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The plasmid pE194 is unable to replicate in Lactococcus lactis subsp. lactis (formerly Streptococcus lactis).
When linked to resident bacteriophage sequences, pE194 was able to integrate into the L. lactis subsp. lactis
chromosome either by Campbell-like recombination or by double crossing over with deletion. Integration
occurred into the DNA of the prophage and prevented its multiplication. When a selective pressure was applied
to an integrant in which pE194 was flanked by two direct repeats of prophage fragment, amplification of pE194
and the prophage fragment was observed. The pE194 copy number was assessed at six to nine, and
amplification was stable upon growth under nonselective conditions.

Chromosomal integration of foreign DNA sequences
linked to chromosomal sequences by homologous recombi-
nation has been described for Bacilluis siubtilis (4, 7, 19),
Streptococcus pneumoniae (16, 31), Escherichia coli (7, 22),
and other bacterial species (1, 7). This phenomenon has been
used in a variety of genetic manipulations, including inser-
tion mutagenesis (16, 18, 19, 32), subsequent mapping or
cloning of the inactivated genes or neighboring regions (3, 8,
16, 31, 33), introduction of defined deletions (7, 20), replace-
ment of bacterial genes (7, 28), and stable maintenance of a

single copy of a gene whose product can be toxic to the host
cell (22). Chromosomal integration can result in two direct
repeats of the homologous DNA flanking the foreign inte-
grated DNA (19), a structure which is susceptible to ampli-
fication in E. coli (7), S. pneuimoniae (30), Streptomyces
fradiae (5), B. suibtilis (9, 12, 34, 35), and other species (7).

Because chromosomal integration offers so many possibil-
ities for genetic manipulations and analysis, we used it in
Lactococcus lactis subsp. lactis (formerly Streptococculs
lactis), for which an efficient transformation procedure is
available (27). In this report, we present our results on the
integration and amplification of pE194 carrying a prophage
DNA insert in the L. lactis subsp. lactis chromosome by
homologous recombination with resident prophage se-
quences.

MATERIALS AND METHODS
Bacterial strains. Bacterial strains are listed in Table 1.

The plasmid pE194 was a naturally occurring isolate from
Staphylococcuts autreus (11). L. lactis subsp. lactis strains
were grown in M17 medium (29) in which lactose was
replaced by glucose (M17glc).
Prophage induction. An early exponential-phase culture (1

liter; approximately 108 CFU/ml) was centrifuged and sus-

pended in the same volume of saline solution. The cell
suspension was then irradiated in a 2-liter beaker under
constant stirring with a 254-nm UV lamp at a UV fluence of
180 J/m2 measured with a Black-ray UVX radiometer (Ultra-
violet Products, Inc., San Gabriel, Calif.). The irradiated
culture was pelleted and suspended in the same volume of
fresh M17glc broth. After clearing during subsequent incu-
bation at 30°C, the culture was filter sterilized through a

* Corresponding author.

0.45-,um-pore-size filter (type HA; Millipore Corp., Bedford,
Mass.). A nonirradiated culture served as the control. Pro-
phage induction with mitomycin C was performed as previ-
ously described with 500 to 1,000 ml of bacterial culture (23).

Plasmid, chromosomal, and bacteriophage DNA isolation.
Plasmid and chromosomal DNAs were prepared as previ-
ously described (14, 26). Phage lysate was concentrated with
polyethylene glycol and purified by pelleting through a
glycerol step gradient, and phage DNA was extracted as
described by Silhavy et al. (24) for large-scale isolation of
lambda DNA.

Restriction enzyme mapping. All restriction enzymes were
obtained from Boehringer Mannheim Biochemicals (India-
napolis, Ind.), and conditions for restriction enzyme reac-
tions were as specified by Maniatis et al. (15).
Chromosomal insertion. pE194 DNA linearized at its

unique XbaI site and XbaI-phage DNA fragments were
mixed at a molar ratio of 1:3 at a concentration of 80 ,ug/ml
and ligated with T4 DNA ligase (Boehringer Mannheim). L.
lactis subsp. lactis protoplasts were transformed with the
ligation mixture as previously described (27) and then
poured into M17glc agar supplemented with 0.5 M sucrose
and 5 ,ug of erythromycin per ml for direct selection of
transformants.

Southern hybridization. Southern hybridizations were
done as described elsewhere (14) on nylon Pall Biodyne
membranes. DNA probes were prepared with a nick trans-
lation kit (Amersham Corp., Arlington Heights, Ill.) and
[QX-32P]dCTP (Amersham). Alternatively, probes were pre-
pared with a nick translation kit (Bethesda Research Labo-
ratories, Inc., Gaithersburg, Md.) and biotin-11-dUTP. Bio-
tinylated DNA was detected on the filter by using the
Bethesda Research Laboratories DNA detection kit based
on the streptavidin-phosphatase system.

RESULTS

Prophage characterization. Following UV or mitomycin C
induction of a culture of L. lactis subsp. lactis IL1403, two
isometric phages with different tail lengths were visible in
electron micrographs (unpublished data). Extensive investi-
gation with about 300 strains from our collection failed to
identify any indicator strain for these temperate phages.
Prophage-curing experiments to obtain strains individually
lysogenic for these two prophages were also unsuccessful.
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TABLE 1. Strains of L. lactis subsp. lactis

Relevant .i.Designation characteristics Origin
IL1403 Plasmid-free, R-/M-, carries 2

two prophages designated
bIL285 and bIL286

IL1734 IL1403 carrying an insertion This work
of pE194 with deletion into
bIL285, Emr

IL1735 IL1403 carrying a tandem in- This work
sertion of pE194 with dupli-
cation into bIL285, Emr

IL1747 IL1403 carrying an insertion This work
of pE194 with duplication
into bIL285, Emr

IL1750 Like IL1747 but carrying an This work
insertion in a different site
of bIL285, Emr

IL1946 IL1734 cured of bIL285:: This work
pE194, Ems

The two prophages were not induced to the same level.
When examined by electron microscopy, a dominant phage,
designated bIL285, was about 20 times more abundant in the
lysate than the second phage, designated bIL286.

Insertion of pE194 into DNA of L. lactis subsp. lactis
IL1403. We were unable to transform L. lactis subsp. lactis
with staphylococcal plasmid pE194, although the erythromy-
cin resistance gene of the plasmid, used by Kok et al. (13) to
construct the pGK12 vector, is expressed in this species. We
thus assumed that pE194 was unable to replicate in L. lactis
subsp. lactis and could be used as a delivery vehicle for
chromosomal insertion as previously described by Pozzi and
Guild (21) for S. pneumoniae. The mixture of the two phage
DNAs from the UV-induced IL1403 lysate was digested with
XbaI endonuclease, for which several restriction sites exist
on each phage DNA, and ligated with pE194 DNA linearized
by digestion at the XbaI site. Because of the higher concen-
tration of the bIL285 phage DNA in the mixture, most
recombinant DNA molecules were expected to carry a
bIL285 DNA insert. Following transformation of strain
IL1403 with the ligation mixture, 500 Emr transformants per
Fg of pE194 DNA were obtained, while no transformants
were obtained in a control experiment with XbaI-cleaved
and religated pE194 DNA. Twelve randomly picked Emr
transformants were found to lack autonomous plasmid DNA
when analyzed by standard procedures. The expected event
in these transformants was the insertion of pE194 into the
chromosome. This was confirmed by hybridization analysis,
which revealed seven different insertional events in 12
transformants. Representative results are shown in Fig. 1.
Chromosomal insertion of pE194 prevented prophage mul-

tiplication. To demonstrate that pE194 insertion had oc-
curred in prophage DNA, we examined the effect of that
insertion on prophage multiplication. The seven different
recombinant clones were induced by UV or mitomycin C
treatment. DNA was extracted from the induced phages and
digested with EcoRI, and the electrophoretic pattern was

compared with that of a mixture of phage bIL285 and bIL286
DNAs resulting from IL1403 induction. The results are

shown in Fig. 2. In the IL1403 lysate, phage bIL285 was

about 20 times more abundant than phage bIL286. In con-

trast, the two phages were produced in about the same
amount in the IL1735 lysate. The concentration of bIL286
DNA per milliliter of lysate was the same in the two cases,

indicating that only 5% of bIL285 phage were induced during

Li - - -_ _
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FIG. 1. Southern blot hybridization analysis of DNA from pa-
rental and EMr transformants. Plasmid pE194 DNA and DNA
extracted from the control 1L1403 parental strain and Emr transfor-
mants (IL1734, 1L1747, IL1735, and 1L1750) were cleaved with
HpalI and hybridized with a pE194 DNA probe. Hpall cleaved
plasmid pE194 into two fragments (indicated by arrows) with
respective sizes of 2,008 and 1,720 base pairs (11). The 2,008-
base-pair fragment was retained in all transformants, and the other
fragment gave rise to two junction fragments with different sizes
depending on the insertion site of pE194 (1L1734, IL1747, and
IL1750). The hybridization pattern obtained with strain IL1735, in
which four bands are visible, is consistent with the presence of two
direct repeats of pE194.

IL1735 UV treatment. In the lysates of all other recombinant
clones tested, only phage bIL286 was visible. These results
indicate that the insertion of pE194 occurred in prophage
bIL285 DNA and prevented its multiplication either totally
or partially in strain IL1735, probably depending on the
insertion site.
Mechanism of chromosomal insertion. To determine the

mode of insertion, chromosomal DNA fromiL1403 and from
the seven different recombinant clones was digested with
XbaI and hybridized with phage bIL285 DNA. Two types of
hybridization patterns were observed (Fig. 3). One recom-
binant clone designated iL1734 had lost a 4.3-kilobase DNA
fragment from prophage bIL285, suggesting that insertion of
pE194 had occurred by a double crossing over with deletion
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FIG. 3. Southern blot hybridization analysis of DNA from pa-

rental IL1403 and Emr transformants. DNA extracted from the
control IL1403 parental strain and from two representative Emr
transformants (IL1734 and IL1747) was cleaved with XbaI and
hybridized with the prophage bIL285 DNA probe. This probe was

prepared from phage DNA from a IL1403 UV-induced lysate which
mainly consists of bIL285 DNA (Fig. 2). The hybridization patterns
are those expected from pE194 integration by a double crossing over
with deletion (IL1734) or by a Campbell-like process (IL1747). kb,
Kilobases.

(19). The six other clones showed the same pattern as

IL1403, suggesting that pE194 integration in these clones
had occurred by a Campbell-like process (4). pE194 integra-
tion into the prophage bIL285 DNA was confirmed by
further hybridization experiments (Fig. 4). Chromosomal
DNA from IL1403, from IL1734, and from IL1747 was
digested with HindlIl, which has no restriction site on pE194
(11). Compared with the parental strain IL1403, IL1734 and
IL1747 contained one additional band hybridizing with both
bIL285 and pE194 probes and corresponding to a bIL285
DNA HindlIl fragment in which pE194 has been inserted.
Following hybridization with a bIL285 probe, IL1747
showed the same pattern as IL1403, whereas IL1734 had lost
several bands present in the IL1403 parent. These observa-
tions are also consistent with the hypothesis of chromosomal
integration by double crossing over with deletion in IL1734
and by a Campbell-like process in IL1747. The proposed
paths for chromosomal integration are shown in Fig. 5.
We also measured the stability of the Emr marker in the

two types of clones after stimulation of the recombination
activity of the cells by UV treatment. The stability of
integrated pE194 was expected to be lower when the plasmid
was inserted between two direct repeats of homologous
prophage sequences by Campbell-like recombination than
when the plasmid was inserted between nonhomologous
sequences by double crossing over with deletion. After UV
irradiation (40 J/m2), 5 to 10% of the surviving cells from the
six clones thought to result from a Campbell-like recombi-
nation were Ems. Two randomly picked Ems clones still
contained prophage bIL285 (hybridization data not shown),
indicating that the loss of Emr was due to pE194 excision. By
contrast, only 1 among 400 (0.25%) of the surviving clones
obtained after UV irradiation of IL1734 and thought to result
from a double crossing over event was Em'. In this clone,
designated IL1946, all bands homologous to prophage
bIL285 were absent but one (Fig. 6). This remaining band
could be either the result of an illegitimate excision or a band
of bIL286 sharing homology with bIL285. Results presented
in Fig. 6 favor the latter hypothesis and indicate that the
strain had been cured of bIL285. In this strain, the loss of
Emr was the result of prophage induction. These results
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FIG. 4. Southern blot hybridization analysis of DNA from pa-
rental IL1403 and Emr transformants. DNA extracted from the
control IL1403 parental strain, from IL1734, and from lL1747 was

digested with HindIll and hybridized with a phage bIL285 (A) or

pE194 (B) DNA probe. As expected from an integration in prophage
bIL285 sequences by double crossing over with deletion, hybridiza-
tion of chromosomal DNA from IL1734 with bIL285 DNA gave the
same pattern as IL1403 except that bands were lost (indicated by
arrows in IL1403 lane) and replaced by a new one (indicated by an

arrow in IL1734 lane). As expected from an integration by a
Campbell-like process, IL1747 gave the same pattern as IL1403
except that one additional band was present (indicated by an arrow
in IL1747 lane). Hybridization of chromosomal DNA from IL1734
and IL1747 with pE194 DNA, which is not cleaved by HindlIl
endonuclease, gave a single band. In each case, this band was the
same size as the new one which appeared in the hybridization
pattern obtained with the bIL285 DNA probe, confirming that pE194
was inserted into bIL285 DNA.

strongly support the hypothesis that pE194 was integrated
into the L. lactis subsp. lactis chromosome either (i) by
insertion with duplication or (ii) by double crossing over with
deletion.

Amplification. In an attempt to select for amplification of
the pE194 sequence, we screened the IL1747 strain for
resistance to clindamycin, an antibiotic of the macrolide-
lincosamide-streptogramin B group. The macrolide-lincosa-
mide-streptogramin B antibiotic resistance conferred by
pE194 is induced by erythromycin but not by clindamycin
(11). Thus, clindamycin resistance (Clir) of clones in which
Emr is partly induced by a small concentration of erythro-
mycin would depend on pE194 copy number and should be
increased in clones with amplified pE194 sequences. Strain
IL1747 was first partly induced by growth in M17glc broth
containing 0.1 ,ug of erythromycin per ml for 5 h and then
plated on M17glc agar containing 0.1 ,ug of erythromycin per
ml and concentrations of clindamycin ranging from 12 to 200
,ug/ml. The efficiency of plating compared with a control
without clindamycin was 1 x 10-1 to 5 x 10'. Clir clones
were picked from each concentration of clindamycin and
analyzed for amplification. Electrophoretic patterns of their
XbaI-cleaved chromosomal DNA were compared with those
of IL1747 (Fig. 7). Two bands were brighter in the Clir
clones, one with a size of 3.7 kilobases corresponding to
pE194 and the other with a size of 5.5 kilobases correspond-
ing to the duplicated phage DNA fragment. The level of
amplification was determined by densitometry. It increased
from one copy in the parental strain to six to nine copies in
the strain resistant to 24 jig of clindamycin per ml. The
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FIG. 5. Paths for integration of pE194 into the chromosome of L.

lactis subsp. lactis. In path A, the recombinant molecule is inserted
by a Campbell-like process, resulting in pE194 integration between
two direct repeats of the homologous DNA fragment (hatched box).
When hybridized with the labeled phage DNA. XbaI digests of
chromosomal DNA from the parental strain or from its derivative
carrying a pE194 insertion show the same pattern. In path B, pE194
linked to two DNA fragments (hatched boxes) is integrated by a

double crossing over event. One band has disappeared in the
hybridization pattern of the derivative carrying a pE194 insertion
when compared with that of the parental strain. Xbal sites (desig-
nated X) are arbitrarily located. -, L. lactis subsp. lactis chromo-
somal DNA; LII, resident prophage DNA.

further increase in clindamycin resistance was not related to
an increase in pE194 copy number and probably resulted
from mutations. Mutants without detectable amplification
were also obtained by direct plating on agar containing high
concentrations of clindamycin in the absence of erythromy-
cin induction. To assess the stability of amplification, we
grew the IL1747 derivative resistant to 24 [tg of clindamycin
per ml for 26 generations in the absence of antibiotic
selection. Among 100 randomly picked colonies, 65 retained
their Clir, corresponding to a loss of amplification of 1.6%
per generation.

DISCUSSION

We observed that L. lac tis subsp. lactis, like several other
bacterial species, is susceptible to chromosomal integration
of foreign DNA. We used this phenomenon to integrate
pE194 into the DNA of a resident prophage either by
insertion with duplication or by insertion with deletion as

FIG. 6. Southern blot hybridization analysis of DNA from
IL1734 and Em' derivative IL1946. DNA extracted from IL1734 and
IL1946 was cleaved with XhbI and hybridized with a prophage
bIL285 (A) or blL286 (B) DNA probe. The bIL286 probe was
prepared from a UV-induced IL1734 lysate which contains only
bIL286 DNA (Fig. 2). All bands homologous to bIL285 in IL1734
but one are absent in IL1946 (A). Assuming that IL1946 had been
cured of prophage bIL285. the remaining band could be a band from
prophage bIL286 sharing homology with bIL285. This was further
demonstrated by hybridization of chromosomal DNAs from IL1734
and IL1946 with a bIL286 probe (B). As expected, one band present
in IL1734 was absent in the IL1946 derivative. This indicates that
the two prophages share a common region of homology and that
IL1946 has been cured of prophage bIL285.

previously described for B. suibtilis and S. pneuimoniae. In
these latter species, double crossing over with deletion
occurs between the chromosome and linear DNA molecules.
This can also have occurred in L. lacitis subsp. lac tis in
which linear molecules formed during ligation could have
been introduced following transformation.

Clindamycin
(pg/ ml)

0
cNl Vt O O
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FIG. 7. XhaI digestion patterns of pE194 and chromosomal
DNA of strain 1L1747 grown in the presence of increasing clinda-
mycin concentrations. Amplified bands are indicated by arrows.
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Chromosomal integration was not as straightforward in L.
lactis subsp. lactis as in other organisms. Using ligation
mixtures prepared from 1 ,ug of pE194 vector, we obtained 0
to 500 Emr transformants in 10 experiments, despite a
uniformly high transformation efficiency of L. lactis subsp.
lac tis protoplasts with Emr plasmid pIL253 (25) DNA (about
5 x 106 transformants per Fig of DNA). We have no
explanation for this variability. Attempts to improve the
integration frequency by UV irradiation of the DNA in the
ligation mixture (500 J/m2) as previously described for E. coli
(17) or by UV irradiation of the protoplasts before transfor-
mation (60 J/m2) were unsuccessful. This variability, to-
gether with the requirement for a highly efficient transfor-
mation protocol, limits the range of applicability of this
method to a few L. lactis subsp. lac(tis strains. The use of
integrative vectors with a conditional replication function
could extend the application of chromosomal integration to
other lactococcus strains.

Despite the variable integration efficiencies, this technique
has proved useful for directed insertion mutagenesis of
either the bIL285 or bIL286 (data not shown) prophage and
should be applicable for deletion or replacement of undesir-
able genes in L. lac tis subsp. la(ctis. Random insertion
mutagenesis should also be possible. By transforming L.
la(itis subsp. la(Wtis with a mixture of restriction fragments of
its chromosome linked to pE194 and selecting for Emr, one
should obtain random insertion mutants. Experiments under
way in this laboratory have established the feasibility of this
approach, which could offer the potential advantage of a
greater randomness of insertional inactivation over the use
of Tn9I6 (14) or Tn919 (6, 10) in the genetic analysis of the L.
lactis subsp. lactis chromosome.

Finally, chromosomal integration could be used to con-
struct lactococcus strains with stably maintained foreign
genes in single or multiple copies, which may be of interest
for modifying an organism of considerable industrial impor-
tance.
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