to a G-C
basepair, resulting in a change of the last
amino acid ofthe ORF F gene product from
valine to glycine. In a totally unrelated exper-
iment we isolated by chance a pIL252 variant
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from our frozen-stock culture which a1so
showed improved stability properties. The
improved stability of this variant, denoted
pIL252*, appeared to be caused by a T to C
transition at the same basepair as in
pGJS230-9, resulting in a change of the last
amino acid from valine to alanine. Both mu-
tations resulted in an increased copy number
(about threefold). We can conceive of two
possible explanations for the effect of these
point mutations on the stability of pIL252
and pGJS230. The first is that the substitu-
tion ofthe last amino acid ofthe ORF F gene
product partially or completely inactivated
the protein, thereby resulting in an increase
in copy number. A second explanation is that
it altered the potential secondary structure of
the region in which it is contained. The muta-
tions are located just below the junction of
the possible stern and loop in this structure
and would increase the size of the loop. This
inverted repeat (IR)3 region encompasses the
-35 region ofthe promoter ofORF E, which
encodes a protein required for replication
(Swinfield et al., 1990) (Fig. 3). In plasmid
pIP50 I, which has a nucleotide sequence
identical to that of pIL252 in this region, the
corresponding IR is involved in copy number
control (Brantl and Behnke, 1992), and alter-
ations in this structure also lead to an in-
crease in copy number. Experiments in
which the binding capacity of overproduced
wild-type F protein (the protein produced by
ORF F) to this particular region was tested
demonstrated that the binding capacity of F
to this region was four- to fivefold less if the
fragment carried the mutation (E. Le Chatel-
lier, personal communication). These find-
ings support the latter explanation.

In the case of pGJS230-1 andpGJS230-5,
the improved segregational stability was at-
tributable to the presence of the insert. Re-
striction analysis and Southem hybridization
indicated that these fragments contained
overlapping sequences, both consisting of

pIL252 pIL252*/PGJS230-9

two Sau3A fragments. The largest Sau3A
fragment (2.5 kb) was present in both plas-
mids.

We conceive of two possible explanations
for the improved stability of pGJS230-1 and
pGJS230-5. The first is that the fragment
contains a cplasmid maintenance function,
such as a site-specific multimer resolution
function or a partitioning system that guaran-
tees the segregation of at least one plasmid
copy to daughter cells. The second possibility
is that the insert contained the replication re-
gion of pIL 7, implying that the pIL 7 replica-
tion region is ttlore effective than that of
pIL252, which is a nonlactococcal plasmid.
To test the latter possibility, the Sau3A frag-
ments of pGJS230-5 were cloned into the
BamHI site of pMTL23E, a pUC-derived
Escherichia coli replicon, unable to replicate
in Lactococcus (Kiewiet et al., 1993a). The
resulting plasmid, pJR 7, was used to trans-
form MG 1363. Transformants carrying the
expected recombinant plasmid were ob-3 Abbreviation used: IR, inverted repeat.



tained, indicating that the insert carried a re-
gion of pIL 7 capable of autonomous replica-
tion in L. lactis. The nucleotide sequence of
the replication region of pIL 7 was deter-
mined (details of the sequence analysis are
described elsewhere; Seegers et al., 1994).
The sequence appeared to be similar to that
of a number of recently described lactococcal
plasmids, which replicate via a theta mecha-
nism (Kiewiet et al., 1993b).

There are severa1 explanations of why we
did not isolate stability functions from p1L7.
One is the possibility that such functions are
not present on pIL 7 or that an intact stability
function was not present on the cloned
Sau3A fragments. It is also possible that addi-
tional stability functions were initially pres-
ent in recombinant plasmids in the cell pOpU-
lation, but that these were lost during the cul-
turing period in the chemostat. This could
happen if the variants which were selected
now were more fit than the ones with the pre-
sumed additional stability function.

In summary , the method described here
has promising potential for improving plas-
mid maintenance. It enables (i) the selection
of plasmid variants with increased mainte-
nance properties and (ii) the selection of
DNA fragments from homologous or heterol-
ogous replicons that improve the mainte-
nance of the plasmid of interest.

ACKNOWLEDGMENTS

We thank Dr. L. Dijkhuizen for his assistance with the
continuous cultures and Ho Mulder for preparing the fig-
ureso Funding for the project was provided by the Dutch
Program Commission for Industrial Biotechnology and
by Unilever Research, Vlaardingen, The Netherlands.

REFERENCES

BRANTL, S., AND BEHNKE, D. ( 1992). Copy number con-
trol of the streptococcal plasmid pIP501 occurs at
three levels. Nucleic Acids Res. 20, 395-400.

BRON, S., HAIMA, P., MEUER, W., OSKAM, L., HOI.SAP-
PEL, S., AND VENEMA, G. ( 1990). Plasmid (in) stability
in Bacillus subtilis. In "Proceedings ofthe 6th Interna-

tional Symposium on Genetics ofIndustrial Microor-
ganisms" (H. Heslot, J. Davies, J. Florent, L. Bobi-
chon, G. Durand, and L. Penasse, Eds.), pp. 49-60.
Sociêtê Franl;aise de Microbiologie, Paris.

BRON, S., MEUER, W., HOLSAPPEL, S., AND HAlMA, P.
( 1991 ). Plasmid instability and molecular cloning in
Bacillus subtilis. Res. Microbiol. 142, 875-883.

CEGLOWSKI, P., BoITsov, A., KARAMYAN, N., CHAI, S.,
AND ALONSO, J. C. (1993). Characterization ofthe ef-

fectors required for stabie inheritance of Streptococcus
pyogenes pSM 19035-derived plasmids in Bacillus sub-
tilis. Mol. Gen. Genet. 241, 579-585.

CHOPIN, A., CHOPIN, M.-C., MOILLO-BATT, A., AND
LANGELlA, P. (1984). Two plasmid-determined re-
striction and modilication systems in Streptococcus
lactis. Plasmid 11,260-263.

GASSON, M. J. ( 1983). Plasmid complements of Strepto-
coccus cremoris NCDO712 and other lactic strepto-
cocci after protoplast-induced curing. J. Bacteriol.
154, 1-9.

GERDES, K., RASMUSSEN, P. B., AND MOLIN, S. (1985).
Unique type of plasmid maintenance function: Post
segregational killing of plasmid free cells. Proc. Natl.
Acad. Sci. USA 83,3116-3120.

GRUSS, A., AND EHRLICH, S. D. (1989). The family of
highly interrelated single-stranded deoxyribonucleic
acid plasmids. Microbiol. Rev. 53,231-241.

HARDER, W., VISSER, K., AND KUENEN, J. G. (1974).
Laboratory fermenter with an improved magnetic
drive. Lab. Pract. 23, 644-645.

HOLO, H., AND NES, I. F. ( 1989). High-frequency trans-
formation, by electroporation, of Lactococcus lactis
subsp. cremoris grown with glycine in osmotically sta-
bilized media. Appl. Environ. Microbiol. 55, 3119-
3123.

KrEWIET, R., KOK, J., SEEGERS, J. F. M. L., VENEMA, G.,
AND BRON, S. (1993a). The mode ofreplication is a
major factor in segregational plasmid instability in
Lactococcus lactis..Appl. Environ. Microbiol. 59,358-
364.

KrEWIET , R., BRON, S., DE JONGE, K., VENEMA, G., AND
SEEGERS, J. F. M. L. (1993b). Theta replication ofthe
lactococcal plasmid pWVO2. Mol. Microbiol. 10,
319-327.

McKAY, L. L. (1983). Functional properties ofplasmids
in lactic streptococci. Antonie van Leeuwenhoek 49,
259-274.

NORDSTROM, K., AND AUSTIN, S. J. (1989). Mecha-
nisms that contribute to the stabie segregation of plas-
mids. Annu. Rev. Genet. 23,37-69.

SAMBROOK, J., FRITSCH, E. F., AND MANIATIS, T.
( 1989). "Molecular Cloning: A Laboratory Manual:'
2nd ed., Cold Spring Harbor, Laboratory Press, Cold
Spring Harbor, NY.

SANGER, F., NICKLEN, S., AND COULSEN, A. R. (1977).
DNA sequencing with chain-terminating inhibitors.
Proc. Natl. Acad. Sci. USA 74, 5463-5467.



cloning vectors in Bacillus subtilis. Plasmid 26, 209-
221.

SWINFIELD, T.-J., OULTRAM, J. D., THOMPSON, D. E.,
BREHM, J. K., AND MINTON, N. P. (1990). Physical
characterisation of the replication region of the Strep-
tococcus faecalis plasmid pAM/31. Gene 87, 79-90.

TERZAGHI, B. E.,ANDSANDINE, W. E. (1975). Improved
medium for lactic streptococci and their bacterio-

phages. Appl. Microbiol. 29,807-813.

SEEGERS, J. F. M. L., BRON, S., FRANKE, C. M., VEN-
EMA, G., AND KIEWIET, R. (1994). The majority of
lactococcal plasmids carry a highly related replicon.
Microbiology 140, 1291-1300.

SIMON, D., AND CHOPIN, A. ( 1988). Construction of a
vector plasmid family and its use for molecular clon-
ing in Streptococcus lactis. Biochimie 70, 559-566.

SWINFIELD, T.-J., JANNIERE, L., EHRLICH, S. D., AND
MINTON, N. P. (1991). Characterization ofa region of
the Enterococcus faecalis plasmid pAMfJI which en-
hances the segregational stability of pAMfJl-derived Communicated by s. D. Ehrlich


