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Several Streptococcus cremoris strains were used in protoplast transformation and interspecific protoplast
fusion experiments with Streptococcus lactis and BaciUlus subtilis, with pGKV110, pGKV21, and ApAMIII as

the marker plasmids. ApAMIl is a 15.9-kilobase nonconjugative, deletion derivative of pAMI3l, which is
considerably larger than the pGKV plasmids (approximately 4.5 kilobases). In general, ApAMjVI was

transferred more efficiently than the pGKV plasmids. Using electroporation, we were able to demonstrate that
failure of efficient transfer for the pGKV plasmids was, except for one case, caused by incompatibility of these
plasmids with resident plasmids of the recipient strain.

Lactic acid streptococci, comprising strains of Streptococ-
cus lactis, Streptococcus lactis subsp. diacetylactis, and
Streptococcus cremoris, are important components of meso-
philic starter cultures in the manufacture of cheese and other
fermented dairy products. Several attempts are presently
being made to improve existing dairy strains, both by
conventional methods and by recombinant DNA technolo-
gies. In recombinant DNA technology, the success of creat-
ing improved strains critically depends on the availability of
efficient plasmid-transfer systems. Several such systems
have recently been described, such as transductional and
conjugal transfer of plasmids in S. lactis, S. lactis subsp.
diacetylactis, and S. cremoris, transformation of protoplasts
by plasmid DNA, protoplast fusions between S. lactis
strains, and interspecific protoplast fusion between S. lactis
and S. cremoris (for a review, see reference 13).
A serious drawback of polyethylene glycol-induced proto-

plast transformation is its limited applicability. Although this
system has been used successfully in S. lactis (12, 23) and S.
lactis subsp. diacetylactis (9), transformation of various
strains of S. cremoris was only achieved in one case (22).
However, it has recently been reported that plasmid DNA
can be introduced into S. lactis by electroporation (10).

In this report, we describe DNA transfer to several S.
cremoris strains, using protoplast transformation and inter-
specific protoplast fusions involving S. lactis and Bacillus
subtilis. We also describe the development of an electropo-
ration procedure for S. cremoris, the main component of
mesophilic starters, based on that described for Streptococ-
cus thermophilus by Somkuti and Steinberg (in 0. M. Neijs-
sel, R. R. van der Meer, and K. C. A. M. Luyben, ed.,
Proceedings of the 4th European Congress on Biotechnol-
ogy, vol. 1, mop-160, p. 412, 1987). With this system, we
were able to transform a number of S. cremoris strains. It
appeared that the frequency of transformation by electropo-
ration was strongly dependent on plasmid incompatibility.

MATERIALS AND METHODS
Bacterial strains and media. The strains used in this study

are described in Table 1.
TY broth (21) was used for culturing B. subtilis. For

plating, TY broth was solidified with 1.5% agar. S. lactis and

* Corresponding author.

S. cremoris were cultured and plated on glucose-M17
(GM17) (25) (Difco Laboratories, East Molesey, England)
broth and agar. S. cremoris protoplasts were regenerated on
GM17-sucrose (GSM17) plates (12) or streptococcal regen-
eration (SR) plates (16) containing 10 g of tryptone, 5 g of
yeast extract, 200 g of sucrose, 10 g of glucose, 25 g of
gelatin, 15 g of agar, 2.5 mM MgCl2, and 2.5 mM CaCl2 per
liter (pH 6.8).
Chloramphenicol was added at a final concentration of 5

,ug/ml for B. subtilis, S. cremoris, and S. lactis. Erythromy-
cin was used at a final concentration of 5 ,ug/ml for B.
subtilis, S. lactis, and S. cremoris. Rifampin and streptomy-
cin were used at final concentrations of 50 and 500 ,ug/ml,
respectively, for S. cremoris.

Isolation of plasmid DNA. Plasmid DNA was isolated from
S. cremoris by the method of Ish-Horowicz and Burke (11)
with some modifications (26). The cells were lysed at 0°C in
TES buffer (50 mM Tris hydrochloride, 5 mM EDTA, 50 mM
NaCl, pH 8.0) containing 20% sucrose, 5 mg of lysozyme,
and 100 ,ug of mutanolysin per ml, followed by 15 min at
370C.

Restriction enzyme reactions and gel electrophoresis. Re-
striction enzymes were purchased from Boehringer GmbH
(Mannheim, Federal Republic of Germany) and used as
recommended by the supplier. Digested DNA was analyzed
in 0.8% horizontal agarose (Bio-Rad Laboratories, Rich-
mond, Calif.) gels in TBE buffer (89 mM Tris borate, 89 mM
boric acid, 2 mM EDTA, 0.5 jig of ethidium bromide per ml,
pH 8.0).

Transformation of S. cremoris. S. cremoris protoplasts
were prepared by the method of Okamoto et al. (16) with
some modifications (27). S. cremoris protoplasts were trans-
formed as described for S. lactis by Kondo and McKay (12),
except that protoplasts and DNA were incubated in 22.5%
polyethylene glycol for 20 min at room temperature in the
presence of liposomes consisting of cardiolipin and phospha-
tidylcholine at a molar ratio of 1 to 6, respectively. The end
concentration of liposomes in the transformation mixture
was 50 ,g of lipids per ml. After transformation, the proto-
plasts were plated on SR plates containing the selective
antibiotics.

Protoplast fusion. B. subtilis protoplasts were prepared as
described by Chang and Cohen (2). The protoplasts were
concentrated 100-fold to approximately 1010 protoplasts per
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TABLE 1. Bacterial strains and plasmids

Strain designation Chromosomal Plasmid Plasmid Source or
marker(s)P marker(s)a reference

Bacillus subtilis
168
168
Cu403
Cu4O3
PSL1
PSL1

trpC2
trpC2

Streptococcus lactis
IL1403
IL1403
IL1403
MG3020

None
ApAMP1
None
pGKV21
pGKV110
pGKV21

None
ApAMP1
pGKV21
pAMP1

Emr

Emr Cmr
Emr
Emr Cmr

Emr
Emr Cmr
Emr

1
26
19
This work
27
27

4
26
This work
M. J. Gasson

Streptococcus cremoris
F16
F16
F16
F16
H61
H61
H61
Wg2L
Wg2L
Wg2L
Wg2L-1
Wg2L-1

Wg2L-1,2

Wg2L-1,2

NZ1245
NZ1245
NZ1250
NZ1250
4847
4847
E8L
E8L
HpL
HpL

Undefined lactic
Streptococcus sp.

NZ1240
NZ1240
NZ1240
NZ1240
NZ1240
NZ1240
NZ1240

Rif
Rifr
Rif
Rif
Rifr
Rifr
Rifr
Rifr
Rifr
Rifr
Rifr
Rif

Rif

Rifr

Strr
Strr
Rifr Strr
Rif Strr

Rifr
Rifr
Rifr

Cryptic plasmid complement
Cryptic plasmid complement plus ApAM31
Cryptic plasmid complement plus pGKV21
Cryptic plasmid complement pluis pGKV110
Cryptic plasmid complement
Cryptic plasmid complement plus ApAM31
Cryptic plasmid complement plus pGKV110
Cryptic plasmid complement
Cryptic plasmid complement plus ApAMP1
Cryptic plasmid complement plus pGKV110
Cryptic plasmid complement, minus pWV01
Cryptic plasmid complement, minus pWV01,

plus pGKV110
Cryptic plasmid complement, minus pWV01
and pWV02

Cryptic plasmid complement, minus pWV01
and pWV02, plus pGKV110

None
pAM1
None
pGKV110
None
pGKV110
Cryptic plasmid complement
Cryptic plasmid complement plus pGKV110
Cryptic plasmid complement
Cryptic plasmid complement plus pGKV110

Cryptic plasmid complement
Cryptic plasmid complement plus pAMP1
Cryptic plasmid complement plus ApAMP1
Cryptic plasmid complement plus pGKV110
Cryptic plasmid complement
Cryptic plasmid complement plus pGKV21
Cryptic plasmid compolement plus ApAM,31

a EmT, Erythromycin resistant; Cmr, chloramphenicol resistant; Rif, rifampin resistant; Strr, streptomycin resistant.
I Netherlands Institute for Dairy Research.

ml in S25MM (25% sucrose, 0.02 M maleic acid, 0.02 M
MgCl2). For fusions between S. cremoris and S. lactis, 250
,ul of protoplast suspension of donor and recipient were

mixed and incubated in 37.5% polyethylene glycol plus 10 ,ug
of DNase per ml for 20 min at room temperature. After
dilution with 5 ml of S25MM, the protoplasts were harvested
by centrifugation and suspended in 1 ml of GSM17 broth.
After expression was allowed for 2 h at 30°C, the protoplasts
were plated on SR plates containing selective antibiotics.
For fusions between S. cremoris and B. subtilis, the same

procedure was used, except that 420 pAl of S. cremoris

protoplast suspension was mixed with 80 Rll of B. subtilis
protoplast suspension.

Electroporation of S. cremoris. The Bio-Rad Gene Pulser
transfection apparatus was used for electroporation. Over-
night cultures of S. cremoris were diluted 100-fold in 20 ml of
GM17 medium supplemented with 40 mM DL-threonine.
Cells were grown to an optical density at 660 nm of 0.2,
harvested, and washed in 5 ml of electroporation buffer
containing 5 mM potassium phosphate (pH 7.4), 0.3 M
sucrose, and 1 mM MgCl2. The cells were resuspended in 1
ml of electroporation buffer and held on ice for 15 min.

Emr
Emr Cmr
Emr

Emr
Emr

Emr
Emr

Emr

Emr

Emr

Emr

Emr

Emr

Emr

Emr
Emr
Emr

Emr Cm'
Emr

16
This work
This work
This work
17
This work
This work
18
This work
This work
This work
This work

This work

This work

NIZob
This work
NIZO
This work
6
This work
28
This work
8
This work

NIZO
This work
This work
This work
NIZO
This work
This work
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Subsequently, 0.8 ml of cell suspension and 5 ,ug of plasmid
DNA were mixed and electroporation was carried out at
5,000 V/cm. The capacitance (C) used was 25 ,F.

After the electric pulse, the cells were held on ice for 15
min. Then the cells were diluted 10-fold in GSM17 medium
and, after 2 h of expression at 30°C, plated on GSM17 plates
containing selective antibiotics. Colonies of transformed
cells became visible after 48 h of incubation at 30°C.

Blot hybridization. After electrophoresis, DNA fragments
were transferred to nitrocellulose filters from agarose gels by
the protocol of Southern (24) as modified by Chomczynski
and Qasba (3). Nick-translated 32P-labeled (20) DNA was

denatured for 7 min at 100°C. The filters were placed in a

solution of lx Denhardt solution (7), 5x SSC (lx SSC is
0.15 M NaCl plus 0.015 M trisodium citrate), 1% sodium
dodecyl sulfate, and 100 ,ug of denatured salmon sperm

DNA. The hybridization and washing steps were done at
64°C by standard procedures, followed by autoradiography
on X-ray films (14).

Conjugation. Solid-surface matings between S. cremoris
strains were performed by modifications of the method of
McKay et al. (15) as described before (26).

RESULTS

Protoplast formation, regeneration, and transformation.
The repeated failure to obtain transformed S. cremoris cells
by protoplast transformation prompted us to investigate
whether poor regeneration of the protoplasts on GSM17
medium might underlie this failure. Protoplasts of several S.

cremoris strains (listed in Table 2) were prepared by treat-
ment of the cells with lysozyme. After protoplast formation,
the cells were suitably diluted in GSM17 medium and plated
on GSM17 or SR medium. Regenerants were obtained after
an incubation period of 2 to 5 days at 300C.
The regeneration of seven different S. cremoris strains on

GSM17 medium was generally poor, except for S. cremoris
4847 and F16, and all strains regenerated more efficiently on

SR medium than on GSM17 medium (Table 2).
We next investigated the transformability of a number of

S. cremoris strains which were regenerated on the two types
of regeneration media. Protoplasts of S. cremoris F16, S.
cremoris H61, Streptococcus strain NZ1240, and S. cre-

moris Wg2L were transformed with ApAM,1, a 15.9-kilo-
base deletion derivative of pAMP1, and pGKV11O. Whereas
only a few transformants were obtained for S. cremoris F16
and Streptococcus strain NZ1240 when the protoplasts were

regenerated on GSM17 medium, ApAM,B1 produced trans-

TABLE 2. Regeneration frequencies of various S. cremoris
strains on different media'

Regeneration frequency (%) on:
Strain

GSM17 (A) SR (B) B/A

S. cremoris H61 1.2 x 10-4 2.9 24,000
Streptococcus strain 0.14 6.8 49.4
NZ1240

S. cremoris NZ1250 <10-9 2.6 x 10-4 >3,200
S. cremoris Wg2L 2.2 x 10-2 0.3 12.7
S. cremoris 4847 0.7 2.8 3.9
S. cremoris F16 0.9 11.0 12.5
S. cremoris E8L 1.6 x 10-2 0.2 10

a Regeneration frequencies were determined as the ratio of number of
colonies growing on regeneration plates and number of viable cells before
protoplasting.

TABLE 3. Transformation of various S. cremoris strains
on different regeneration media

Transformation efficiencya with plasmid:

Strain pGKV110 ApAM01 pAM,1

GSM17 SR GSM17 SR (SR)

S. cremoris F16 300 3,900 10 140 NDb
S. cremoris H61 <1 15 <1 10 ND
Streptococcus strain <1 <1 18 1,000 2
NZ1240

S. cremoris Wg2L <1 <1 <1 2 ND

a The transformation efficiencies are expressed as the number of transform-
ants per microgram of DNA. <1, No transformants found.

b ND, Not determined.

formants of all S. cremoris strains tested when regenerated
on SR medium, although with varying efficiencies (Table 3).
Because Streptococcus strain NZ1240 showed the highest

transformation efficiency with ApAMP1, we also tested this
strain for transformation with pAMP1 to examine the effect
of plasmid size on transformation. Transformation was dra-
matically affected by the size of the plasmid (Table 3).
To ascertain the presence of pAM,B1 and ApAMP1 in the

transformed cells and exclude the possibility that erythro-
mycin-resistant (Em) colonies had been produced through
spontaneous mutation, which might be possible, especially
in the case of the weakly transformable S. cremoris H61 and
Wg2L, we analyzed the Emr cells obtained with pAM,1 and
ApAM01 by blot hybridization. This showed that all S.
cremoris strains tested carried ApAM01 or, in the case of
Streptococcus strain NZ1240, pAM01 (data not shown). The
presence of intact pAM,1 in Streptococcus strain NZ1240
was confirmed by conjugation experiments. With Strepto-
coccus strain NZ1240 (pAM,B1) as the donor and S. cremoris
NZ1245 as the recipient, pAMP1 was transferred with a
frequency of 7.0 x 1o-3 transconjugants per recipient. This
value was comparable to that obtained when S. lactis
MG3020 (pAM,1) was used as the donor (3.4 x 10-3
transconjugants per recipient).
With pGKV110, transformants were only obtained in S.

cremoris F16 and H61 (Table 3). Apparently, transformation
is strongly dependent on the type of plasmid DNA which is
used as a donor molecule. Intriguingly, the efficiencies of
transformation of S. cremoris H61 with pGKV11O and
ApAMP1 were similar, despite the fact that ApAMpi is
approximately 3.5 times larger than pGKV110.

Interspecific protoplast fusions. It has been reported that in
some cases (5) in which protoplast transformation was not
productive, protoplast fusion could be used as an alternative
for piasmid transfer. To examine whether plasmids were
transferable to S. cremoris in this way, protoplasts of
rifampin-resistant (Rif) mutants of S. cremoris F16, S.
cremoris H61, Streptococcus strain NZ1240, and S. cre-
moris Wg2L were fused to protoplasts of B. subtilis
Cu403(pGKV21), B. subtilis 168(ApAMp1), S. lactis
IL1403(pGKV21), and S. lactis(ApAM,l). The results are
presented in Table 4 and show that compared with the other
strains, S. cremoris F16 acquired the plasmids most effi-
ciently in the fusion experiments, probably because of its
superior regeneration capacities. Similarly, the failure to
obtain fusants of S. cremoris Wg2L is probably due to its
poor capacity to regenerate to complete cells.

In Streptococcus strain NZ1240, interspecific protoplast
fusion involving pGKV21 was more successful than proto-
plast transformation with pGKV110 (compare Tables 3 and
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TABLE 4. Plasmid transfer by interspecific protoplast fusion of various strains of S. cremoris with B. subtilis and S. lactisa

Frequency of plasmid transferb with the following donor:

Recipient B. subtilis S. subtilis S. lactis IL1403
Cu4O3(pGKV21) 168(ApAMj31) pgKV21 ApAM,1

S. cremoris F16 0.5 x 10-5 1.3 x 10-5 3.0 x 10-5 3.6 x 10-4
S. cremoris H61 <2.5 x 10-7 <2.5 x 10-7 <2.5 x 10-7 5.8 x 10-4
Streptococcus strain NZ1240 2.4 x 10-7 3.1 x 10-6 9.4 x 10-6 3.3 x 10-
S. cremoris Wg2L <2.9 x 10-7 <2.9 x 10-7 <2.9 x 10-7 <2.9 x 10-7

a Fusions were performed according to the precedures described in Materials and Methods.
b The frequency of plasmid DNA transfer is expressed as the number of fusants per recipient.

4). Although Streptococcus strain NZ1240 could not be
transformed with pGKV110, fusants containing pGKV21
could be obtained with low frequency, indicating that proto-
plast fusion can be used as a successful alternative to
protoplast transformation.

Analysis of the plasmid content of a number of indepen-
dently obtained fusants showed that all had lost several
plasmids of the Streptococcus strain NZ1240 plasmid com-
plement (Fig. 1) when the fusions were done with donors
carrying pGKV21. However, when ApAMP1 was intro-
duced, no loss of components of the endogenous plasmid
population was observed (data not shown). Figure 1 also
shows that in the fusants which had acquired pGKV21, an
increased amount of a resident plasmid was present. How-
ever, the observation that the introduction of pGKV21 was
accompanied by the loss of plasmids suggests that plasmid
incompatibility is involved in the relatively poor acquisition
ofpGKV plasmids by S. cremoris strains. Strong support in
favor of this supposition is provided below.

Electroporation of S. cremoris Wg2L. The data above show
that plasmids are transformable to S. cremoris by protoplast
transformation and protoplast fusion. However, in general,
the frequencies of transfer were rather low. To investigate
whether alternative methods would produce higher frequen-
cies of transfer, we examined the possibility of electropora-
tion of S. cremoris Wg2L. This strain was chosen because it
was refractory to protoplast transformation and did not yield
fusants.
An overnight culture of S. cremoris Wg2L was diluted

100-fold in GM17 medium supplemented with 40 mM DL-
threonine to weaken the cell wall by incorporation of the
D-isomere. When DL-threonine was omitted, no transform-
ants could be obtained. After the culture grew to an optical
density of 0.2 at 660 nm, the cells were washed and concen-
trated 20-fold in electroporation buffer. After the suspension
was chilled on ice for 15 min, electroporation was carried
out.
The effect of the field strength on the frequency of

transformation is presented in Fig. 2 and shows that in the
trajectory from 3,000 to 3,750 V/cm, the number of CFU
increases. Microscopic analysis of the culture showed that
this increase is caused by breaking up of the streptococcal
chains. The decrease ofCFU observed in the trajectory from
2,750 to 5,000 V/cm is probably caused by lethal damage
inflicted on the cells during the electroporation procedure.
Figure 2 also shows that the frequency of transformation
increased proportional to the field strength and that the
highest number of transformants, 1,100 transformants per ,ug
of ApAMP1, was obtained at 5,000 V/cm.
We also examined the effect of multiple pulses on the

frequency of transformation and viability. Just one pulse at
5,000 V/cm gave the best results (data not shown).

I.
S
co
0.C

FIG. 1. Plasmid content of Streptococcus strain NZ1240
(pGKV21) obtained after fusions with S. lactis(pGKV21) and B.
subtilis(pGKV21). Lane 1, Plasmid content of Streptococcus
NZ1240 (before fusion). Lanes 2 to 5, Plasmid content of indepen-
dently obtained Streptococcus strain NZ1240(pGKV21) after fu-
sions with S. lactis(pGKV21) (lanes 2 and 3) and B.
subtilis(pGKV21) (lanes 4 and 5). Lane 6, pGKV21.

0
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10

field strength (V/cm)
FIG. 2. Transformation by electroporation of S. cremoris Wg2L.

Effect of field strengt-h on viability and transformation efficiency.
Electroporation was done at a capacitance of 25 ,uF.
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TABLE 5. Transformation by electroporation of
various S. cremoris strainsa

No. of
Strain transformants

per ,ug of DNA

S. cremoris F16 ........................................... 4,000
S. cremoris H61 ........................................... 50
Streptococcus strain NZ1240 ................................... <1
S. cremoris Wg2L ........................................... 20
S. cremoris E8L ................................. .......... 300
S. cremoris HpL ........................................... 60
S. cremoris NZ1250 ........................................... 760
S. cremoris 4847 ................................. .......... 1,200

a Electroporation was done at 5,000 V/cm and C = 25 ,F, with pGKV110
as the marker plasmid.

Effect of plasmid incompatibility on transformation. To
examine whether the electroporation procedure developed
for S. cremoris Wg2L was generally applicable, we electro-
porated various other strains of S. cremoris in the presence
of pGKV110. The results (Table 5) show that some strains,
such as S. cremoris H61, Streptococcus strain NZ1240, S.
cremoris Wg2L, and S. cremoris HpL, transformed rela-
tively poorly with pGKV110, whereas other strains, such as
S. cremoris F16 and 4847, were efficiently transformed. With
the exception of Streptococcus strain NZ1240, electropora-
tion was superior to protoplast transformation and proto-
plast fusion as a means to transfer plasmid DNA to S.
cremoris.

Analysis of the plasmid content of eight pGKV110-trans-
formed S. cremoris Wg2L colonies showed that, except for

one case, all transformants had lost the endogenous plasmid
pWV01 (data not shown). Apparently, the introduction of
pGKV110, which is derived from pWV01, one of the cryptic
plasmids of S. cremoris Wg2L (27), leads to the loss of
pWV01. Interestingly, when pGKV21, also derived from
pWV01 (27), was introduced into Streptococcus strain
NZ1240 by protoplast fusion, this also led to the loss of
several plasmids (Fig. 1). This observation, together with the
fact that those strains which lose components of the plasmid
complement upon introduction of pGKV vectors are poorly
transformable, suggested that the transformability of S.
cremoris is intimately related to plasmid incompatibility. On
the basis of this hypothesis, we expected that in other
strains, also difficult to transform with pGKV110, plasmids
showing homology with pGKV110 should be present. This
was analyzed by blot hybridization.
The results shown in Fig. 3 indicate that in S. cremoris

Wg2L-1(pGKV110) (lane 3), pGKV110 was present,
whereas pWV01 was absent. As expected, in S. cremoris
Wg2L (lane 4), pWV01 showed strong homology with
pGKV110. However, pWV02 also gave a hybridization
signal, indicating that homology existed between pWV02
and pGKV110. In S. cremoris HpL (lane 7), also poorly
transformable with pGKV110, a large plasmid was present
which also showed homology with pGKV110. This plasmid
also disappeared after the introduction of pGKV110 [S.
cremoris HpL(pGKV110) (lane 8)]. In Streptococcus strain
NZ1240 (lane 11), several plasmids were present showing
strong homology with pGKV110. Inspection of Fig. 1 (lanes
2 to 5) indicates that these plasmids had also disappeared in
Streptococcus strain NZ1240 as a consequence of the intro-
duction of pGKV21. Further support for our hypothesis that

FIG. 3. Hybridization analysis of several S. cremoris strains for homology with pGKV110. 32P-labeled pGKV110 was hybridized to
pGKV110 (lanes l) and to the plasmid complement of S. cremoris Wg2L(pGKV110) (lanes 2), S. cremoris Wg2L-1(pGKV110) (lanes 3), S.
cremoris Wg2L (lanes 4), S. cremoris E8L (lanes 5), S. cremoris E8L(pGKV110) (lanes 6), S. cremoris HpL (lanes 7), S. cremoris
HpL(pGKV110) (lanes 8), S. cremoris F16 (lanes 9), S. cremoris F16(pGKV110) (lanes 10), Streptococcus strain NZ1240 (lanes 11), and S.
cremoris H61 (lanes 12). Left panel, Plasmid profiles; right panel, Southern blot of left panel.
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plasmid transformation is dependent on plasmid incompati-
bility was derived from the observation that S. cremoris E8L
and F16, lacking plasmids which hybridized to pGKV110
(Fig. 3, lanes 5, 6, 9, and 10), were highly transformable with
this plasmid. The only exception was S. cremoris H61,
which was poorly transformable despite the absence of
homology between pGKV110 and any of the plasmids of the
plasmid complement of this strain. Apparently, factors other
than plasmid incompatibility determine the poor transforma-
bility of this strain.
The incompatibility between pWV01 and pGKV110 was

studied in more detail. S. cremoris Wg2L(pGKV110) still
containing pWV01 (Fig. 3 lane 2) was grown on GM17
medium without antibiotics. After 20 and 120 generations,
the cells were plated on GM17 plates without antibiotics and
replica plated on GM17 plates containing erythromycin.
After both 20 and 120 generations, the ratios of Emr and Ems
colonies were the same: 25% were Ems and 75% were Emr.
Apparently, 20 generations of growth in the nonselective
medium sufficed to eliminate pGKV110 from 25% of the
cells. Plasmid analysis confirmed that pGKV110 was lacking
from the Ems colonies and also showed that pWV01 was still
present. Plasmid analysis of the Emr colonies showed that
pWV01 had been lost (data not shown). These results
indicate that the competing activity of pGKV110 is superior
to that of pWV01.

Plasmid analysis of Emr colonies obtained after 120 gen-
erations of growth in the nonselective medium showed that,
in addition to loss of pWV01, in 60% of the cases investi-
gated, pWV02 was also absent [S. cremoris Wg2L-
1,2(pGKV110)] (Fig. 4). This shows that pWV02 is also
incompatible with pGKV110, which is in accordance with
the observation that this plasmid showed homology to
pGKV110 (Fig. 3, lane 4). To investigate whether this
incompatibility might also result in the loss of pGKV110, S.
cremoris Wg2L-1(pGKV110), that is, S. cremoris Wg2L
lacking pWV01, was grown for 120 generations in nonselec-
tive medium. No Ems colonies were detected, indicating that

1 2 3 4 5

pWV02

FIG. 4. Plasmid content of Emr colonies from S. cremoris
Wg2L(pGKV110) after growth on GM17 medium without selective
pressure. Lanes: 1, plasmid content of S. cremoris Wg2L; 2,
plasmid content of S. cremoris Wg2L(pGKV110); 3, plasmid con-
tent of S. cremoris Wg2L-1(pGKV110); 4, plasmid content of S.
cremoris Wg2L-1,2(pGKV110); 5, pGKV110.

the incompatibility between pGKV110 and pWV02 was
unidirectional, in the sense that pGKV110 was retained, but
pWV02 was lost.

DISCUSSION

To improve S. cremoris, the major component of meso-
philic starter cultures, by recombinant DNA technology,
efficient systems for the transfer of recombinant DNAs are
required. However, the various strains of S. cremoris are
poorly, if at all, transformable by naked DNA. The present
study shows that the regeneration efficiency is an important
factor in the efficiency of protoplast transformation. All
strains of S. cremoris used in this study gave increased
frequencies of transformation when the cells were regener-
ated on SR medium, concomitant with increased regenera-
tion capacities.
As an alternative to transferring plasmid DNA to S.

cremoris, protoplast fusions with S. lactis and B. subtilis
were used. Whereas in all fusions tested, except for S.
cremoris Wg2L, ApAMP1 was readily transferable, although
with varying efficiencies, the transfer of pGKV21 was suc-
cessful only with S. cremoris F16 and Streptococcus strain
NZ1240. It is not immediately clear why the considerably
larger ApAMP1 should be transferred more easily than
pGKV21. Rather, the contrary would be expected. How-
ever, the more efficient transfer of ApAM,31 may be related
to its higher copy number in B. subtilis and S. lactis.
ApAMP1 has a copy number of about 80 in both B. subtilis
and S. lactis, whereas pGKV21 had a copy number of only
4 in both species. The less efficient transfer of plasmids
involving fusions of S. cremoris with B. subtilis as compared
with fusions with S. lactis may be caused by the decreased
efficiency of regenerating protoplasts having a cytoplasmic
membrane in which pieces of unrelated membrane are
incorporated.

In general, transformation by electroporation proved to be
superior over protoplast transformation and the transfer of
plasmids by protoplast fusion, but again the transfer of
ApAMP1, at least in S. cremoris Wg2L, was much more
efficient than that of the pGKV vectors.

Analysis of the plasmid content of S. cremoris Wg2L after
introduction of pGKV110 by electroporation showed that
most transformants had been cured of pWV01. Loss of
plasmids was also observed in Streptococcus strain NZ1240
after the introduction of pGKV21. We conjectured that
plasmid incompatibility might be a decisive factor with
respect to transformation efficiency. If this hypothesis is
correct, one would expect that other poorly transformable
strains like S. cremoris HpL and H61 would harbor plasmids
showing incompatibility, and thus homology, with pGKV
vectors. Blot hybridization proved that, indeed, the plasmid
complement of S. cremoris Wg2L, Streptococcus strain
NZ1240, and S. cremoris HpL contained components which
were homologous to pGKV110. Moreover, after introduc-
tion of pGKV vectors, these plasmids had disappeared (Fig.
3), indicating plasmid incompatibility.
The copy number of the resident incompatible plasmid

also appears to affect the efficiency of DNA transformation.
In S. cremoris HpL in which the incompatible plasmid was
present in low copy number, the effect of plasmid incompat-
ibility seemed to be less dramatic than in S. cremoris Wg2L
and Streptococcus strain NZ1240, in which the endogenous
incompatible plasmids were present in high copy number.
For S. cremoris H61, no homology was observed of

components of the plasmid complement with pGKV vectors.
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In accord with this was the observation that after introduc-
tion of pGKV110 in S. cremoris H61, no loss of plasmids was
observed (data not shown). Nevertheless, the strain con-
tinued to be poorly transformable, pointing at the existence
of other factors, preventing the stable introduction of
pGKV110. These factors also prevented the transfer of
ApAMP1 from B. subtilis by heterospecific protoplast fu-
sion.
To follow the fate of pGKV110 introduced by electropo-

ration in S. cremoris Wg2L, we grew the transformed
recipient for 20 and 120 generations in the absence of
selective antibiotics. After both 20 and 120 generations,
pGKV110 was lost with a frequency of 25% from the
population. However, the colonies which were still resistant
to erythromycin after 120 generations not only had lost
pWV01, but in 6 of 10 cases had also lost pWV02, indicating
that this plasmid is also incompatible with pGKV110. This is
in accordance with the observation that this plasmid gave a
hybridization signal with pGKV110 (Fig. 3, lane 4).

In contrast to segregational instability of pGKV11O in the
presence of pWV01, from which it was derived, the plasmid
was completely stable in the absence of selective pressure
after it had eliminated pWV01 from the recipient.
An interesting question concerns why pWV01, and ulti-

mately pWV02, are lost more easily from S. cremoris Wg2L
than pGKV11O in the absence of selective pressure (75% loss
of pWV01 and 25% loss of pGKV11O). With respect to the
pWV01 moiety in pGKV110, a particular ClaI fragment is
missing (27). One explanation for the superior competition of
the vector is that this fragment contains a sequence on which
a protein involved in the incompatibility phenomenon must
act. A second point of interest concerns the observation that
we have never seen loss of pWV01 or pWV02 in S. cremoris
Wg2L, although pGKV110, and therefore pWV01, are
weakly incompatible with pWV02. One possibility to explain
this is that pWV01 and pWV02 weakly compete at the level
of replication, but use different attachment sites during
segregation over the daughter cells.
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