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cloned and expressed in these organisms. Although the
transformants were unable to grow on lactose, high level
expression of the 3- galactosidase was exhibited by some

transformants.
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Development and use of Genetic Techniques for

Study of Dairy Leuconostoc Bacteria

Introduction

The primary function of Leuconostoc bacteria in the
manufacture of fermented dairy products is the production of
flavor compounds. The necessity of combining these organisms
with acid-producing lactococci causes formidable complications.
The differences in growth requirements of the two groups of
bacteria complicate the production of high quality fermented milk
products (1). The most common defect in many cultured dairy
products is the lack of sufficient diacetyl (8), a compound
produced by Leuconostoc during metabolism of citrate. The
development of Leuconostoc strains with enhanced properties (i.e.
elevated diacetyl production and elevated acid production from
lactose) would be of considerable benefit to the dairy industry.

The use of molecular techniques to improve the quality of
Leuconostocs as starter bacteria is quite attractive. By using
appropriate techniques, it should be possible to stabilize
characteristics now considered desirable for strains used as dairy
starter cultures. Examples of such achievements are found for the
lactococci, a group where the molecular genetics are more
advanced than for the Leuconostoc. For example, McKay and



2

Baldwin (3) were able to stabilize lactose utilization in a
Lactococcus strain by integration of the appropriate plasmid
encoded genes into the genome. The development of chromosomal
insertion vectors for the lactococci (2,4) now simplifies the
procedure.

Another exciting procedure is the use of heterologous gene
expression to infuse new or novel characteristics into strains of
starter bacteria. Several examples of expression of heterologous
genes have been published for the lactococci. Strains which
express lysozyme (7), the Bacillus neutral protease (6), and bovine
chymosin (5) have been developed. Regrettably, the Leuconostoc
have not received any efforts in this area. A major obstacle has
been the lack of genetic techniques and understanding of this
group of bacteria. These are the circumstances which sparked the
development of this study.

The purpose of this work was to develop molecular genetic
techniques for the study of the Leuconostoc bacteria used in dairy
starter cultures. Chapter 2 describes a high efficiency

transformation procedure for use with all species of dairy
Leuconostoc. Transformation frequencies as high as 2 x 106 per
microgram of DNA were achieved for some strains. This study also
identified a series of cloning vectors which are functional in
Leuconostoc.

Chapter 3 details the characterization of an extremely stable
plasmid (pMBB1) isolated from Enterococcus faecium 226, that has
the ability to replicate in Leuconostoc. Cloning, sequencing and
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hybridization analyses indicated that the plasmid is not of the
rolling circle replication type. limited homology to the lactococcal
plasmid pCI305 indicates that pMBB1 may well be a member of
this new family of vectors. A small useful cloning vector
(pHW800) was derived from pMBB1. The vector, pHW800, is 3.8
Kb in size, contains 18 unique restriction sites and carries a
chloramphenicol resistance marker.

Chapter 4 describes cloning and expression of Streptococcus
thermophilus ft- galactosidase in Leuconostoc spp. High level
expression was observed in some strains of Leu. cremoris and Leu.
dextranicum, although the level of expression was strain
dependent. This work demonstrates that Leuconostoc spp. are
amenable to the molecular modifications previously applied to
other groups of bacteria.
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CHAPTER I

Review of Literature

Bacteria of the Leuconostoc genus are used as component
strains in dairy starter cultures where their primary purpose is to
produce flavor compounds such as diacetyl, ethanol, acetate,
lactate and carbon dioxide (6). They are used in the production of
products such as cultured buttermilk, cottage cheese cream
dressing, sour cream, and cream cheese. Leuconostoc are also
used in starters for Edam and Gouda cheeses where they
contribute to eye formation (6)

The production of flavor by Leuconostoc is primarily due to the
synthesis of diacetyl during metabolism of citrate. The production
of diacetyl and its degradation are traits that presently are
difficult to control. Two pathways have been proposed for the
synthesis of diacetyl. The classical pathway involves condensation
of acetaldehyde-TPP and acetyl-CoA catalyzed by diacetyl
synthetase (6). Recently production of diacetyl by chemical
oxidation and decarboxylation of u- acetolactate, an intermediate of
citrate metabolism, has received substantial support (33,35). Once
diacetyl is formed by cultures, it is susceptible to degradation to
acetoin and 2,3 butylene glycol by diacetyl reductase and acetoin
reductase respectively (6) . The latter two reactions provide a
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means for the regeneration of oxidized cofactors (NAD(P)+) by the
cultures (6), but the end products are flavorless and odorless.

Leuconostoc bacteria are very fastidious in their growth
requirements. Some strains require a variety of compounds
including purines, pyrimidines, riboflavin, pyridoxal, folic acid, and
certain amino acids (15). Several additives will stimulate the
growth of leuconostocs in milk. These include glucose (13), yeast
extract (6), and manganese (5). Stimulation of Leuconostoc by the
first two additives may result from the inability to obtain

sufficient fermentable carbohydrates (i.e. unable to use lactose)
and due to the inability to hydrolyze milk proteins and liberate
amino acids and peptides required for growth.

An extracellular proteolytic system has never been identified
for the Leuconostoc. In a survey of thirteen Leuconostoc strains,
no proteolytic activity could be detected after 48 hours of growth
in milk (23). A proteolytic system is essential in order for
lactococci to grow well in milk (34). Much effort has gone into
characterizing the proteinase system of lactococci in order to
insure stable maintenance of this trait by dairy starter cultures (8)
The intracellular peptidases of Leuconostoc have been
characterized by El-Shafei et al. (10). It was shown that these
bacteria have a complex peptidase system consisting of
dipeptidases and aminopeptidases which is similar to several other
lactic acid bacteria (11)

The taxonomy of the Leuconostoc has recently undergone
drastic modification. The traditional classification developed by



7

Garvie (14) contained four species. Within the last two years, six
new species have been proposed for organisms which were newly
isolated and for strains reclassified from other species. Some of
the new species differ phenotypically only slightly from the
classical species and were classified primarily based on lack of
DNA homology with type strains. Table 1.1 lists the four classical
species and the six recently recognized species. The sudden
addition of several new species is an indication of how neglected
this group has been since the work of Garvie (14) in the early
1980's.

The majority of cloning vectors used in lactic acid bacteria are
based on the origins of replication of pSH71 (9) and pWV01 (20),
both of which are small cryptic plasmids of lactococci. These two
origins are virtually identical, with pSH71 lacking only a 59 by
repeat found in pWV01 (21). Recently a new family of vectors
was developed from another small cryptic lactococcal plasmid
pDI21 (36,37). These three origins have several characteristics in
common. Their origins of replication are very similar to the
staphylococcal plasmid pE194 (21,38), they replicate by way of a
single stranded DNA intermediate (21,38) and they are able to
replicate in E. coil as well as a variety of Gram positive bacteria
(9,21,36). The ability to drive replication from a single origin in
both Gram negative and Gram positive hosts is beneficial as it
extends the versatility of the vector without adding to its
complexity.
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The lack of both structural stability and the ability to be stably
maintained is well documented in plasmids which replicate via a
single stranded intermediate (1,18,25,26). A review by Gruss et
al. (16) describes several factors which influence the fidelity of the
rolling-circle replicating plasmids. It appears that most instability
problems are attributable to the presence of large amounts of
single stranded DNA within the host. Single stranded
intermediates increase the frequency of deletions (26) and provide
targets for intermolecular and intramolecular homologous
recombination (16). Both are characteristics which decrease the
usefulness of vectors constructed with rolling-circle origins of
replication.

The streptococcal plasmid pAlvIgI (4) has been shown to be a
stably maintained plasmid (18), but its use is limited due to its
large size (26.5 Kb). Although smaller derivatives have been
constructed (18,32), vectors which contain a variety of unique
restriction sites have yet to be developed.

Electroporation is a relatively new method of transforming
bacteria that is rapidly gaining acceptance. It involves the
application of an electrical field to a suspension of bacterial cells in
a low ionic medium which causes depolarization of the cellular
membrane. The resulting transient permeabilization allows entry
of transforming DNA into the cells. The exact molecular
mechanisms of electroporation have yet to be determined (2).

This method has allowed the development of transformation
procedures for organisms which have no natural competence
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system and for organisms which cannot be chemically induced to
competence. A review by Chassey et al. (3) lists the organisms
that have been transformed using this technique.

Genetic transformation of Leuconostoc using electroporation
was described by David et al. (7) and Luchansky et al. (22). The
procedure developed by Luchansky et al. (22) was a general
procedure applicable to nine genera of Gram positive bacteria but
was used to transform only two strains of Leuconostoc and at low
frequencies (1.1 x 104 and 7.7 x 103 per erg DNA). The conditions
employed by David et al. (7) were designed for a single strain of
Leu. paramesenteroides and application of the procedure to other
strains was not examined.

Studies involving the molecular genetics of Leuconostoc lag far
behind those of other lactic acid bacteria. However several studies
have been conducted. An initial study reported by Orberg and
Sandine (27) noted the presence of plasmids in Leuconostoc . In
the study, all strains examined except Leu. oenos contained at
least one plasmid (27). To date, the only plasmid encoded gene
which has been conclusively identified in Leuconostoc is theri-
galactosidase gene on plasmid pNZ63 in Leu. lactis NZ6009 (7).

Conjugation, both intrageneric and intergeneric, has been
demonstrated with Leuconostoc (28). Using filter mating
techniques, broad host range plasmids pIP501 and pAM131 were
transferred into Leu. cremoris and Leu. dextranicum strains with
streptococcal and lactococcal strains serving as the donors. The
transfer of these plasmids between the two Leuconostoc species
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was also achieved. However, no efforts were made to show
transfer or expression of genes which had been cloned into the
vectors.

The transfer of transposon Tn919 to leuconostocs via
conjugation was documented by Hill et al. (17). Leu. cremoris X2
Sm was able to act as a recipient for Tn919 when mated to
Enterococcus or Lactococcus donors. The Leuconostoc strain
could serve as a donor of Tn919 in matings with Lactococcus lactis.
To date, no attempts have been reported where transposons have
been used for directed mutagenesis or for genetic transfer in
Leuconostoc. The recent report of the presence of insertion
sequences within the chromosome of Leu. cremoris (19) might
well facilitate the use of chromosomal insertion vectors as a
genetic tool for Leuconostoc. An analogous approach has already
been established for the lactococci using insertion sequences
unique for that genus (29).
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Table 1.1 Current Leuconostoc species

Species Basis for new species

1. Leu. mesenteroides spp. mesenteroides
Leu. mesenteroides. spp. dextranicum
Leu. mesenteroides. spp. cremoris

2. Leu. lactis
3. Leu. paramesenteroides
4. Leu. oenos
5. Leu. pseudomesenteroides
6. Leu citreum
7. Leu. amelibiosum

8. Leu. gelidum

9. Leu. carnosum

10. Leu. fallox

DNA:DNA Hybridization
DNA:DNA Hybridization
DNA:DNA and DNA:RNA
Hybridization
DNA:DNA Hybridization and (31)
Cellular Fatty acid composition
DNA:DNA Hybridization and (31)
Cellular Fatty acid composition
16S rRNA sequence (24)

(12)
(12)
(30)
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ABSTRACT

Conditions that allow efficient genetic transformation of dairy
Leuconostoc by electroporation were determined. The technique
allowed transformation of Leuconostoc mesenteroides ssp.
cremoris, Leuconostoc mesenteroides ssp. dextranicum, and
Leuconostoc lactis with plasmid pNZ12. Optimized conditions
resulted in transformation efficiencies of up to 2 x 106/pg of
pNZ12 DNA for Leu. cremoris 44-4. Further, cloning vectors
pNZ18, pGK12, pGK13, pGL3, pBD64, pGB301, pDB101, and pAMB1
from lactococcal, Bacillus, and Escherichia hosts were introduced
and maintained by Leu. cremoris 44-4, extending the range of
vectors functional in Leuconostoc.
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INTRODUCTION

Electroporation has been demonstrated to be an effective
method for transforming a broad range of prokaryotic as well as
eukaryotic organisms. Various Gram-positive lactic acid bacteria,
organisms for which no natural competence system has been
established, have been transformed by electroporation. A review
by Chassey et al. (5) describes the species that have been
transformed using this technique.

Recently, two reports have been published that describe
transformation of members of the genus Leuconostoc (7,16).
However, the electroporation buffers and the voltage levels used
in these studies resulted in absence or extremely low levels of
transformation when applied to strains used in this study. These
species form a separate phylogeneic subgroup indicating a lack of
close relatedness with other Leuconostoc (27). We, therefore

developed conditions for transformation of these Leuconostoc

species. Optimization of voltage levels and buffer composition
were made to obtain high frequency transformation in
Leuconostoc mesenteroides subsp. cremoris, Leuconostoc
mesenteriodes subsp. dextranicum, and Leuconostoc lactis, the
species most commonly used in dairy fermentations. Further, we
report here the selection for and maintenance of several cloning
and shuttle vectors, successfully used in other Gram-positive
bacteria. Because transformed Leuconostoc proved much more
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difficult to lyse during plasmid DNA isolation procedures, a
modified lysis protocol for the tranformants was developed.
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MATERIALS AND METHODS

Bacterial strains and media.

Strains and plasmids used in this study are listed in Tables 2.1
and 2.2. Leuconostoc strains were maintained in MRS-V8 broth
(55 g dehydrated MRS broth (Difco), 250 ml filtered V-8 juice
(Campbell Soup Co.) per liter), lactococci were maintained in M17G
(M17 with 0.5% glucose) (26) containing chloramphenicol or
erythromycin at 5 pg per ml, and Bacillus and Escherichia coli

strains were maintained in LB medium (20) containing
chloramphenicol at 7.5 and 10 pg per ml, respectively.

Plasmid isolation.

Plasmid DNA for transformations was extracted from Bacillus
and lactococcal strains by the large scale method of Anderson and
McKay (1); plasmid DNA was isolated from E. coli by the procedure
of Birnboim (4). Deoxyribonucleic acid was purified by banding
twice in cesium chloride-ethidium bromide density gradients.
Ethidium bromide was extracted with water-saturated n-butanol
and cesium chloride was removed by ultrafiltration using
Centricon 30 microconcentrators (Amicon, Danvers, Ma.). Tris-
EDTA buffer (10mM Tris pH 7.4, 1mM EDTA) was used as the
exchange and reconstitution solution. The concentration of DNA
was determined spectrophotometrically at optical density of 260
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Plasmid DNA was isolated from Leuconostoc transformants
grown under non-selective conditions by a modification of the
procedure of Anderson and McKay (1). This modification included
an additional incubation of the cells with a proteolytic enzyme
following digestion of the cell wall by lysozyme, Proteinase K

(Sigma Chemical Co.), 10 mg per ml in distilled water, was added to
the cell suspension at the final concentration of 100 pg per ml and
incubated at 5500 for 30 min. Alternatively, Pronase E (Sigma
Chemical Co.), 20 mg per ml in distilled water, was added at 200 pg
per ml and incubated at 370c for 30 min. After proteolytic

digestion, the remainder of the Anderson and McKay procedure
was followed.

Transformation.

Cells used in transformations were grown in 50m1 MRS-V8
broth at 300C to an optical density at 600nm of 0.6. Cells were
harvested by centrifugation, washed twice with one half original
culture volume of ice cold distilled water (Millipore, Bedford, MA),
then washed once with 0.1 original culture volume of ice cold
electroporation buffer (EPB). EPB was 1mM K2HPO4- KH2PO4, pH
7.4, containing 1 mM MgC12 and either 0.5 M sucrose, 0.5 M
maltose, or 0.3 M raffinose. Washed cells were resuspended in
0.02 original culture volume of ice cold EPB and kept on ice until
used.

Transformation was performed using a Gene-Pulsar unit
combined with a Pulse Controller (Bio-Rad, Richmond CA).
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Cuvettes with an interelectrode distance of 0.2 cm were employed.
Forty microliters of concentrated cells were mixed with 1.0 ug
transforming DNA in a microfuge tube, transferred to cold

electroporation cuvettes, and placed on ice for 5 min. The mixture
was then given a single discharge from a 25 pF capacitor with
various pulse controller and voltage settings. Immediately
following the pulse, cells were resuspended in MRS-V8 broth to a
final volume of 1 ml and incubated for 1 hour at 3000. Dilutions of
the transformed cells were made in MRS-V8 broth and spread
plated on MRS-V8 agar (MRS-V8 broth supplemented with 1.5%
agar) containing chloramphenicol or erythromycin (Sigma) at 5 pg
per ml. After 48 hours of incubation at 300C, transformation
frequencies were calculated and isolated colonies selected for
confirmation of transformation. Acquisition of the transforming
plasmid was confirmed by agarose gel electrophoresis (18) of
plasmid DNA isolated from putative transformants. Transformants
were maintained in MRS-V8 broth containing chloramphenicol or
erythromycin at 5pg per ml. Controls receiving no DNA were
included in each experiment. Escherichia coli V517 plasmids (17)
were used as molecular size standards.
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RESULTS

Optimization of transformation protocol.

Sucrose has been the most utilized osmotic stabilizer in

electroporation buffers used for transformation of lactic acid

bacteria (5,7,16) although raffinose also has been used (25) Initial
experiments with Leu. cremoris 44-4 indicated that the optimal
voltage for transformation of this strain was near 8kV/cm in

electroporation buffer containing 0.5 M sucrose (Fig.2.1).

Subsequent experiments with other Leuconostoc strains yielded

similar results. Substitution of either maltose or raffinose for

sucrose in the electroporation buffer resulted in a 10-fold decrease
in transformation frequency in Leu cremoris 44-4 with pNZ12 as
the transforming plasmid (Fig. 2.2). Conditions from these

experiments which gave optimal transformation frequencies in
Leu. cremoris 44-4 (8kv/cm, 400 Ohms, and sucrose-containing

buffer) were employed in subsequent experiments. Such
conditions gave decay time constants consistently in the range of
8-9 msec.

Resuspension of a pelleted 50 ml culture (optical density at 600
nm = 0.6) in 1 ml electroporation buffer resulted in cell counts of
2x1010 cells per ml for Leu. cremoris 44-4. Following

electroporation, counts were still at 2x1010 per ml, indicating that
little or no cell death occurred during electroporation.
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Transformation of Leuconostoc.

The vectors introduced into Leu. cremoris 44-4 are listed with
their transformation frequencies in Table 2.3. Nine plasmids

ranging is size from 4.3 to 26.5 kb were introduced into this strain.
As the size of the transforming plasmid increased, transformation
frequency decreased concomitantly. Agarose gel electrophoresis of
isolated plasmids confirmed the acquision of vectors by Leu.

cremoris 44-4 transformants (Fig. 2.3)

Table 4 shows other Leuconostoc strains that have been
transformed using the vector pNZ12 and the corresponding

transformation frequencies observed for each strain. Figure 2.4 is
a photograph of the plasmid profiles of the transformants
containing pNZ12.

Selection of Transformants.

Selection of transformants with either chloramphenicol or
erythromycin was possible for strains used in this study. No
spontaneous antibiotic resistant colonies grew on control plates
containing 5 pg/ml chloramphenicol or erythromycin, and all
presumptive transformants examined had acquired the
transforming plasmid as determined by agarose gel separation.

Chloramphenicol selection allowed for recovery of more
transformants than selection by erythromycin in Leuconostoc.
Selection of transformants for plasmids each containing both
resistance genes (pGK13 and pGB301) was done on the same
transformed cells, resulting in at least 50% more chloramphenicol
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resistant transformants produced than erythromycin resistant
transformants (data not shown). Neither the total number ofcells
nor the chloramphenicol resistant cell count increased during
incubation in MRS-V8 broth for up to 2 h following transformation
(data not shown).

Additional Electroporation Parameters.
Cells frozen in electroporation buffer at -700C could be stored

for subsequent use. However, a gradual loss in transformability
was observed. A 10-fold decrease in transformation frequency of
Leu. cremoris 44-4 occured over a 90-d storage period (data not
shown).

The addition of 2-mercaptoethanol to the electroporation buffer
in 1 mM concentrations increased the transformation frequencies
of some of the strains. Strains Leu cremoris 44-4, Leu. cremoris
19254, and Leu. dextranicum 19255 all exhibited minor increases
in transformation frequencies in the presence of the reducing
agent (data not shown).

All Leuconostoc strains in this study contained a native plasmid
or plasmids (Table 2.1.). No change in mobility of the native
plasmids was noted for any of the Leuconostocs upon acquisition
of a transforming plasmid (Figures 2.3 and 2.4).
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DISCUSSION

Conditions for transforming several Leuconostoc species have
been determined. Higher voltage pulses were required than
indicated by Luchansky et al.(16) and David et al.(7). Negligible
cell death was observed in this study which is in accordance with
David et al.(7).

We have shown that a variety of replicons can be introduced
and maintained into Leuconostoc. These replicons originated in
Gram positive microorganisms of the Lactococcus, Streptococcus
and Bacillus genera.

Transformation frequencies observed in this study were higher
when sucrose was used as the osmotic stabilizer in EPB (Fig. 2).
Somkuti and Steinberg (25) used raffinose as the osmotic stabilizer
in EPB when electroporating Streptococcus thermophilus and Otts
and Day (22) reported that maltose was the osmotic stabilizer of
choice when regenerating protoplasts of Leu. mesenteroides.

However, substitution of these sugars for sucrose decreased the
frequencies of transformation for the strains used in this study.

Selection for chloramphenicol resistance allowed for greater
recovery of transformants. This may have been due to the need
for a longer expression period for the erythromycin resistance
gene than for the chloramphenicol resistance gene and may be
corrected by lengthening the incubation period between
transformation and plating. Although a one hour expression
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period was used in this study, a two hour or greater period may
improve frequencies with erythromycin selection.

Reducing agents increased transformation frequencies observed
in some strains of Leuconostoc. Gilliland and Speck (11,12) studied
the mechanism of inactivation of microorganisms by

electrohydraulic shock and indicated that free radicals generated
during the discharge of a capacitor may be involved. When the
reducing reagent 2-mercaptoethanol was included in the
electroporation buffer, the number of survivors did not increase,
but for some strains, increased transformation frequencies
occurred when the reducing agent was present. Dilution of the
cells in growth medium immediately after pulsing may also
provide benefits similar to a reducing agent by reducing the
concentration of free radicals or by providing substrates for
oxidation reactions. Significant decreases in transformantion
frequencies have been observed in electrotransformed E. soli
strains that were not diluted in media immediately following
transformation (10).

There is considerable interest now among several research
laboratories on genetic exchange between Leuconostoc and
lactococci (7,8,14,23). Lactococci, widely used in milk

fermentations, suffer from plasmid instability, especially for the
proteinase gene(19). We have noted as have David et al. (7) that
plasmids introduced into Leuconostoc are extremely stable and the
advantages, therefore, of introducing proteinase and lactose genes
into these organisms are obvious. Such Leuconostoc also may be
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more phage resistant than lactococci. Hopefully the improved
electrotransformation system described here will facilitate these
developments leading to improved Leuconostoc for milk
fermentations.
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Table 2.1. Recipient strains for transformation by electroporationand their plasmid complement and the source of reference
plasmids.

Plasmid
Strain Source Compliment(Kb)

E. coLi V517 OSU 56,7.6,5.8,5.3,
4.

Leu. cremoris 44-4 E.Vedamuthu
Leu. cremoris 19254 ATCC

Leu. dextranicum 181 OSU
Leu. dextranicum 19255 ATCC
Leu. lactis 19256 ATCC

1,3.2,2.8,2.1
18.5

61.5,22.0,19.5,
12.2,6.2

42.5
26.5

17.1,3.6

Reference

17

24
This study

21
This study
This study
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Table 2.2. Vectors transformed into Leuconostoc by
electroporation.

Vector Size (Kb) Host Drug resistance Reference

pNZ12 4.3 E. coli MC1061 CM1 KM2 9
pNZ18 5.7 E. coli MC1061 CM KM PC3
pGK12 4.9 B. subtilus 8G5 CM EM4 15
pGK13 4.5 B. subtilus 8G5 CM EM PC5
pGL3 5.0 E. coli MC1061 CM KM PC5
pBD64 4.9 B. subtilus BD170 CM KM 13
pDB101 8.3 Lc. lactis JK101 EM 3
pGB301 10.1 Lc. lactis JK301 CM EM 2
pAM31 26.5 Lc. lactis 2103(3 EM 6

1Chloramphenicol
2Kanamycin
3Personal Communication W.M. deVos
4Erythromycin
5Personal Communication J. Kok
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TABLE 2.3. Transformation frequencies of various vectors in L.
cremoris 44-4. Pulse controller setting of 400 and 1mM 2-
mercaptoethanol in the electroporation buffer.

Vector Transformants /ug DNA Antibiotic selection

pNZ12 2.0x106 CM
pNZ18 2.0x106 CM
pGL3 7.0x105 CM
pGK12 8.2x105 OM
pGK13 1.0x106 CM
pBD64 2.3x104 CM
pGB301 1.5x105 CM
pGB101 9.7x103 EM
pAMB1 6.0x101 EM

Chloramphenicol CM,
Erythromycin EM
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TABLE 2.4. Transformation frequencies of Leuconostoc strains
using pNZ12.

Transformants/ug pNZ12

Strain 1mM 2-mercaptoethanol No reducing agent

Leu.de,ictranicum 181 1.0x101 1.0x102
Leu.cremoris 19254 2.0x101 1.0x101
Leu.dextranicwn 19255 7.6x104 6.0x104
Leu.lactis 19256 2.8x102 1.2x103
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FIGURE 2.1. Transformation frequencies of Leuconostoc
mesenteroides ssp. cremoris 44-4 with pNZ12 at increasing voltage
levels. Gene pulsar settings were 400 ohms and 2 5pF.
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FIGURE 2.2. Transformation frequencies of Leuconostoc
mesenteroides ssp. cremoris 44-4 with pNZ12in electroporation
buffer containing sucrose(EPBS), maltose (EPBM), and raffinose
(EPBR).
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FIGURE 2.3. Plasmid profiles of Leu. cremoris 44-4 transformants.
Lane A E. con V517, Lane B pNZ12, Lane C pNZ18, Lane D pGK12,
Lane E pGK13, Lane F pGL3, Lane G pBD64, Lane H pGB301, Lane I
pDB101, Lane J pAMpI
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FIGURE 2.4. Plasmid profiles of Leuconostoc species transformed
with pNZ12. Lane A Leu. cremoris 44-4, Lane B Leu. cremoris

44-4 + pNZ12, Lane C Leu. dextranicum 181, Lane D Leu.
dextranicum 181 + pNZ12. Lane E Leu. cremoris 19254, Lane F Leu.
cremoris 19254 + pNZ12, Lane G Leu. dextranicum 19255, Lane H
Leu. dextranicum 19255 + pNZ12, Lane I Leu. lactis 19256, Lane J

Leu. lactis 19256 + pNZ12.
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ABSTRACT

A small cryptic plasmid pMBB1 isolated from Enterococcus faecium
226 was characterized The plasmid contained an extremely
stable replicon which has limited homology to the lactococcal
plasmid pCI305. Sequence analysis of the origin detected one
open reading frame of 822 by capable of encoding a 32 Kdal

protein corresponding well with the results of an in-vitro

transcription-translation reaction. No detectable single stranded
intermediates were found for the replicon suggesting PMBB1 may
be included in the same family as pCI305 although pCI305
exhibits a more narrow host range. A small stably maintained
vector containing a large multiple cloning region was constructed
using the pMBB1 replicon
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INTRODUCTION

Most vectors for lactic acid bacteria are rolling circle replicating
plasmids which replicate using single stranded intermediates
(16,25). While these plasmids have been indispensable in
development of gene cloning systems in lactic acid bacteria,
problems with the stability of plasmids which replicate by a single
stranded intermediate are well documented (2,8,18,20). Cloning

vectors that replicate without the use of a single stranded
intermediate are beneficial as shown by derivatives of pAMp 1 (4),

a plasmid which replicates without the use of a single stranded
intermediate (13)

Preliminary examination of the small cryptic plasmid of
Enterococcus faecium 226 indicated it contained a replicon capable
of stable maintenance. Further characterization located the origin
to a 1.9 Kb region and led to the development of a small stable
cloning vector. The nucleotide sequence is presented and
relationship to the lactococcal plasmid pCI305 is discussed.
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MATERIALS AND METHODS

Bacterial strains and plasmids.

Bacterial strains and plasmids used in this study are listed in
Table 3.1. Escherichia coil cultures were grown in LB broth (17) at
3700, Lactococci were grown in M17G broth( M17 containing 0.5%
glucose) (22) at 300C and Enterococcus (En.) faecium was grown in
MRS broth (Difco) at 3000. Ampicillin (50 pg/ml for E. coli),
kanamycin (70 pg/ml for E. coif and chloramphenicol (20 erg /ml

for E. coil and 5 pg/ml for lactococci ) were added to media when
required. The identity of En. faecium 226 was confirmed by
analysis of cellular fatty acids by Micro Check Inc. (Northfield, VA)

DNA purification.

Plasmid DNA was purified from E. coli strains using Quiagen
plasmid columns (Quiagen Inc., Chatsworth, CA) per manufacture's
instructions. The procedure of Anderson and McKay (1) was used
to isolate plasmid DNA from lactococci and En. faecium 226. Single
stranded DNA was purified as described in Maniatis et al. (17).
The Geneclean kit (Bio 101 Inc. La Jolla CA) was used to purify
DNA from agarose. For detection of single-stranded replicative
forms, DNA was purified from whole cell lysates by the procedure
of Leenhouts et al. (16).
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Recombinant DNA procedures.

Restriction enzymes, ligase and Klenow enzyme were obtained
from BRL (Gaithersburg, MA) and New England Biolabs (Beverly,

MA) and were used according to manufacture's instructions.
Escherichia coli cultures were transformed by the CaC12 protocol
(17), while lactococci were transformed by electroporation (5)

using a Gene Pulsar apparatus (Biorad, Richmond, CA ).

Nucleotide sequence determination.

Isolated DNA fragments were cloned into vectors pUC118 and
pUC119 and were sequenced using the dideoxy chain termination
method with the Seqenase kit (United States Biochemical,

Cleveland, OH). Production of single stranded DNA was initiated
using the helper phage M13K07 (24). Universal primers as well as
primers synthesized on an ABI 380B synthesizer (Applied

Biosystems, Foster City, CA) were used. The sequence of both
strands was determined. DNA sequence analyses were carried out
using the Intellegenetics suite of programs (Intelligenetics Inc.
Mountainview, CA.).

In vitro transcription translation assay.

Agarose gel purified pMBB1 was used in conjunction with an E.
coli coupled transcription-translation assay system (Amersham
Corp., Arlington Heights, IL) to identify plasmid encoded gene
products. Labeled [35S] methionine was incorporated in the assay
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and following SDS-polyacrylamide gel electrophoresis (15) the
radiolabeled products were visualized by fluorography (3) using
Kodak X-OMAT AR film.

Southern Hybridization.

Whole cell lysates were electrophoresed on an agarose gel and
transferred to a nylon membrane (Zeta-probe, Biorad) using a
vacuum blotter (Hoefer Scientific Products, San Francisco, CA)
according to the membrane manufacturer's protocol.
Hybridizations were carried out using a Hybrid-Ease Hybridization

Chamber (Hoefer Scientific Products). The hybridization conditions
of Hardy et al. (9) were used. Radiolabeled probes were generated
using a random priming kit (Boehringer Mannheim, Indianapolis,
IN) following the manufacture's instructions to incorporate a-13211
dCTP (Amersham).

Plasmid stability determination.

To determine the stability of the pMBB1 replicon, Lactococcus
(Lc.) lactis cultures containing derivatives with antibiotic
resistance markers (pHW112, PHW700, and pHW800) were grown
for 50 and 100 generations without selection. Cultures were then
plated on nonselective media and at least 200 single isolates
transferred to selective medium to confirm the retention of
chloramphenicol resistance.
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RESULTS

Localization of the origin of replication

Restriction mapping determined the size of pMBB1 to be

approximately 2.85 Kb (Figure 3.1). The region required for
replication of the pMBB1 was located using two approaches. In the
first, MboI digested pMBB1 was ligated to the 1.4 Kb MboI
fragment of pGK12 which contains the cmr marker, and was
transformed into Lc. lactis 0230. Only constructions containing the
larger MboI fragment of pMBB1 were isolated, indicating that the
origin was located on this fragment. In the second approach, Mbol
digested pMBB1 was ligated to the BamHI digested on probe
vector pCI341 and was transformed into E. coil MC1061. The
resulting constructions were then used to transform Lc. lactis
0230. Only the constructions containing the 1.9 Kb MboI fragment

were able to transform Lc. lactis to cmr, again suggesting that the
origin resided on this fragment.

A series of subclones of the 1.9 Kb MboI fragment was
constructed in pCI341 to further locate the minimal region which
allowed replication (Figure 3.2). The 1.3 Kb Xbal-Mbol region was
able to allow replication of pHW3 51 in lactococci, however, the
deletion of the 0.5 Kb Hindi fragment from the right side negated
the ability of the plasmid to replicate in Lc. lactis 0230. The
insertion of a 173 by multiple cloning site into the BssHII site did
not eliminate the ability of the origin to replicate in Lc. lactis ,
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however it did decrease the ability of the plasmid to be stably
maintained in Lc. lactis (Table 3.2).

Nucleotide sequence analysis.

The sequence of the region shown to contain the origin of
replication for pMBB1 is shown in Figure 3.3. The G + C content of
the fragment was 33.8 %, slightly below the 38-39 % G + C reported
for the genome of En. faecium (19). The sequence had
approximately 60 % homology to the 1661 by region sequenced
from the Lc. lactis plasmid pCI305 (12). However the region of
greatest homology spanned the first 150 nucleotides of the pCI305
sequence and from nucleotides 660 to 810 of the pMBB1 sequence.
This region was not identified as being involved in the replication
of pCI305 and it is not believed to be necessary for replication of
pMBB1.

Analysis of the nucleotide sequence within the 1932 by region
revealed the presence of one large open reading frame (orf)
(repB). This orf extended from position 1045 to position 1867,
spanning 822 nucleotides and has the potential to encode a protein
274 amino acids in length with a molecular weight of 32,628
daltons. The orf is preceded by a consensus -10 region (10)
(TATAAT), a putative -35 region (ATAGTTG), and an area which
resembles the ribosomal binding site of some Gram positive

promoters (8,23) (GAAAGGAAAG). The predicted amino acid
sequence of the open reading frame exhibited some similarity to
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the replication protein of pCI305 in the region spanning amino
acids 140 to 170 (Figure 3.4).

Analysis also revealed the presence of two series of direct

repeats. The larger series consisted of four nearly perfect direct
repeats 22 by in length. The smaller series contained four repeats
that ranged from 7 to 10 by in length.

Two extremely AT rich segments preceded the orf. The first
was approximately 45 by in length and preceded the first series of
direct repeats. The second AT rich segment, which was

approximately 55 by in length, is directly in front of the start of
the orf and encompassed the -35 and 10 regions. The total A-T
rich area (repA) spanned approximately 350 by and included the
two series of direct repeats. These characteristics (i.e. tandem
repeats and runs of adenine residues) are analogous to many
plasmid origins of replication (21).

Construction of vectors.

The cloning strategies used in constructing plasmids used in
this study are shown in Figures 3.5, 3.6, and 3.7. The 1932 by
Mbol fragment of pMBBI was ligated to the 1434 by Mbol
fragment of pGK12, which contains the chloramphenicol resistance
gene of pC194, to form pHW112. pHW700 was constructed by
ligating the 173 by BssHII fragment containing the multiple
cloning site of pBluescript II KS- into the single BssHII site of

pHW112. The vector pHW800 was constructed by ligating the 448
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by PvuII fragment of pBluescript II KS- containing the multiple
cloning site, into the Klenow treated XbaI site of pHW112.

Plasmid stability

The stability of pMBB1 became apparent during attempts to
cure En. faecium 226 of the plasmid. In several attempts,
derivatives of the culture lacking the plasmid could not be isolated
(data not shown). In studies using pMBB1 derivatives (Table 2.2),
the ability of the replicon to be stably maintained was evident.
Plasmids pHW112 and pHW800 were maintained by greater than
95 % of the population after 100 generations of growth.

In-vitro expression of replication protein.
Analysis of in-vitro transcription translation assays driven

from pMBB1 revealed the production of a 35,000 molecular weight
protein by the E. coli extract system (Figure 3.8). This corresponds
well with the predicted molecular weight determined from the
nucleotide sequence of the pMBB1 orf and could be the gene
product of predicted open reading frame.

Hybridization analysis.

Hybridizations of whole cell lysates failed to detect the
presence of any single stranded intermediates of pMBB1 and its

derivatives. In Figure 3.9, lysates containing pMBB1, pHW112,

and pHW800 were hybridized to a radiolabeled probe consisting of
the 1.9 Kb MboI fragment of pMBB1. Only bands corresponding to
the molecular weight of the double stranded forms were detected.
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In Figure 3.10, a positive control (pGK13) which is known to

produce SS DNA is included with the pMBB1 derivatives pHW112

and pHW800. Hybridization with the labeled 1.4 Kb MboI
fragment of pGK12 which contains the chloramphenicol resistance
gene showed the presence of a single stranded intermediate in the
pGK13 lysate but no such forms were present with the pMBB1
derivatives.
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DISCUSSION

Unlike many small Gram positive plasmids, pMBB1 lacks a
consensus on site of the type (25) (TACTACGA) which is found in
many rolling circle replicating plasmids of the pE194 class. Also, a
lack of homology to any of the vectors of this type, as well as the
failure to detect any single stranded forms of pMBB1, verify that
this replicon does not belong to that class of plasmids.

The replication region of pMBB1 resembles the motif of the
lactococcal plasmid pCI305 and other Gram positive plasmids
(12,17) by containing an AT rich region followed by an orf which
presumably encodes for a replication protein. A lack of significant
homology between pCI305 and pMBB1 in the sequence which is
essential for replication of pMBB1 suggests a moderate
relationship between these plasmids.

The origin of replication of pMBB1 has a somewhat broader
range of functionality than does the replicon of pCI305 (11).
pMBB1 derivatives have been successfully transformed into
Lactococcus, Leuconostoc, and Pediococcus hosts (data not shown).
However, like the pCI305 replicon, pMBB1 derivatives do not
replicate in E. coli.

The stability of the pMBB1 replicon is demonstrated by
plasmids pHW112 and pHW800. After growth for 100 generations
without selection, less than 5 % of the culture had lost the plasmid.
In contrast, pHW700 was lost at a much higher rate. At 100
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generations, greater than 80% of the population had lost the
plasmid. This indicates the insertion of the 173 by multiple
cloning region adjacent to the A-T rich region disrupted the
replication function. The construction of a stable vector similar to
pHW800 should be useful in future studies.
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Table 3.1. Strains and plasmids used in the present study

Strains and plasmids reference or source

Escherichia coli
JM107 (26)
DH5ct MCR BRL

Enterococcus faecium
226 OSU

Lactococcus lactis
0230 (6)

pCI341 (11)
pBluescript II KS- Stratagene
pUC118 (24)
pUC119 (24)
pGK12 (14)
pGK13 PC

PC: Personal Communication Jan Kok
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Table 3.2. Stability of pMBB1 derivatives during extended growth
under non selective conditions.

Percentage of Lc. lactis 0232 isolates
maintaining pMBB1 derivatives during
growth under nonselectable conditions

50 Generations 100 Generations

pHW112 98.5 95.2
pHW700 72.5 18.8
pHW800 99.5 100
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BssH11/Thal 0.00

Figure 3.1. Restriction map of the cryptic plasmid pMBB1 from
Enterococcus faecium 226. The unique BssHII restriction site is
designated map position zero.
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Figure 3.2. Subclones of PMBB1 localizing the origin of replication.
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Figure 3.3. The complete nucleotide sequence of the 1932 by Mbol
fragment of pMBB1. The putative amino acid sequence of the repB
product is shown in single letter amino acid code. The significant
promoter sequences are in bold type. The two series of direct
repeats are underlined.
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1 GATCCTATCTAGGTCATGGTCACTATAACTAGGAGCT1 GGCGTCCTTTAAGTAACGTTCC
TTGTATCATTTGTACTTTGAATACTGGGTTTGGA ITITCCAGCTCATAGCCATATGAAATCT
TAAATCTAACGTCTTCTGAATGATTAAGTCCATCCGITGCTATAACAGTATAAACAACAG
GTTCAAATATTCITTTTCTTGACATTGTTTTGTCCTCCTTGGACAGI ETATTTGGTGCGTATG
CAAAAAACGACTGAAAGGTTTATTTACCAACATTTGTTTGGTAAATAATATTATAATA
CG CC GATTAATCTTTGTCAACTTAATATCTTTACAATTAGCAG CAATACAA' IT 1 'AAAAT

CAAACTAGAAGCTATTTITAGGCTGATACAGGCTTITAAAAAACAAAACAATAGAAAT
ACACCCATAAGAATCAAAATGCCITAGAACGCAAAATATGACGITTAAATGGTATTTT
AGTITGTATTGCTATCTAAAATCTGCTITTGGTTGITAGGGC1TGCCTGACCGCCTGTAAGGC
CTGACTGCAAGTTGTGAGGGTTTATCTAGACAACTAGTTAAAACAACTGATACGTGCAAA
TAGAGCCAATCAAGGAACTCCCTAAAAGAGGGTTTGGTC 1-1- 1- l'C'I' ITl'AGCGAGTGAACGA
AGTGAACGCTGCAAGTAAAATGTGAGCATGATTITCGCTCACTCCTTTTTITTA1' IT l'1TGG
TTTGTGG'1-1'1-1- 1'G'1" 1 TITAGAATAGAGAAACAAAACACACGCCTACGCGCGC 1 -1-1-1ATATT
TCUI-1TATAATTCTTTAATAC 1TTATAATACTTAGGGAAATGAGATTGGCTTAACAGCAA
G GTITTTGAG GATAATAGAACAGTAAAATACACACCACTCCACAG,,TAAAAAG CACAC
CACTCCACAGTAAAAAGCACACCACTCCACAGTAAAAAGCACACCACTCCACAG,,TT

-35 -10
1 1 1 1 I 1 1 1 1 1 1 AACTCGC 1 I I I IATAGITGITTMATATAATGG 1111 ATATGAATGAT

RBS Start
TAGTATG TTTGAAAGGAAAGTTATTATGGCTAAAAAACAAAACTATATTTG GC GGAC

MET A K K Q N Y I W R T
CGACCGTAA 1 1 1 1 GCATTAGATGAATATGAAAAACAACAGTATTACTATGTCGTTGAGTCDR NF ALD E YE K QQ Y Y YVV E S

TAATGACTTAATCACTAAAGCTAGACATGATTTAGACGCTAGAGAATTAAAAATTATGNDLI T K AR HDLDAR EL K I M
GATTATGTGGTGTCAAAAATTAAACCAGATGATGAAGNITI-TAATATTGITCAAACATCD Y V V S K I K PDD E DF NI V Q T S
CATGTATGAATTAACTAATG' I' 1"I'TAAATTTAAAGAGGAATGGACGAACATATAGTCAAMYEL T N VLN LK R NG R T Y S Q
TTAGCTGAAAGCCTTGAATCTATGAGAGCTAAAAGCGTTCGTGTATATAACGAAGTTGAAL AES LES MR AK SVRVYNE VE
AAACGTTTGACGTTAACAGGTTGGTTTGAAGTTGITGACCI-I'I'GGGAAAACGGGAAAATTC

K R L T L T G W F E V V D L W E NG K I
AATTAAAGATTAACAAG CAATTCGCTCCTTATCTTCTCCAATTAAAG CATGACTATACGQ L K I N KQFAP YLLQL K HD Y T
CAACATTTGTTGATAGATACAGTTAAACTTAAAAGTAAATATTCTATCTTGCTTTACAAQ H L L I D T V K L K S K Y S ILLY K
ACITATGAGAGAGGCGGATAAGGATAAAGGAAAATCAATCGCAATCTTACAGGGAACTCLMR E AD KDK G KS I A I LQG T
CTGAAGAGTTTAAAGAGTGGTTAGGCGCTCCAGAAAACTATGACTATAACAGACTGAAAPE E F K E WLG AP E N YD Y N RL K
GAAAATATTTTGAAAAAAGCAGTCGAAGAAATTAATCTAAAAATCGACGATATG GA

E N ILK K AVEEI N L K ID DMD
CTTAGAAA 1-1-1- l'ACAAGGTCGATACGGTCGCAAAGTGGITCAAGTGGAAATTCATAACA

L E I L Q G R Y G R K VVQV E I H N

ATTGGACGGTACAACGAGCAACGGAAGAAAATTCGAAATACGTGGAAAGCATTTCTACTN W T V Q R AT E E N S K YV E S IS T
CATGATTGGCTGAATGGAGGCAAATGAAATAAAA'TTCAAATACATGAGCGTAGCGATTTH D W L N G G K

TAACACGCITGACGGAAAAAGAGTACAGATC 1932
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140 150 160 170

IQULKINKQFAPYLLQLKHDYTQHLLIDTVKLKSKYSILLYKLMREADKDK
1 11 II III 11 1 1111111

VKIEFHREIMPYLINLKQNFTQHALSDIAELNSKYSIILYRWLSMNYNQY
140 150 160 170

Figure 3.4. Region of homology between the repB proteins of
pCI305 and pMBB1.
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1 2 3 4

Figure 3.8. Audioradiogram of [35S] methionine labeled proteins
produced by a coupled in-vitro transcription-translation reaction.
lane 1, Molecular weight markers; lane 2, Control lacking DNA; lane
3, pMBB1; lane 4. pAT153.
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Figure 3.9. Hybridization analysis of pMBB1 and derivatives.
En. faecium 226 (lane 1) Lc.lactis 0230 containing pHW112 (lane
2) andLc lactis 0230 containing pHW800 (lane 3).
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Figure 3.10. Hybridization analysis of Lc lactis 0230 cultures
containing derivatives of pMBB1 and pGK13. pHW112 (lane 1),
pHW800 (lane 2), and pGK13 (lane 3). The single stranded form of
pGK13 is identified with an arrow.
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ABSTRACT

3- galactosidase of Streptococcus thermophilus was cloned and

expressed in strains of dairy Leuconostoc. A 5 Kb region of the S.

thermophilus chromosome was amplified using the polymerase
chain reaction and cloned into pBR322. A subsequent subclone in
pGL3 was able to express high levels of p-galactosidase in

Leuconostoc.. However, the level of expression was strain
dependent.
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INTRODUCTION

The use of heterologous gene expression is an attractive
method for altering the characteristics of lactic starter cultures.
Not only can this procedure enhance desirable strain

characteristics, it can lead to development of strains with new and

innovative traits. Considerable effort has been spent on
developing techniques for expression of heterologous genes in
lactococci. This is illustrated by the development of highly
efficient genetic transformation systems (4,7), and the construction
of expression vectors (8,22) designed specifically for expression of
heterologous genes in these organisms. Also, several reports of
genes expressed in lactococci have been published (22,23,24).
The expression of hen egg white lysozyme (22) and the expression
of bacteriophage lambda lysozyme (24) were conducted in order to
produce compounds which have been used to inhibit the growth of
spoilage organisms. Lactococcal strains which express the Bacillus

subtilis neutral protease have been developed.(23) These strains
which have elevated levels of proteolytic activity on milk proteins
may provide the basis for future innovations in the area of
accelerated cheese ripening.

The vgalactosidase of S. thermopkillus has been cloned and
expressed in E. coil (6,9, 20). This gene has also been cloned and
expressed in Saccharomyces cerevisiae in an attempt to allow the
organism to grow on lactose (9). The resulting clones expressed
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the recombinant protein but were unable to grow on lactose due to
a lack of a functional lactose transport system (9).

Some strains of Leuconostoc ferment lactose weakly or not at
all. The inability to ferment the major carbohydrate source in
milk limits the usefulness of some strains in respect to their use in
production of fermented dairy products. Initial attempts to
express a previously cloned S.thermophilus p-galactosidase gene
(6) in Leuconostoc were unsuccessful. Poolman et al. (18)

subsequently demonstrated that the lacS and lacY genes for S.

thermophilus were transcribed from a polycistronic message.
Primer extension of S.thermphilus mRNA located the 5' region

immediately upstream from the lacS start codon (18). We
therefore attempted to amplify, clone and express the lactose
permease (lacS) and 3-galactosidase (lacZ) genes of Streptococcus

thermophilus in Leuconostoc and determine the changes in ability
to utilize lactose.
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MATERIALS AND METHODS

Bacterial strains and culture conditions.

Bacterial strains and plasmids used are listed in table 1.
Escherichia coli strains were maintained in LB broth (12)

containing ampicillin (50 pg/ml) or chloramphenicol ( lOug/m1)

when appropriate. Streptococcal and lactococcal strains were
maintained in M17 or M17G broth (21) and Leuconostocs were
cultured in MRS-V8 broth (25) containing chloramphenicol
(5ug /ml) when required.

DNA isolation.

Plasmid DNA was isolated from E. coli cultures using Qiagen
plasmid columns (Qiagen Inc., Chatsworth Ca.). The procedure of
Anderson and McKay (1) was used to isolate plasmids from

lactococci and a modification (25) was used to isolate plasmids

from Leuconostoc. Genomic DNA was isolated from Streptococcus

thermophilus CR5 by the method of Pitcher et al. (16). Isolated
DNA fragments were purified from agarose using the Geneclean Kit
(Bio 101, La Jolla Ca.) following manufactures instructions.

Recombinant DNA procedures.

Restriction enzymes and ligase were purchased from New
England Biolabs and BRL and used according to manufactures'

instructions. Escherichia coli cultures were transformed using a
CaC12 procedure (12). Lactococci (4) and Leuconostoc (25) were
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transformed using electroporation. Southern hybridization
conditions were as previously described (26).

PCR amplification of the Streptococcus thermophilus 13-

galactosidase gene.

A 5 Kb region spanning the S. thermophilus lactose permease
and p-galactosidase genes was amplified using the polymerase

chain reaction conditions of Maga and Richardson (11). Primers
based on published sequences of the S. thermophilus genome
(18,20) were synthesized on an ABI 308B synthesizer. The

sequence of the upstream primer is 5'-

GTGGATCCGAAATTGGC'rTCC-3' and the downstream, 5i-

AAGGATCCCTAATTTAGTGG'FTC-3', both of which have BamHI sites
situated near the 5' ends. The region was amplified by 30 cycles
of 1 minute at 920C, 1 minute at 3 70C, and 10 minutes at 740C

f3- galactosidase assays.

13-galactosidase activity in all strains was assayed using the
procedure of Miller (14). All cultures were grown under non
induced culture conditions prior to assaying for f3- galactosidase.

Cultures were washed and resuspended in original culture
volumes of Z buffer (14) before recording OD600 values. The
alternative permeabilization step utilizing chloroform and SDS was
used instead of toluene disruption.
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RESULTS

Amplification and cloning the S. thermophilus p-galactosidase.

Following PCR, the amplified chromosomal fragment was
digested with BamHI and ligated into BamHI digested pBR322.
The ligation mix was used to transform E. coli MC1061. A single
lac+ transformant was isolated on medium containing X-gal and

the chimeric plasmid was designated pHW500. Restriction

analysis confirmed the presence, within the vector, of a 5 Kb
BamHI fragment with restriction patterns corresponding to those
reported for the S. thermophilus lacS and lacZ regions (6,17). To
confirm the 5 Kb fragment originated in S. thermophilus, S.
thermophilus CR5 genomic DNA was hybridized, using Southern
analysis, with the 5 Kb BamHI fragment (data not shown).
Although the amplified region spanned the lactose permease gene,
the clone was unable to compliment the lacY1 mutation of E. coli
HB101, suggesting the possibility of an error during amplification.
Subsequent attempts to isolate recombinants expressing both the
lactose permease and (3- galactosidase activities in E. coli have been
unsuccessful.

For expression of the B-galactosidase in Leuconostoc and
Lactococcus , the 5 Kb fragment was subcloned into the shuttle
vector pGL3.
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p-galactosidase activities

The p-galactosidase activities of strains harboring plasmids
containing the cloned fragmnt are listed in Table 4.2. E.scherichia
coli V517 was included in the study as a positive control. In
general, the activities observed in the lactococcal and Leuconostoc

transformants were lower when compared to E. coli strains
containing the same plasmid. One exceptions was Leu.

dextranicum 19255 containing pHW510 where the level of activity
was nearly that of E. coli MC1061 containing the same plasmid.
For Leu. dextranicum 181, no detectable increase in 13-

galactosidase activity was associated with acquisition of pHW510.
The lactococcal and Leuconostoc transformants were not able to
grow on lactose as a sole source of carbon as indicated by lack of
growth on BCP-lac agar (13).
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DISCUSSION

The amplified 5 Kb region spanned the lactose permease and 0-
galactosidase of S. thermophilus. The recombinant plasmid
pHW500 was unable to complement the lactose permease
mutation of E. coil HB101. Poolman et al. (18) established that the
cloned S. thermophilus lacS gene would complement the mutated
lactose permease in E. coll. A possible explanation for the lack of
expression of a functional lacS from pHW500 is the incorporation
of a mutation during amplification using PCR. It would be of
future interest to determine if a non-functional lactose permease
is being expressed by the clones using an in-vitro transcription-
translation assay.

Strains containing the subclone pHW510 were able to express
p-galactosidase at high levels. Leu. cremoris 4-4 and Leu.

dextranicum 19255 transformants had activities 30 and >100 fold
higher, respectively, than the strains containing only the vector.
Leuconostoc dextranicum 181 transformants did not express 13-

galactosidase. The Leuconostoc transformants were unable to use
lactose as a sole source of carbon due to the lack of a functional
lactose transport system. Future efforts should focus on cloning
and expressing a functional lacS gene product.
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Table 4.1. Bacterial strains and plasmids used in current study

Strain Reference or source

Escherichia coli MC1061 (3)
Escherichia coli V517 (10)
Streptococcus thermophilus CR5 OSU
Lactococcus lactis 0230 (5)
Leuconostoc cremoris 44-4 (19)
Leuconostoc dextranicum 181 (15)
Leuconostoc dextranicum 19255 ATCC
pBR322 (2)
pGL3 (8)
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Table 4.2. 0-Galactosidase activity of strains

p-Galactosidase units (14)

Strain No plasmid pGL3 pHW510

E.coli V517 50.1
MC1061 8.8 570.1

Lc. Lactis 0230 3.2 74.0
Leu. cremoris 44-4 6.9 227.3
Leu. dextranicum 181 7.7 3.4
Leu. dextranicum 19255 3.3 446.7



82

Literature Cited

1. Anderson, D. G., and L. L. McKay. 1983. A simple and rapid
method for isolating large plasmid DNA from lactic streptococci.
Appl. Environ. Microbiol. 46:549-552.

2. Bolivar, F., R. L. Rodriguez, J. P. Greene, M. C. Betlach, H. L.
Heynecker, and H. W. Boyer. 1977. Construction and
characterization of new cloning vehicles. II. A multi-purpose
cloning system. Gene 2: 95-113.

3. Casadaban, M. J., and S. N. Cohen. 1980. Analysis of gene control
signals by DNA fusion and cloning in Escherichia coli. J. Mol. Biol.
179-207.

4. Doman, S., and M. A. Collins. 1990. High efficiency
electroporation of Lactococcus lactis subsp. lactis with plasmid
pGB301. Lett. Appl. Microbiol. 11:62-64.

5. Efstathiou, J. D. and L. L McKay. 1977. Inorganic salts resistance
associated with a lactose fermenting plasmid in Streptococcus
lactis. J. Bacteriol. 130257-265.

6. Herman, R. E., and L. L. McKay. 1986. Cloning and expression of
the B-D-galactosidase gene from Streptococcus thermophilus in
Escherichia coli. Appl. Environ. Microbiol. 52:45-50.

7. Holo, H., and I. F. Nes. 1989. High-frequency transformation, by
electroporation of Lactococcus lactis subsp. cremoris grown with
glycine in osmotically stabilized media. Appl. Environ. Microbiol.
55:3119-3123.

8. Kok. J. 1991. Special purpose vectors for Lactococci in Genetics
and molecular biology of Streptococci, Lactococci, and Enterococci.
ASM Press.

9. Lee, B. H., N. Robert, C. Jacques, and L. Ricard. 1990. Cloning and
expression of 13 -galactosidase gene from Streptococcus
thermophilus in Saccharomyces cerevisiae. Biotech. Lett. 12:499-
504.



83

10. Macrina, F. L., D. J. Kopecko, K. R. Jones, D. J, Ayres, and S. M.
McCowen. 1978. A multiple plasmid-containing Escherichia coli
strain: convenient source of size reference plasmid molecules.
Plasmid. 1:417-420.

11. Maga, E. A., and T. Richardson. 1991. Amplification of a 9.0 Kb
fragment using PCR. Biotechniques.11:139-140.

12. Maniatis, T., E. F. Frotsch, and J. Sambrook. 1982. Molecular
Cloning: a laboratory handbook. Cold Spring Harbor Laboratory,
Cold Spring Harbor, New York.

13. McKay, L. L., K. A. Baldwin, and E. A. Zatolla. 1972. Loss of
lactose metabolism in lactic streptococci. Appl. Microbiol. 23:1090-
1096.

14. Miller, J. H. 1972. Experiments in molecular genetics. Cold
Spring Harbor Laboratory, Cold Spring Harbor, New York.

15. Orberg, P. K. and W. E. Sandine. 1984. Common occurance of
plasmid DNA and vancomycin resistance in Leuconostoc spp. Appl.
Environ. Microbiol. 48:1129-1133.

16. Pitcher, D. G., N. A. Saunders and R. J. Owens. 1989. Rapid
extraction of bacterial genomic DNA with quanidium thiocyanate.
Lett. Appl. Microbiol. 8:151-156.

17. Poolman, B., T. J. Royer, S. E. Mainzer, and B. F. Schmidt. 1989.
Lactose transport system of Streptococcus thermophilus: a hybrid
protein with homology to the melibiose carrier and enzyme III of
phosphoenolpyruvate-dependant phosphotransferase systems. J.
Bacteriol. 171:244-253.

18. Poolman, B., T. J. Royer, S. E. Mainzer, and B. F. Schmidt. 1990.
Charbohydrate utilisation in Streptococus thermophilus:
characterization of the genes for aldose 1-epimerase (mutarotase)
and UDPglucose 4-epimerase. J. Bacteriol. 172:4037-4047.

19. Shin, C., and Y. Sato. 1979. Isolation of Leuconostoc
bacteriophages from dairy products. Jap.J. Zootech. Sci. 50:419-422.



84

20. Schroeder, C. J., C. Robert, G. Lenzen, L. L. McKay, and A.
Mercenier. 1991. Analysis of the lacZ sequences from two
Streptococcus thermophilus strains: comparison with the
Escherichia coli and Lactobacillus bulgaricus (3-galactosidase
sequences. J. Gen. Microbiol. 137:369-380.

21. Terzaghi, B. E. and W. E. Sandine. 1975. Improved medium for
lactic streptococci and their bacteriophage. Appl. Environ.
Microbiol. 29:807-813.

22. Van De Guchte, M., J. B. M. Van Der Vossen, J. Kok, and G.
Venema. 1989. Construction of a lactococcal expression vector:
expression of hen egg white lysozyme in Lactococcus lactis subsp.
lactis. Appl. Environ. Microbiol. 55:224-228.

23. Van de Guchte, J. Kodde, M., J. M. B. M. Van der Vossen, J. Kok,
and G. Venema.1990. Heterologous gene espression in Lactococcus
lactis subsp. lactis: synthesis, secretion, and processing of the
Bacillus subtilis neutral protease. Appl. Environ. Microbiol.
56:2602-2611.

24. Van De Guchte, M. 1991. Ph. D. thesis. University of Groningen.
Groningen, The Netherlands.

25. Wyckoff, H. A., J. K. Kondo, and W. E. Sandine. 1991.
Transformation of dairy Leuconostoc using plasmid vectors from
Bacillus, Escherichia and Lactococcus hosts. J. Dairy. Sci. 74 :1454-
1460.

26. Wyckoff, H. A., M. B. Barnes, K. 0. Gillies and W. E. Sandine.
1992. Characterization and sequence analysis of a stable cryptic
plasmid from Enterococcus faecium 226 and development of a
stable cloning vector. Manuscript in Preparation.



85

BIBLIOGRAPHY

Anderson, D. G., and L L. McKay. 1983. A simple and rapid method
for isolating large plasmid DNA from lactic streptococci. Appl.
Environ. Microbiol. 46:549-552.

Ballester, S., P. Lopez, M. Espinosa, J. Alonso, and S. Lacks. 1989.
Plasmid structural instability associated with pC194 replication
functions. J. Bacteriol. 171:2271-2277.

Behnke, D., H. Ma lke, M. Hartmann, and F. Walter. 1979. Post-
Transformational rearrangement of an in Vitro reconstituted
group-A streptoccal erythromycin resistance plasmid. Plasmid.
2:605-616.

Behnke, D., M. S. Gilmore, and J. J. Ferretti. 1981. Plasmid pGB301,
a new multiple resistance cloning vehicle and its use in cloning of a
gentamicin /kanamycin resistance determinant. Mol. Gen. Genet.
182:414-421.

Birnbiom, H. C. 1983. A rapid alkaline extraction method for the
isolation of plasmid DNA. Methods Enzymol. 100:243-255.

Bolivar, F., R. L. Rodriguez, J. P. Greene, M. C. Betlach, H. L.
Heynecker, and H. W. Boyer. 1977. Construction and
characterization of new cloning vehicles. II. A multi-purpose
cloning system. Gene 2: 95-113.

Bonner, W. M. and R. A. Laskey. 1974. A film method for tritium-
labeled proteins and nucleic acids in polyacrylamide gels.
European J. Biochem. 46:83-88.

Casadaban, M. J., and S. N. Cohen. 1980. Analysis of gene control
signals by DNA fusion and cloning in Escherichia coll. J. Mol. Biol.
179-207.

Chang, D. C, J. A. Saunders, B. M. Chassey, and A. E. Sowers. 1992.
Overview of electroporation and electrofusion in Guide to
Electroporation and Electrofusion. Academic Press Inc. San Diego.



86

Chassey, B. M., A. Mercenier, and J. Flickinger. 1988.
Transformation of bacteria by electroporation. Trends Biotechnol.
6:303-309.

Clewell, D. B., Y. Yagi, G. M. Dunny, and S. K. Schultz. 1974.
Characterization of three plasmid deoxyribonucleic acid molecules
in a strain of Streptococcus faecalis identification of a plasmid
determining erythromycin resistance. J. Bacteriol. 117:283-289.

Cogan, T. M.. 1975. Citrate utilization by Leuconostoc cremoris and
Streptococcus diacetylactis. J. Dairy Res. 42:139-146.

Cogan, T. M. 1985. The Leuconostocs: milk products. in Bacterial
Starter Cultures. CRC Press. Boca Raton.

Cooper, R. K., and E. B. Collins. 1978. Influences of temperature on
growth of Leuconostoc cremoris. J. Dairy Sci. 61:1085-1088.

David, S., G. Simons, and W. M. de Vos. 1989. Plasmid
transformation by electroporation of Leuconostoc
paramesenteroides and its use in molecular cloning. Appl. Environ.
Microbiol. 55:1483-1489.

de Vos, W. M. 1987. Gene cloning and expression in lactic
streptococci. FEMS Microbiol. Rev. 46:281-295.

de Vos, W. M., I. Boerrigter, P. Vos, P. Bruinenberg, and R. J. Siezen,
1991. Production, processing and engineering of the Lactococcus
lactis SK11 proteinase in Genetics and molecular biology of
Streptococci, Lactococci, and Enterococci. ASM Press.

Dessart, S. R. and L. R. Steenson. 1989. Development of gene
transfer systems in Leuconostoc cremoris. J. Dairy Sci. 72: Suppl. 1.
112. abst. 269G.

Dorman, S., and M. A. Collins. 1990. High efficiency electroporation
of Lactococcus lactis subsp. lactis with plasmid pGB301. Lett. Appl.
Microbiol. 11:62-64.

Dower, W. D. 1988. Transformation of E. coli to extremely high
efficiency by electroporation in Molecular Biology Reports. 6:3-4.
Bio-Rad Laboratories. Richmand, Ca.



87

Efstathiou, J. D. and L. L. McKay. 1977. Inorganic salts resistance
associated with a lactose fermenting plasmid in Streptococcus
lactis. J. Bacteriol. 130257-265.

El-Shafei, H., M. El-Soda and N. Ezzat. 1990. The peptide hydrolase
system of Leuconostoc. J. Food. Prot. 53:165-169.

El-Soda, M., M. J. Desmazeaud, and J. L. Bergere. 1978. Peptide
hydrolases of Lactobacillus casei: isolation and general properties
of various peptidase activities. J. Dairy Res. 45:445-455.

Fahnestock, S. R., P. Alexander, J. Nagel, and D. Filpula. 1986. Gene
for an immunoglobulin-binding protein from group G
streptococcus. J. Bacteriol. 167:870-880.

Farrow, A. E. , R. R. Facklam, and M. D. Collins. 1989. Nucleic acid
homologies and description of Leuconostoc citreum sp. nov. and
Leuconostoc pseudomesenteroides sp. nov. Int. J. Syst. Bacteriol.
39. 279-283.

Garvie, E. I. 1960. The genus Leuconostoc and its nomenclature. J.
Dairy Res. 27:283-292.

Garvie, E. I. 1984. Separation of the species of the genus
Leuconostoc and differentiation of the Leuconostocs from other
lactic acid bacteria. In Methods in Microbiology. 16. 147-178.
Academic Press. London.

Garvie, E. I. 1986. Genus Leuconostoc in Bergy's Manual of
Systematic Bacteriology. Williams and Wilkins. Baltimore.

Gilliland, S. E. and M. L. Speck. 1967. Inactivation of
microorganisms by electrohydraulic shock. Appl. Microbiol.
15:1031-1037.

Gilliland, S. E. and M. L. Speck. 1967. Mechanism of the bactericidal
action produced by electrohydraulic shock. Appl. Microbiol.
50:1038-1044.



88

Gruss, A., R., Dabert, S. Sozhamannan, and S. D. Ehrlich. 1990.
Relication of ssDNA plasmids is sensitive to DNA contend. In
Molecular Biology of the Staphylococci. VCH Publishers. New York.

Gryczan, T., A. G. Shivakumar, and D. Dubnau. 1980.
Characterization of chimeric plasmid cloning vehicles in Bacillus
subtilus. J. Bacteriol. 141:246-253.

Hardy, K. J. , B. M. Peterlin, R. E. Atchison, and J. D. Sobo. Regulation
of expression of the human interferron gamma gene. Proc. Natl.
Acad. Sci. 82:8173-8177.

Hawley, D. K., and W. R. McClure. 1983. Compilation and analysis
of Escherichia coli promoter DNA sequences. Nucleic Acid Res.
11:2237-2255.

Hays, F. P., C. Daly, and G. F. Fitzgerald. 1990. Identification of the
minimal replicon of Lactococcus lactis subsp. lactis UC317 plasmid
pCI305. Appl. Environ. Mocrobiol. 56:202-209.

Hays, F., P. Vos, G. F. Fitzgerald, W. M. deVos, and C. Daly. 1991.
Molecular organization of the minimal replicon of novel, narrow-
holt-range, lactococcal plasmid pCI305. Plasmid 25:16-26.

Herman, R. E., and L. L. McKay. 1986. Cloning and expression of the
B-D-galactosidase gene from Streptococcus thermophilus in
Escherichia coli. Appl. Environ. Microbiol. 52:45-50.

Hill, C., C. Daly, and G. F. Fitzgerald. 1985. Conjugative transfer of
the transposon Tn919 to lactic acid bacteria. FEMS Microbiol. Lett.
30:115-119.

Holo, H., and I. F. Nes. 1989. High-frequency transformation, by
electroporation of Lactococcus lactis subsp. cremoris grown with
glycine in osmotically stabilized media. Appl. Environ. Microbiol.
55:3119-3123.

Janniere, L. C. Bruand, and S. D. Ehrlich. 1990. Structurally stable
Bacillus subtilis cloning vectors. Gene. 87:53-61.



89

Johansen, E. and A. Kibenich. 1992. Isolation and characterization
of IS1165, an insertion sequence of Leuconostoc mesenteroides
subsp. cremoris and other lactic acid bacteria. Plasmid. 27:200-
206.

Kok, J., J. M. B. M. van der Vossen, and G. Venema. 1984.
Construction of plasmid cloning vectors for lactic streptococci
which also replicate in Bacillus subtilis and Escherichia coll. Appl.
Environ. Microbiol. 48:726-731.

Kok. J. 1991. Special purpose vectors for Lactococci in Genetics and
molecular biology of Streptococci, Lactococci, and Enterococci. ASM
Press.

Laemmli, U. K. 1970. Cleavage of structural proteins during
assembly of the head of bacteriophage T4. Nature. 227:680-685.

Lee, B. H., N. Robert, C. Jacques, and L. Ricard. 1990. Cloning and
expression of p-galactosidase gene from Streptococcus
thermophilus in Saccharomyces cerevisiae. Biotech. Lett. 12:499-
504.

Leenhouts, K. J., B. Tolner, S. Bron, J. Kok, G. Venema, and
J.F.L.Seegers, 1991. Nucleotide sequence and characterization of
the broad host range lactococcal plasmid pWV01. Plasmid. 26:55-
66.

Leenhouts, K. J., J. Kok, and G. Venema.1989, Campbell-like
integration of heterologous plasmid DNA into the chromosome of
Lactococcus lactis subsp. lactis. Appl. Environ. Microbiol. 55:394-
400.

Luchansky, J. B., P. M. Muriana, and T. R. Klaenhammer. 1988.
Application of electroporation for transfer of plasmid DNA to
Lactobacillus, Lactococcus, Leuconostoc, Listeria, Pediococcus,
Bacillus, Staphylococcus, Enterococcus, and Propionibacterium. Mol.
Microbiol. 2:637-646.



90

Macrina, F. L., D. J. Kopecko, K. R. Jones, D. J, Ayres, and S. M.
McCowen. 1978. A multiple plasmid-containing Escherichia coli
strain: convenient source of size reference plasmid molecules.
Plasmid. 1:417-420.

Maga, E. A., and T. Richardson. 1991. Amplification of a 9.0 Kb
fragment using PCR. Biotechniques.11:139-140.

Mahmoud, M. A, and W. E. Sandine. Unpublished data.

Maniatis, T., E. F. Frotsch, and J. Sambrook. 1982. Molecular
Cloning: a laboratory handbook. Cold Spring Harbor Laboratory,
Cold Spring Harbor, New York.

Martines-Murcia, A. J., and M. D. Collins. 1991. A phylogenetic
analysis of an atypical leuconostoc: description of Leuconostoc
fallax sp. nov. FEMS Microbiol. Lett. 82:55-60.

McKay, L. L. and K. A. Baldwin. 1975. Plasmid distribution and
evidence for a proteinase plasmid in Streptococcus lactis C2. Appl.
Microbiol. 29:546-548.

McKay, L. L., and K. A. Baldwin, 1978. Stabilization of lactose
metabolism in Streptococcus lactis C2. Appl. Environ. Microbiol.
36:360-367.

McKay, L. L., K. A. Baldwin, and E. A. Zatolla. 1972. Loss of lactose
metabolism in lactic streptococci. Appl. Microbiol. 23:1090-1096.

Michel, B. and S. Erlich. 1986. Illegitimate recombination occurs
between the replication origin of plasmid pC194 and a progressing
replication fork. EMBO J. 5:3691-3696.

Miller, J. H. 1972. Experiments in molecular genetics. Cold Spring
Harbor Laboratory, Cold Spring Harbor, New York.

Mundt, J. 0. 1986. Genus Enterococcus in Bergy's Manual of
Systematic Bacteriology. Williams and Wilkins. Baltimore.



91

Niaudet, N., L. Jannier, and S. Erlich. 1984. Recombination between
repeated DNA sequences occurs more often in plasmids than in the
chromosome of Bacillus subtilis. Mol. Gen. Genet. 197:46-54.

Orberg, P. K. and W. E. Sandine. 1984. Common occurance of
plasmid DNA and vancomycin resistance in Leuconostoc spp. Appl.
Environ. Microbiol. 48:1129-1133.

Otts, D. 0. and D. F. Day. 1987. Optimization of protoplast formation
and regeneration in Leuconostoc mesenteriodes. Appl. Environ.
Microbiol. 53:1694-1695.

Pitcher, D. G., N. A. Saunders and R. J. Owens. 1989. Rapid
extraction of bacterial genomic DNA with quanidium thiocyanate.
Lett. Appl. Microbiol. 8:151-156.

Poolman, B., T. J. Royer, S. E. Mainzer, and B. F. Schmidt. 1989.
Lactose transport system of Streptococcus thermophilus: a hybrid
protein with homology to the melibiose carrier and enzyme III of
phosphoenolpyruvate-dependant phosphotransferase systems. J.
Bact. 171:244-253.

Poolman, B., T. J. Royer, S. E. Mainzer, and B. F. Schmidt. 1990.
Charbohydrate utilization in Streptococus thermophilus:
characterization of the genes for aldose 1-epimerase (mutarotase)
and UDPglucose 4- epimerase. J. Bact. 172:4037-4047.

Pucci, M. J., M. E. Monteschio, and C. L. Kemker. 1988. Intergeneric
and intrageneric conjugal transfer of plasmid-encoded antibiotic
resistance determinance in Leuconostoc. Appl. Environ. Microbiol.
54:281-287.

Romero, D. A. and T. R. Klaenhammer, 1992. IS946-mediated
integration of heterologous DNA into the genome of Lactococcus
lactis subsp. lactis. Appl. Environ, Microbiol. 58:699-702.

Schillinger, U. W. Holzapfel, and 0. Kandler. 1989. Nucleic acid
hybridization studies on Leuconostoc and heterofermentative
Lactobacilli and description of Leuconostoc amelibiosum sp. nov.
System Appl. Microbiol. 12:48-55.



92

Schroeder, C. J., C. Robert, G. Lenzen, L. L. McKay, and A. Mercenier.
1991. Analysis of the lacZ sequences from two Streptococcus
thermophilus strains: comparison with the Escherichia coli and
Lactobacillus bulgaricusli-galactosidase sequences. J. Gen.
Microbiol. 137:369-380.

Scott, J. 1984. Regulation of plasmid replication. Microbiol. Rev.
48:1-23.

Shaw, B. G., and C. D. Harding. 1989. Leuconostoc gelidum sp. nov.
and Leuconostoc carnosum sp. nov. from chill-stored meat. Int. J.
Syst. Bac teriol. 39. 217-223.

Shin, C., and Y. Sato. 1979. Isolation of Leuconostoc bacteriophages
from dairy products. Jap.J. Zootech. Sci. 50:419-422.

Simon, D. and A. Chopin. 1988. Construction of a vector family and
its use for molecular cloning in Streptococcus lactis. Biochimie.
70:559-566.

Simons, G., G. Rutten, M. Homes, and W. M. deVos. 1988.
Production of bovine chymosin by lactic acid bacteria. Proc. 2nd
Neth. Biotechnol. Cong. : 183-187

Somkuti, G. A., D. H. Steinberg. 1988. Genetic transformation of
Streptoccus thermophilus by electroporation. Biochimie. 70:579-
585 .

Starrenburg, M. J. and J. Hugenholtz. 1991. Citrate fermentation by
Lactococcus and Leuconostoc spp. Appl. Environ, Microbiol.
57:3535-3540.

Terzaghi, B. E. and W. E. Sandine. 1975. Improved medium for
lactic streptococci and their bacteriophage. Appl. Environ.
Microbiol. 29:807-813.

Thomas, T. D., and G. G. Pritchard. 1987. Proteolytic enzymes of
dairy starter cultures, FEMS Microbiol. Rev. 46:245.

Van De Guchte, M. 1991. Ph. D. thesis. University of Groningen.
Groningen, The Netherlands.



93

Van De Guchte, M., J. B. M. Van Der Vossen, J. Kok, and G. Venema.
1989. Construction of a lactococcal expression vector: expression of
hen egg white lysozyme in Lactococcus lactis subsp. lactis. Appl.
Environ. Microbiol. 55:224-228.

Van de Guchte, J. Kodde, M., J. M. B. M. Van der Vossen, J. Kok, and
G. Venema.1990. Heterologous gene espression in Lactococcus
lactis subsp. lactis: synthesis, secretion, and processing of the
Bacillus subtilis neutral protease. Appl. Environ. Microbiol.
56:2602-2611.

Van de Guchte, M., J. M. B. M. Van der Vossen, J. Kok, and G.
Venama.1989. Construction of a lactococcal expression
vector:expression of hen egg white lysozyme in Lactococcus lactis
subsp. lactis. Appl. Environ. Microbiol. 55:224-228.

van der Vossen, J. M. B. M., D. van der Lelie, and G. Venema. 1987.
Isolation and characterization of Streptococcus cremoris Wg2-
specific promotors. Appl. Environ. Microbiol. 53:2452-2457.

Vasavada, P. C., and C. H. White. 1979. The quality of ccommercial
buttermilk. J. Dairy Sci. 62:802-806.

Verhue, W. M. and F. S. B. Tjan. 1991. Study of the citrate
metabolism of Lactococcus lactis subsp. lactis biovar diacetylactis
by means of 13C Nuclear magnetic resonance. Appl. Environ,
Microbiol. 57:3371-3377.

Vieira, Land J. Messing. 1987. Production of single stranded
plasmid DNA. Methods Enzyol. 153:3-11.

Wyckoff, H. A., J. K. Kondo, and W. E. Sandine. 1991.
Transformation of dairy Leuconostoc using plasmid vectors from
Bacillus, Escherichia and Latococcus hosts. J. Dairy. Sci. 74:1454-
1460.

Wyckoff, H. A., M. B. Barnes, K. 0. Gillies and W. E. Sandine. 1992.
Characterization and sequence analysis of a stable cryptic plasmid
from Enterococcus faecium 226 and development of a stable
cloning vector. Manuscript in Preparation.



94

Xu, F., L. E. Pearce, and P. Yu. 1990. Molecular cloning and
expression of a proteinase gene from Lactococcus lactis subsp.
cremoris H2 and construction of a new lactococcal vector pFX1.
Arch. Microbiol. 154:99-104.

Xu, F., L. E. Pearce, and P. Yu. 1991. Construction of a family of
lactococcal vectors for gene cloning and translational fusion. FEMS
Microbiol. Lett. 77:55-60.

Xu, F., L. E. Pearce, and P. Yu. 1991. Genetic analysis of a lactococcal
plasmid replicon. Mol. Gen. Genet. 227:33-39.

Yang, D. and C. R. Woese. 1989. Phylogenetic structure of
"Leuconostocs": an interesting case of a rapidly evolving organism.
Syst. Appl. Microbiol. 12:145.

Yannisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved M13
phage cloning vectors and hosts strains: Nucleotide sequences of
the Ml3mpl8 and pUC19 vectors. Gene 33:103-119.




