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Gezien de recente publicatie van Janes et al. is het waarschijnlijk, dat alle koper
bevattende amine oxidases een topaquinon als hun katalytische prosthetische groep
bevatten in plaats van het tot nu toe gepostuleerde covalent gebonden PQQ.

Janes, S.M., et al. 1990. Science 248:981-987.

Het feit dat gemodificeerde aminozuren in de eiwitketen van enzymen bij kunnen
dragen aan het katalytisch mechanisme, maakt het de moeite waard om in enzy-
men, waarvan het werkingsmechanisme nog onopgehelderd is, te zoeken naar
dergelijke aminozuur modificaties.

MclIntire, W.S., et al. 1991, Science 252:817-824.

Het gebruik door Citro ¢t al. van polyklonale antilichamen ter identificatie van vrij
en covalent gebonden PQQ sluit niet uit dat kruisreagerende moleculen gedetec-
teerd werden,

Citro, G. et al. 1989. FEBS Lett. 247:201-204.

Het volstaat niet, bacteri€le species te identifici®ren op basis van overeenkomsten
in morfologische en fysiologische eigenschappen.
Dit proefschrift.

Het pH afhankelijke citraat gebruik van de aromabacterién Lactecoccus lactis
subsp. lacris biovar. diacerylactis en Leuconostoc spp. wordt in eerste instantie
niet bepaald door de pH gevoeligheid van de bij het citraat metabolisme betrokken
enzymen als wel door de pH athankelijke opname van citraat.

Hugenholtz, J., and M.C.J. Starrenburg. 1991. Appl. Envirom. Microbiol.
57:3535-3540.

Dit proefschrift.

Vergeleken met de onderzoeksresultaten van Hugenholtz en Starrenburg is het
opmerkelijk dat bij de door Lin et al. gebruikte pH waardes citraat gebruik waar
te nemen is.

Hugenholtz, J., and M.C. J. Stacrenburg. 1991. Appl. Environ. Microbiol.
57:3535-3540.

Lin. J. et al. 1991. Appl. Microbiol. Biotechnol. 34:628-631.

De nauwkeurigheid van de onderzoeks resultaten wordt bepaald door de exactheid
waarmee de vraagstelling geformuleerd is.
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Het besluit bij veel universiteiten om de verplichting tot het formuleren van
stellingen achterwege te laten is zeker terecht met betrekking tot de toch al grote
tijdsdruk die op de promovendus rust, maar maakt het voor een leek minder
aantrekkelijk een proefschrift open te slaan.

De alsmaar stijgende prijzen van het openbaar vervoer alsmede vertragingen en
gebrekkig materieel lijken bepaald geen goed uitgangspunt te zijn voor het
stimuleren van verminderd autogebruik.

Wanneer de term gehanteerd wordt "de vervuiler betaalt” zou de hoogte van de
hondenbelasting gerelateerd moeten worden aan de grootte van de hond.

Het is aan te bevelen om tijdens het "achterom” afdalen van een route evenveel
aandacht aan het zekeren te besteden als tijdens het beklimmen ervan.

Een halve steur in de Merwede maakt nog geen (hele) schone Rijn.
NRC Handelsblad, 27 jan.1992.

Het gevoel dat een westerse tourist krijgt als hij voor het eerst op Sri Lankaanse
wegen rijdt moet vergelijkbaar zijn met de sensatie die een spookrijder op een
westerse autoweg beleeft.

Stellingen behorende bij het proefschrift van Silke David (1992).




You see things, and say why?

But I dream of things that never were,

and say, why not?

bog 51
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CHAPTER I

General introduction

Mesophilic lactic acid bacteria belonging to the genera Lactococcus and Leuconostoc are
important components of starter cultures used for a variety of industrial food fermentations,
including dairying, processing of meat and vegetables and in wine making (12, 15, 33, 41,
55).

During the manufacture of fermented dairy products, the most important function of these
bacteria is the conversion of lactose into lactic acid which serves as a food preservative. In
addition, the degradation of casein by the proteolytic system of Lactococcus strains is
essential for rapid growth in milk and important for cheese ripening, texture formation and
flavor development. The quality of many fermented dairy products is dependent on the ability
of starter bacteria to produce flavor and aroma compounds. One such compound, diacetyl,
is responsible for the characteristic aroma of products such as butter, sour cream, cottage
cheese and buttermilk. Diacetyl is generated during the conversion of citrate, which is
present in milk at concentrations up to 8 mM. Flavor producing lactic acid bacteria include
Leuconostoc spp. and Lactococcus lactis subsp. lactis var. diacetylactis. The latter organism
is the only Lactococcus lactis variant that is able to convert citrate. A summary of the citrate
fermenting ability of the most commonly used lactic acid bacteria in dairy starters is given
in Table 1.

Lactococcus lactis subsp. lactis var. diacetylactis and Leuconostoc spp. are included in
starter cultures mainly for their ability to convert citrate into diacetyl and CO, (13, 10}. The
CO, generated during citrate fermentation, contributes to the formation of "eyes" in some
cheese-types. Another important reason for having Leuconostoc spp. in mixed starter cultures
is based on their ability to reduce the aroma component acetaldehyde (14), which may be
produced by lactococci and is considered undesirable in some dairy products.
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TABLE 1, Overview of the citrate fermenting ability of lactic acid bacteria (26).

Bacterial species citrate fermentation®
Lactococcus lactis -
Leuconostoc spp. +()
Lactobacillus spp. -°

Streptococcus thermophilus -

f +: fermentation of ¢itrate; -; no citrate fermentation observed; +(-): occasionally strains are found that cannot ferment
citrate. *: only Lactococcus lactis subsp. lactis var. diacetylactis ferments citrate; @: unly Lactobacillus brevis can ferment
citrate.

Many properties of lactic acid bacteria that are of eminent importance for successful
dairying are unstable. This may cause problems in large-scale fermentations and has
stimulated the development of genetically stable strains. Features that are readily lost in
lactococei include lactose utilization, protein degradation, citrate fermentation, bacteriocin
production, phage resistance, resistance against UV-light and restriction/modification
systems. In recent years it has been demonstrated by plasmid curing, conjugation,
transduction, and transformation experiments that many of the above-mentioned properties
are plasmid-linked in Lactococcus spp., and that loss of those plasmids accounts for the
unstable character of these traits (5, 29, 31, 49, 50, 62, 64, 68, 71, 82, 83, 84). Only few
data are available on the plasmid complement of industrially important leuconostoc strains.
Certain characters, however, are unstable which suggests that they are plasmid-encoded. In
Leuconostoc lactis and Leuconostoc mesenteroides a positive correlation could be
demonstrated between the presence of certain plasmids and the ability of those strains to
ferment lactose and citrate (70). Additionally, recently Fantuzzi et al. (24) reported the
plasmid-linkage of these features in Leuconostoc cremoris and Leuconostoc dextranicus.

Two strategies can be used to stabilize plasmid-encoded properties. The first involves the
integration of plasmid-encoded genes into the chromosome. In the second method an essential
gene is inserted in the plasmid DNA, thus imposing a selection pressure for the presence of
the plasmid. For both methods it is essential to know the genetic basis of the metabolic traits.
Knowledge of gene organization and regufation is also required for the construction of

expression systems for genetic, metabolic and protein engineering, offering a means of starter




improvement. Finally, the application of this lmowledge allows the development of food-
grade selection systems for lactic acid bacteria which are acceptable for applications in
biotechnological processes in the food-industry.

LACTOSE METABOLISM IN LACTIC ACID BACTERIA

Lactose is the only sugar, which in industrial dairy fermentations is metabolized by lactic
acid bacteria, leading to the acidification of dairy products.

The biochemical pathways involved in lactose transport and degradation have been well
established and studied extensively (reviews: 17, 37, 44). Two basically different systems
for lactose uptake have been found in lactic acid bacteria, which differ in the way lactose is
transported across the cell membrane and in the key enzyme for hydrolysis of the #-
glycosidic bond (Fig.1). The bioenergetics and complexity of the two transport systems
differs considerably (46, 53, 97) and they determine the fermentative route that is followed

for further conversion of lactose into lactate.
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FIG. 1. Pathways of lactose transport in lactic acid bacteria. PTS indicates the phosphoenolpyruvate dependent
phophotransferase system; P-B-gal and B-gat indicate the two different lactose hydrolyzing enzymes phospho-B-
galactosidase and f-galactosidase, respectively.




In the first system, which is found in industrial Lactococcus lactis strains (59) and some
lactobacilli such as Lactobacillus casei (4) lactose is transported via a phosphoenolpyruvate
(PEP)-dependent phosphotransferase system (PTS). In this system lactose is phosphorylated
during transport into lactose-6-P, which is subsequently hydrolysed by phospho-8-
galactosidase into glucose and galactose-6-P, Galactose-6-P is further metabolized by the D-
tagatose-6-P pathway resulting in the formation of intermediates {dihydroxyaceton phosphate
and glyceraldehyde-3-P) of the glycolytic pathway.

Lactose can also enter the cell via a permease. The unmodified lactose is then hydrolyzed
by a B-galactosidase to glucose and galactose. In homofermentative lactose metabolism these
compounds can subsequently be metabolized further by the glycolytic (Embden-Meyerhof-
Parnas) or Leloir pathway, or, during heterofermentative lactose degradation, by the
phosphoketolase pathway. Glycolysis is performed by the Lactococcus spp., and the
Lactobacillus bulgaricus and Streptococcus thermophilus, leading to homolactic fermentation
with lactate as sole end product (Fig.1). The latter bacterial species do not metabolize the
galactose moiety of lactose but excrete it stochiometrically into the medium.
Heterofermentative lactic acid bacterial species like Lactobacillus brevis, Lactobacillus
bruckneri, Lactobacillus casei and Leuconostoc spp. convert lactose via the phosphoketolase
pathway. In this pathway glucose is converted into glucose-6P or fructose-6P and subsequent
metabolism leads to the production of lactate, CO,, acetate and ethanol (Fig.1). In contrast
to other lactic acid bacteria, Lenconostoc spp. can metabolize the galactose moiety of lactose
(8).

The genes of the lactose phosphotransferase system

The fact that lactose fermentation is a plasmid-encoded trait in most lactococcal strains has
greatly facilitated the genetic studies of lactose metabolism in this species. The gene coding
for the key enzyme, P-B-galactosidase, was cloned from two lactose plasmids (2, 57) and
characterized. Recently the molecular analysis of the entire Lactococcus lactis MG1820
lactose operon was completed (16, 100). This operon includes eight genes with the order
lacABCDFEGX. The first four genes, lacABCD, code for enzymes involved in the tagatose-6-
P pathway (101) and the following lactose-specific three genes, lacFEG, encode Enzyme
1™, Enzyme II*, and P-B-galactosidase, respectively. The function of the protein encoded
by lacX remains unidentified until now. Upstream of the Jac-operon a divergently




transcribed, glucose-inducible gene, lacR, is located that encodes a protein that functions as
a repressor and regulates transcription of the lac-operon (16, 100). Immediately downstream
of the Jac-operon the presence of parts of an iso-ISS1 element have been reported (16),
suggesting a possible mechanism for the transfer of the lac-genes by means of transposition.

The genes involved in the Iactose permease system

The cloning of B-galactosidase genes of lactic acid bacteria in Escherichia coli B-
galactosidase mutants has been facilitated by the relative simple detection of complementing
clones using chromogenic substrates (66). In Table 2 the source and location of the cloned
B-galactosidase genes in lactic acid bacteria is listed. The genes for B-galactosidase of most
lactic acid bacteria are chromosomally located, although examples of plasmid-encoded B-
galactosidases have been reported in Lacrobacillus casei (26) and Leuconostoc lactis (this
thesis, Chapter IV), respectively.

TABLE 2. Summary of the cloned B-galactosidase genes of lactic acid bacteria and their genetic location.

Strain® plasmid™ reference
Lb.bulg. B131 (83)
NCDO1489 6N
Lb.casei ATCC 393 pLZ15 @
S.therm.  A147 (N
A054 (87)
ATCC 19258 (38)

Lelactis  NZ6009 pNZ63 (this thesis,

Chapter 1IV)

® Lb.bulg.: Lactobaciflus bulgaricus; Lb.casei: Lactobacillus casei; S.therm: Streptococcus thermophilus; Le lactis:
Leuconostoc lactis. ~ only plasmid location is indicated, in the other cases the gene encoding for B-gatactosidase activity is
located on the chromosome.

The complete DNA sequences of 3-galactosidases of several lactic acid bacteria have been
described recently (56, 85, 87). The deduced amino acid sequences of B-galactosidases from
Streptococcus thermophilus (87) and Lac;abacillus buigaricus (85) are strongly identical
(48%). In addition, the B-galactosidases from Gram-positive bacteria show substantial




homology with B-galactosidases from Gram-negative bacteria, including the lacZ and ebgA
genes of E.coli (43, 95) and the 8-galactosidase gene of Kiebsiella pneumoniae (3).

Recently, the lactose permease gene of Streptococcus thermophilus has been characterized
(76). Only three bases separated the termination codon of the lactose permease (lacS) gene
from the initiation codon for the B-galactosidase gene, suggesting that the genes involved in
lactose utilization are organized into an operen in these bacteria. The same structure of the
lactose genes is observed in Lacrobacillus bulgaricus (56, 87). As a consequence, the genetic
organization of the lactose genes in these yoghurt bacteria, differs from the well-known
genetic organization of the lactose genes in E.coli, that have the gene order lacZ-lacY. The
deduced amino acid sequence of the lactose permeases of Streprococcus thermophilus and
Lactobacillus bulgaricus show no homology with the lacY gene of Escherichia coli. The
Streptococcus thermophilus and Lactobacillus bulgaricus lactose permease were found to be
hybrid proteins having homology in the N-terminal part with the E.coli melibiose carrier
(MelB) and with Enzymes III of several PEP-dependent PTS systems in the C-terminal
domain (56, 77). The lactose transport protein of Streptococcus thermophilus has been found
to act as a lactose-galactose antiporter system (77; see below).

CITRATE METABOLISM

The mechanism of diacetyl production from citrate by the mesophilic lactic acid bacteria
Lactococcus lactis ssp. lactis var, diacetylactis and Leuconostoc lactis has been studied to
some extent {6, 7, 65, 90, 102, 103). The pathway for the metabolism of citrate is outlined
in Fig. 2.

The first step in the metabolism of citrate is the uptake of citrate via a permease, which
seems to be most efficient at or around pH 5.0 in Lactecoccus lactis subsp. lactis var.
diacetylactis (35). The internalized citrate is subsequently hydrolyzed to acetate and
oxaloacetate by citrate lyase (91), This is a constitutive enzyme in Lactococcus lactis subsp.
lactis var. diacetylactis (6) and an inducible one in Leuconostoc spp. (65). Oxaloacetate is
further converted to pyruvate and acetaldehyde-thiamine pyrophosphate, which can condense
with another molecule of pyruvate to form a-acétolactate. There are conflicting reports on

the involvement of divalent cations such as Mg?* and Mn?* in the acetolactate synthase
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activity (9, 12). However, recent studies indicate that no cofactors are required for the
acitvity of the a-acetolactate synthetase (40),

There has been a strong controversy about the mechanism of diacetyl production in vivo.
One mechanism, as proposed by Stadhouders (92), is the oxidative conversion of the unstable
compound a-acetolactate, which can also non-oxidatively be decarboxylated to acetoin
(Fig.2).
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FIG. 1. Pathway of citrate metabolism in Leuconostoc spp. and Lactococcus lactis subsp. lacris var.
diacetylactis. The reactions are catalyzed by the following enzymes: 1, citrate permease; 2, citrate lyase; 3,
oxaloacetate synthase; 4, pyruvate decarboxylase; §, acetolaclate synthase; 6, diacetyl synthase; 7, acetolactate
decarboxylase; 8, diacetyl reductase;9, acetoin reductase. Reaction 10 is the oxidative comversion of a-
acetolactate to diacetyl (see text).

Another mechanism, proposed by Harvey and Collins (36) postulates that diacetyl-formation
results from an enzymatic reaction of the condensation product of acetaldehyde-
tyrosinepyrophophate and acetyl-CoA. However, none of the enzymes involved in this
reaction have yet been identified or characterized. Recent studies (40) suggest that diacetyl
production in Lactococcus lactis subsp. lactis var. diacetylactis and Leuconostoc spp. is
entirely due to chemical oxidation or decarboxylation of a-acetolactate, confirming the earlier
observations (92).

In the heterofermentative Leuconostoc spp. citrate is metabolized over a pH range from pH
6.3 to 4.5, but diacetyl and acetoin are only produced at acidic pH (6, 7). Cogan et al. (9)




demonstrated that acetolactate synthase is inhibited by intermediates of the phosphoketolase
pathway, and that this inhibition disappeares at acidic pH. In Lactococcus lactis subsp. lactis
var. diacetylactis production of acetoin and diacetyl is affected by pH and temperature in
non-growing cells (73). A strong pH dependence of citrate fermentation was also observed
by Hugenholtz et al. (40).

It has generally been assumed that citrate cannot be used as an energy source by the aroma-
producing bacteria, although it has been demonstrated that growth of aroma-bacteria on
lactose can be stimulated by citrate (63, 6). However, recent experiments (40, 93) showed
that in chemostat cultures Lactococcus lactis subsp. lactis var. diacetylactis strains is able to
grow on citrate as sole energy source, The conditions that allow for growth are dependent
on the pH of the growth medium. At pH values below 5.5 citrate becomes growth inhibitory,
whereas at pH values above 6.0 no citrate is utilized. On the other hand, in Leuconostoc spp.
in the presence of citrate only stimulation of growth was observed (93). This growth
stimulation can be explained by the action of citrate as external electron donor which results
in the production of more acetate instead of ethanol during heterofermentative lactose
conversion, therefore resulting in the net gain of 1 ATP-equivalent per citrate molecule (86,
93).

The biotechnological importance of the citrate metabolism is widely appreciated and various
physiological aspects have been documented, but the genetics of this metabolism has hardly
been studied. For Lactococcus lactis subsp. lactis var. diacetylactis it has been well
established, that citrate uptake is linked to a 7.9-kb plasmid (48, 29, 88). Genes involved in
the metabolism of citrate appeared to be unstable in Leuconostoc spp., suggesting plasmid
linkage of (some) of those genes (24, 69, Chapter VII of this thesis).

SOLUTE TRANSPORT IN LACTIC ACID BACTERIA

Lactic acid bacteria, being Gram-positive organisms, are surrounded by a cytoplasmic
membrane, which functions as a barrier to hydrophilic molecules. Therefore, for the
transport of such molecules transmembrane proteins are required,

The biochemical and physical aspects of systems required for the transport of nutrients and

maintenance of homeostasis in lactic acid bacteria has been studied extensively in lactococci




symport with a stoichiometry of 3 protons transported per molecule citrate. Lactose transport
in Streptococcus thermophilus has been proposed recently to proceed via a lactose/galactose
antiporter (77, 78). Antiport systems have been described first for the uptake of amino acids.
In Lactococcus lactis, uptake of arginine has been shown to be linked to the excretion of
ornithine by a very efficient antiport system. The driving forces for this process are supplied
by the chemical gradients of arginine and ornithine alone (74, 21). Other examples of
antiport mechanisms are proposed by Poolman (78), one of them explaining the metabolic
energy production during malolactic fermentation in Lactococci and Leuconostoc spp.. In this
model, divalent malate and monovalent lactate are transported via an electrogenic
malate/lactate antiport mechanism.

GENE TRANSFER IN LACTOCOCCI

Genetic studies in lactococei have focussed on the transfer of natural and recombinant
plasmids into these strains, A variety of different naturally occurring systems have been
discovered and analyzed. The first system to be studied was the transductional transfer of
genetic material by temperate bacteriophages, which erroneously packaged host DNA and
transferred it to the recipient cell by bacteriophage infection (60, 61, 62). Apart from transfer
of genetic material from one cell to another, transduction proved to be a means by which
integration of plasmid-encoded traits into the chromosome could be achieved. For instance,
transduction of lactose plasmids into Lac variants of Lactococcus lactis strains C2 and 712
was achieved at low frequencies (63, 90). Since the resultant Lac* strains did not contain
plasmid DNA it was concluded that the lactose genes had integrated into the chromosome.

Ancther mechanism of natural transfer of plasmid encoded information is conjugation, by
means of which genetic material is transferred from a donor cell to a recipient cell during
close contact of both cells, Plasmids involved in this form of transfer must encode their own
transfer functions. However, plasmids lacking these functions may also be transferred in the
presence of a conjugative plasmid (94). The enterococcal broad-host range plasmid pAMS1
was efficiently transferred to various lactococcal strains demonstrating the potential of this
system (29). Additionally, high-frequency conjugal transfer of the transposable element
Tn9I9 has been demonstrated (39) and offers a means for chromosomal inlegration, since
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transfer and transposition are combined.

Reintroduction of isolated plasmid DNA is vital in the application of recombinant DNA
technology. Because natural competence is lacking in lactococci many efforts have been
directed towards the development of a transformation system. For a long time protoplasts
have been used as a method to obtain DNA transfer by transformation (30, 51, 89, 99) and
transfection (32). However, protoplast production and regeneration are tedious and time
consuming methods and the transformation frequencies are poorly reproducible and vary
widely between different lactococcal strains (28). The introduction of the electroporation
technique has greatly facilitated the transformation of many lactococcal strains (34, 79). It
also allowed transformation of Laciococcus lactis subsp. cremoris straing, of which
protoplasts were known to regenerate poorly. However, optimal conditions of this widely
used method are still strain specific.

OUTLINE OF THIS THESIS

A prerequisite for the stabilization of important features, such as aroma production, in
starter strains used in dairy fermentations, is an extensive knowledge of the genetic basis of
these properties. In this thesis the genetic basis of citrate metabolism in Lactococcus lactis
subsp. lacris var. diacetylactis and Leuconostoc spp. are studied and genetic aspects of
citrate-fermenting Leuconostoc sirains are analyzed.

- Chapter II describes the development of a cloning system for Lenconostoc which was
necessary due to the lack of patural transformation systems.

- Chapter III describes the use of polymerase chain reaction to classify Leuconostoc strains.
- Since lactose is the most important carbohydrate used by lactic acid bacteria, knowledge
of the genetic basis of the genes involved in lactose metabolism can offer important data
concerning gene regulation and expression. Chapters IV and V describe the cloning and
expression of the lactose genes of Leuconostoc ssp.

- Cloning and functional expression in Escherichia coli of the the citrate permease gene of
Lactococcus lactis subsp. lactis var. diacetylactis are described in Chapter VI.

- A comparison of the lactococcal citrate permease with the Leuconostoc lactis citrate
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permease gene is described in Chapter VIL

- A summary together with concluding remarks are given in Chapter VIIL
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In this report, we demonstrate the utility of electroporation as an efficient methoed for genetic transformation
of Leuconostoe paramesenteroides. We optimized several factors which determine the transformation fre-
quency, resuiting in transformation efficiencies of up to 4 x 10° transformants per pg of pNZ12 DNA, which
contains the premiscuous Lactococcus lactis pSH71 replicon. Slightly lower efficiencies were obtained with a
deletion derivative of the broad-host-range plasmid pAMB1. These plasmids could be stably maintained in L.
paramesenteroides NZ6009 for more than 100 generations, even in the absence of selective pressure. In order
to show the use of the developed host-vector system, we cloned the Lactococens lactis gene encoding
phospho-B-galactosidase in L. paramesenteroides. Expression of this heterologous gene in L. paramesenteroides
under control of Lactococeus lactis expression signals was evident from the presence, in transformants, of
phospho-p-galactosidase activity and a specific phospho-f-galactosidase protein band on Western blots
(immunoblots). In addition, we transformed a lactose-deficient derivative of L. paramesentercides with a
plasmid carvying a Lactococcus lactis-Escherichia coli lacZ gene fusion. The resulting transformants synthe-
sized high levels of B-galactosidase, indicating the efficiency of heterologous gene expression signals in L.

paramesenterpides.

Bacteria of the genus Leuconostoc are gram-positive cocci
that are phenotypically and ecologically related to group N
streptococci (13), Leuconostoc spp. are widely used in the
food industry; they are involved in the fermentation of
vegetables, in wine making, and in the manufacture of
fermented mitk products, such as butter, buttermilk, and
cheese (12). Their wide application as components of starter
cultures in the dairy industry relies on their ability to
produce CO, and the aroma component diacetyl from cit-
rate. Furthermore, the heterofermentative conversion of
lactose contributes to the formation of additional amounts of
CO,.

During the last few years, an increasing number of reports
on genetic studies of Leuconostoc spp. have been published.
It is known that many Leuconostoc dairy strains contain
plasmid DNA (27), and the conjugal transfer of plasmid
DNA from Lactococcus lactis to Lenconostac spp. has been
reported (30, 34, 35). The plasmids used in these studies
encode readily identifiable properties, such as lactose fer-
mentation, nisin production, and resistance to erythromycin
and chloramphenicol. In addition, the transposon Tn919,
coaferring tetracycline resistance, has been transferred to
Lactococcus lactis (18).

Until now, no host-vector system has been described for
Leuconostoc species. The development of a plasmid-medi-
ated DNA transformation system for Leucenostoc spp. is,
however, a prerequisite for the application of recombinant
DNA technology for both the fundamental genetic analysis
and the practical improvement of these bacteria.

Electroporation has been used to transfer DNA into a
variety of cell types by production of high-intensity electric
fields of short duration, during which the cell is reversibly
made permeable. Many reports have described transforma-
tion by electroporation of mammalian cells (28) and of plant
and yeast protoplasts (11, 17). In addition, electroporation
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has been reported for gram-negative bacteria, such as Esch-
erichia coli (9, 10) and Campylobacter jejuni (24), as well as
for gram-positive bacteria, including the lactic acid bacteria
Lactobacillus casei (5), Lactococcus lactis (16, 29), and
Streptococcus thermophilus (32). Transformation by electro-
poration is easily and rapidly performed compared with
transformation systems described for various lactic acid
bacteria that involve protoplast preparation and complex
regeneration media (14, 19). In the present communication,
we describe the optimization of an electroporation proce-
dure for Leuconostoc paramesenteroides and the use of the
procedure in molecular cloning.

MATERIALS AND METHODS

Bacterial -strains and plasmids. The bacterial strains and
plasmids used in this study are listed in Table 1.

Strain NZ60)9 is a spontaneous mutant of Leuconostoc
strain Lem9 and lacks an endogenous cryptic plasmid with
an approximate size of 3 kilobase pairs. Its sensitivity ta the
Lem9-specific bacteriophage BA-Lem? is the same as the
sensitivity of the parent strain. Both strain Lcm9 and its
phage BA-Lcm9, which was vused for strain identification in
subsequent experiments, were obtained from B. Lébert,
Nestec Research Laboratory, Vevey, Switzerland.

Strain NZ6091 is a lactose-deficient derivative of strain
NZ6009 that lacks p-galactosidase activity and that was
isolated after plasmid curing by electroporation (unpublished
resuits).

Growth of bacteria. E. coli and Bacillus subtilis strains
were propagated in L broth at 37°C; all further manipulations
of these bacteria were as described for E, coli by Maniatis et
al. (22). .

L. paramesenteroides and Lactococcus lactis strains were
grown in complete MRS broth (Difco Laboratories, Detroit,
Mich.) or in MRS broth containing lactose as the sole carbon
source (MRS-lactose). For plating, MRS broth was supple-
mented with 1,5% agar; cells were plated by using a top-agar
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or Rekevant Reference or
plasmid feamare(s)® source?
L. mesenrercides  Type strain NCDO
NCDG 523
L. paramesenter-
oides
NZ6009 Lac*, Cit™ This study
NZ6091 Lac™, Cit* Lactose-deficient
derivative of
NZ6009 (unpub-
lished results)
Lactococcus Cit* NCDO
lactis subsp.
diacerylactis
NCDO 176
Lactococcus
lactis
MG1363 Plasmid-free, Lac™ 15
MG1820 Lac* 2
E. cali MC1061 Plasmid-free 4
B. subtilis 168 Plasmid-free 1
ApAMBL 10.6 kb, Em" 36
pNZ12 4.3 kb, Cm* 7
piNZ36 6.8 kb, Cm", pNZ12 with  de Vos and Gas-
a 2.5-kb fragment con- son, J. Gen.
taining the Lactocoe- Microbiol., in
cus lactis phospho- press
B-galactosidase gene
pNZ262 10.7 kb, Cm", pNZ12 8
with a 6.3-kb fragment
containing a Lactococ-
cus lactis-E. coli lacZ
gene fusion
9 kb, Kilobase pairs; Cm" and Em’, resi icol and

erythromycin, respectively. Cit* and Cit™ and L.ac‘ and Lac™ mdmle the
ahd:ly and inability to dissimilate citrate and to ferment lactose, respectively.
4+ NCDO, National Collection of Dairy Organisms.

overlay (MRS broth containing 0.7% agar). When required,
chloramphenicol or erythromycin (both purchased from
Sigma Chemical Co., St. Louis, Mo.) were each added at 10
ug/ml. All lactic acid bacterium strains were cultivated at
28°C.

For the identification of strain NZ6009, the following
characteristics were determined: (i} the ability to form CO,
from glucose, (ii) the ability to utilize citrate (halo formation
on citrate agar plates [120), (i) the formation of either
p-(—)-lactate of L-(+)-lactate from glucose (26), and (iv)
sensitivity to vancomycin (Sigma) (27). For differentiation
between Leuconostoc species, the ability to form acid from
various carbohydrates was analyzed by using API test strips
(API-50 CHL; API systems S.A., La Balme les Grottes,
France), The ability to form dextran from sucrose was tested
on sucrose agar plates (12).

Plasmid DNA isolation. Plasmid DNA isolations*from
Lactococcus lactis and L. paramesenteroides NZ6009 were
performed on a smalt scale by using the alkaline lysis method
(2} with the following modifications. Five millititers of expo-
nentially growing cells (Agy of 0.5) was incubated in THMS
buffer (30 mM Tris hydrochloride [pH 8.3], 3 mM MgCl,,
25% sucrose) containing 2 mg of lysozyme per ml for 30 min
at 37°C. The suspension was chilled on ice, 2 volumes of a
solution containing 0.2 N NaOH and 1% (wt/vol) sodium
dodecyl sulfate (SDS) were added, and the procedure was
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continued as described for E. coli (23}. For use in electro-
poration, plasmid DNA was purified by CsCllethidium bro-
mide density gradient centrifugation (23).

Restriction endonucicase digestions were performed ac-
cording to the suppliers’ recommendations (Bethesda Re-
search Laboratories, Inc., Gaithersburg, Md., and Boehr-
inger GmbH, Mannheim, Federal Republic of Germany).

Electroporation. L. paramesenteroides NZ6009 was grown
overnight in MRS broth supplemented with 40 mM pcr-
threonine (MRS-T). This culture was diluted 1:20 in MRS-T,
and exponentiaily growing cells were harvested by centrifu-
gation (6,000 x g, 20°C), washed twice with ice—cold elec-
troporation buffer (5 mM potassium phosphate buffer [pH
7.4], 2 mM MgCl, in 25% sucrose), and finally resuspended
in ice-cold electroporation buffer to an Agy of 2.0.

Subsequently, 0.8 ml of the cell suspension was trans-
ferred into a sterile Gene Pulser cuvette (Bio-Rad Laborato-
ries, Richmond, Calif.) with an inter-efectrode distance of
0.4 cm. Plasmid DNA in 10 pl of TE buffer (19 mM Tris
hydrochloride [pH 7.5], 1 mM EDTA) was added, and the
mixture was left to stand on ice for 10 min prior to electro-
poration.

High-voltage pulses were delivered with a Gene Pulser
apparatus (Bio-Rad) by using the 25-uF capacitor. After 10
min on ice. the cells were diluted into 8 mi of MRS broth and
kept at 28°C for at least 1 h to allow for the expression of the
antibiotic resistance marker. Dilutions of cells were plated
on MRS agar plates containing the appropriate antibiotic.
Colonies were visible after 24 to 36 h of incubation at 28°C.

Control experiments to determine the survival of the cells
and the occurrence of spontaneous antibiotic-resistant mu-
tants were performed by plating ceils either that had re-
ceived no electrical pulse or that were electroporated with-
out plasmid DNA, on media with or without an antibiotic.

Enzymatic assays. To determine the phospho-B-galactosi-
dase and B-galactosidase activities in Lactococcus lactis and
L. paramesenteroides, exponentially growing cells were
used that were protoplasted in THMS buffer containing 2 mg
of lysozyme per mi, washed twice in THMS buffer, and
lysed in 50 mM sodium phosphate buffer (pH 7.2) containing
1 mM dithiothreitol. To obtain complete lysis, the mixture
was sonicated three times for 5 each time at 4°C in 2 medel
W-375 sonifier (Heatsystems Ultrasonic Inc., Plainview,
N.Y.} at the maximal microtip setting. Aliquots were tested
for phospho-B-galactosidase and B-galactosidase by using as
substrates o - nitrophenyl - 8 - D - galactopyranoside - 6 - phos-
phate (ONPG-P} and o-nitrophenyl-B-D-galactopyranoside
(ONPG), respectively(both purchased from Sigma Chemicat
Co.), as described by Okamoto and Morichi (25).

Protein content was determined by the method of Brad-
ford (3) by using the Bio-Rad protein assay with bovine
serum alburmin as a standard.

Plasmid stability. The stability of plasmid DNA in L.
paramesenteroides NZ6009 was determined by serially pas-
saging the strains in MRS broth in the absence of an
antibiotic. Cells were plated on MRS agar after 100 genera-
tions, and at least 200 individual colonies were picked and
plated on selective and nonselective plates to determine the
fraction of antibictic-resistant colonies.

Southern blot hybridizations. Plasmid DNA was separated
on a 0.8% agarose gel, and the DN A was transferred to Gene
Screen Plus membranes and hybridized as described by the
supplier (Du Pont, NEN Research Products, Boston,
Mass.). Prehybridization was performed for at least 2 k in
(pre-} hybridizing solution at 65°C.

Hybridization was performed overnight at 65°C by using 2
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TABLE 2. Summary of characteristic features of L. paramesenteroides NZ6009 and comparison with those of Streptococcus lactis
subsp. diacetylactis NCDXO 176 and L. mesenteroides NCDX) 523°

Strain CO, from Type of lactic Vancomycin Citrate Growth in Dextran Growth at
glucose acid from glucose {rg/mi) dissimilation litmus mitk formation irc
NZH9 + o) 500 + Slight - +
NCDO 176 - L{+) <10 + + - +
NCDO 523 + ND >500 - Slight + -

2 +, Reaction or growth abserved; —, reaction or growth not cbserved; ND. not determined.

ml of hybridization solution and 0.3 pg of probe DNA, which
was prepared by nick translation by using [a-*PIdATP (Du
Pont, NEN Research Products) by the method of Maniatis et
al. (23).

After hybridization, the filter was washed three times for
30 min each time at 65°C in 0.1x S5C and 0.1% $DS and
subsequently autoradiographed by using XAR-5 film
{Eastman Kodak Co., Rochester, N.Y.) and Du Pont Cronex
Lightning-Plus intensifying screens at —80°C (1 x SSCis 0.15
M NaCl plus 0.015 M sodium citrate).

Western blot (immuneblot) analysis., Whole-cell protein
samples were prepared by incubating cells from i.5-ml
exponentially growing cultures in 508 pul of THMS buffer
with 2 mg of lysozyme per ml for 1 h at 37°C. Cells were
pelleted and resuspended in 100 ul of sample buffer (60 mM
Tris hydrochloride [pH 6.8], 1% SDS$, 1% B-mercaptoeth-
anol, 10% glycerol, 0.01% bromphenol blue), and the lysates
were heated at 100°C for 5 min. Samples (35 pl each) were
applied to 12.5% polyacrylamide-SDS gels (20), which were
run for 16 h at 35 V. The gels were blotted to nitrocellulose
filters (BA8BS; Schleicher & Schuell, Inc., Keene, N.H.) in
Tris-glycine buffer (25 mM Tris hydrochloride [pH 7.4], 192
mM glycine) containing 20% (volfvol) methanol by using a
blotting apparatus (Transblot; Bio-Rad) for 4 h at 300 mA.

Phospho-p-galactosidase was visualized by using rabbit
antibodies against purified Lacrococcus lactis phospho-B-
galactosidase (8) and swine anti-rabbit peroxidase conjugate
(Dakopatts A/S, Glostrup, Denmark), with 1-chloro-4-naph-
thol as a substrate.

RESULTS

Strain identification. Various essential properties of strain
NZ600% are summarized in Table 2.

Because of the ability of this strain to form acid from
arabinose, xylose, and mannitol and its inability to form
dextran from sucrose, strain NZ6009 was classified as L.
paramesenteroides. As observed in other Lexconostoc spe-
cies, L. paramesenteroides contains plasmid DNA 2T).
Strain NZ6009 harbors four endogenous plasmids with mo-
lecular weights ranging from 35 to 1.8 kilobase pairs, as is
shown in Fig. 1.

Electroporation of various plasmids into NZ6009. In initial
experiments, L. peramesenteroides NZ6009 was trans-
formed with 1 pg of DNA from the broad-host-range vectors
pNZ12 and ApAMBL by using a single pulse of 6.25 kV/cm.
The percentage of cell death under these conditions was less
than 10%.

Transformation efficiencies per microgram of plasmid
DNA ranged from 1 x 107 to 4 x 107 for pNZ12 and were a
factor of 10 lower (2 x 10%) for ApAMP1. Cells of strain
NZ6009 that had been ciectroporated in the absence of DNA
did not produce colonies resistant to either chloramphenicol
or erythromycin.

The plasmid content of transformants was analyzed by
agarose gel electrophoresis of plasmid DNA isolated on
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a smail scale; the presence of the donor plasmid DNA could
be demonstrated in all antibiotic-resistant transformants,
Examples of plasmid profiles from L. paramesenteroides
NZ6009 transformants are shown in Fig, 2. Comparison of
the intensities of the undigested and linearized DNA bands
(Fig. 2, lanes A and C and B and D, respectivety) of pNZ12
and pNZ36 with those of the endogenous plasmids indicates
that pNZ12 and its derivative, pNZ36, have a higher copy
nwnber in L. paramesenterpides than do the endogenous
piasmids detected.

The presence of donor plasmids in the transformants was
confirmed in hybridization experiments as shown in Fig. 3.
in all experiments, the strain identity of the transformants
was confirmed by testing their sensitivity to the NZ6009-
specific phage BA-Lcm®.

Electroporation conditions. To determine the conditions
required for optimal electroporation of L. paramesenteroi-
des NZ6009, the strain was electroporated under several
different conditions by using pNZ12 DNA. Experiments
were performed that varied the initial electrical field
strength, the amount of plasmid DNA, and the source of
plasmid DNA. A strong effect of the electrical field strength
on electroporation efficiency was observed.

No transformants could be detected at the lowest voltage
applied. Between 3.75 and 6.25 kV/cm, the efficiency of
transformation (i-e., the number of antibiotic-resistant colo-
nies per microgram of DNA) increased almost exponentially

pNZ&4 ~ 35
pNZ6 3 - 26
pNZ62 — 18,5
pNZE 1 - 1B

FIG. 1. Agarose gel electrophoresis of CsCliethidium bromide-
purified plasmid DNA from L. paramesenseroides NZ6009. Num-
bers to the right indicate plasitid sizes {in kilobase pairs}. On the
left. plasmid designations are given.
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FIG. 2. Agarose gel electrophoresis of plasmid DNA isolated on
a small scale from L. paramesenseroides NZ6009 transformants.
Numbers on the left indicate sizes of molecular size standards (in
kilobase pairs). Lanes: A and B, plasmid DNA from transformants
harboring pNZ12, undigested and digested with Sall, respectively;
C and D, plasmid DNA from transformants harboring pNZ36,
undigested and digested with EcoRI, respectively. Asterisks mark
the positions of the lincarized pNZ12 (4.3 kilobase pairs) and pNZ36
(6.8 kilobase pairs).

with the field strength. At the highest voltage applied (6.25
kV/cm), efficiencies of 1 x 10° to 4 x 10* transformants per
g of DNA were observed. This corresponds to frequencies
of about one transformant per 107 recipient cells,

The relationship between the amount of transforming
plasmid DNA and the number of transformants obtained by
electroporation was examined and is presented in Table 3. In
the range of 0.3 to 3.0 ug of plasmid DNA, a linear dose
response was cobserved between DNA concentration and
transformation efficienicy, indicating that ome molecule is
sufficient to transform one host cell. The values in Table 3
indicate that saturation occurs at higher DNA concentra-
tions.

To determine whether the source of plasmid DNA had any
effect on the efficiency of Leuconostoc transformation, we
transformed L. paramesenteroides NZ6009 with pNZ12
DNA isolated from Lactococcus lactis MG1363, E. coli
MCL06), or L. paramesentereides NZ6009, Similar frequen-
cies, approximately 10° transformants per pg of DNA, were
obtained (data not shown), indicating that the source of
DNA had no influence on the transformation efficiencies.

Stability of plasmid DNA in L. paramesenteroides NZ60O9.
After growth for 100 generations without selective pressure,
no chloramphenicol- or erythromycin-sensitive colonies
could be detected for strain NZ6009 containing either pNZ12
or ApAM@1. All antibiotic-resistant colonies tested (24 of 24)
appeared to contain the intact pNZ12 or ApAMPB]1, as could be
demoenstrated by analysis of piasmid DNA content (data not
shown). Growing the transformants mentioned above in the
presence of the curing agent acriflavine (5 pg/ml) did not
result in the curing of either pNZ12 or ApAM@1 (data not
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FIG, 3. Autoradiogram obtained from a Southern blot of plasmid
DNA from L. paremesenteroides NZ60O9 transformants harboring
pNZ12 after hybridization with **P-labeled pNZ12 DNA. Lanes: A,
pNZ12 DNA digested with Sa/; B and C, total plasmid DNA of
NZ6009 harboring pNZ12, digested with Sa/l and undigested, re-
spectively; D, total plasmid DNA of NZ60Q9 (not transformed). The
arrow indicates the linearized 4,3-kilobase-pair pNZ12 plasmid
band.

shown), confirming the stability of these plasmids in L.
paramesenteroides.

Expression of the Lactococcus lactis phosphe-B-galactosi-
dase gene in L. paramesenteroides. [n order to test the utility
of the established host-vector system for L. paramesente-
roides NZ6009, the Lactococcus lactis phospho-§-galac-
tosidase gene located on pNZ36 (Table 1) was introduced
into this strain. The phospho-p-galactosidase activity of
NZ6009 harboring pNZ36 (Table 4) was elevated onty
slightly as compared with the untransformed control
(NZ6009). This is a consequence of relatively high back-
ground activity of strain NZ6009. However, the expression
of the Lactococcus lactis phospho-p-galactosidase gene is
evident in the lactose-deficient derivative NZ6091 containing
pNZ36 (Table 4). The levels of phospho-B-galactosidase
activity specified by pNZ36 were comparable in Lactococ-
cus lactis and L, paramesenteroides.

Expression of phospho-B-galactosidase activity in trans-
formants cartying pNZ36 was further demonstrated by
Western biot analysis (Fig. 4). The protein extracts of
NZ6009 harboring pNZ316 (Fig. 4, lane E) clearly show an
additional band that migrates the same distance as the

TABLE 3. DNA dependence of electroporation {effect of the
concentration of pNZ12 on the transformation efficiency
of L. paramesenteroides NZ609)

No. of Transformation

vg of DNA transformants® efficiency®
0.3 2.5 x 10°? 8.3 x 107
0.5 4.2 x 107 8.4 x 10*
1.0 6.5 x 10° 6.5 x 10?
3.0 21x WP 7 x 10
10.0 3.6 x WP 3.6 x 10°

2 Total ber of antibiotic- observed,

¥ Number of transformants per microgram of DNA.
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TABLE 4. Specific phospho-f-galactosidase and p-galactosidase
activities of L. paramesenteroides (NZ600? and NZ6051) and
Lactococcus lactis strains (MG1363 and MG1820) containing

plasmids carrying the Lactococcus lactis phospho-f-
galactosidase gene (pNZ36) or the Lactococcus
lactis-E. coli lacZ gene fusion (pNZ262)

Sp act of*:
Strain

Phospho-p-galactosid: B-Gal id.
NZs00% 42 2.3 x 107
NZ&G0IHpNZ35) 75 24 % 107
NZ6091 <0.1 <0.1
NZ6091(pNZ36) 92 <0.1
NZ6091(pNZ262) <0.1 0.7 x 10°
MG1363 <0.1 <0.1
MG1363(pNZ36} 79 <0.1
MG1363(pN2262) <0.1 1.0 x 10°
MG1820 2 x 10 <0.1

 Specific activities are expressed as nanomoles per minute per milkigram of
protein,

purified phospho-p-galactosidase (lane D). This band is also
present in the phospho-B-galactosidase-positive Lactococ-
cus lactis M(G1820 (lane A) and in MG1363 harboring pNZ36
(lane C), whereas such a band could not be detected in the
phospho-f-galactosidase-deficient  Lactococcus  lactis
MG1363 or in L. paramesenteroides NZ6091 (lanes B and F,
respectively).

Expression of the E. coli B-galactosidase gene in L. parame-
senteroides. The plasmid pNZ262 is a pNZ12 derivative
containing a gene fusion between the Lactococcus lactis
SK11 proteinase transcription and translation initiation sig-
nals and the E. coli lacZ gene (8). The lactose<deficient L.

# e ; S S

FIG. 4. Immunoblot analysis of cell lysates from various Lacro-
coccus lactis and L. paramesenieroides strains after incubation with
antiserum raised against Lactococcus lactis phospho-B-galactosi-
dase. Lanes: A, Lactococcus lactis MG1820 (Lac™); B, Lactococ-
cus lactis MG1363 (Lac ™); C, Lactococcus lactis MG1363 harboring
pNZ36; D, Lactococcus lactis NCDO 712 phospho-p-galactosidase
purified from an overproducing £. coli strain (8); E, L. paramesen-
teroides NZ6009 harboring pNZ36; F, L. paramesenteroides
NZ5009 (untransformed). The arrow indicates the specific phospho-
f-palactosidase band.
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paramesenteroides strain NZ6091 appeared to be devoid of
B-galactosidase activity and was therefore chosen as the
subject of transformation with pNZ262 DINA.

The p-galactosidase activity of L. paramesenterocides
transformants was comparable to the specific activity ob-
served in Lactococcus lactis MG1363 carrying pNZ262
(Table 4) and only slightly lower than the activity in wild-
type, lactose-proficient L. paramesenteroides NZ6009, How-
ever, the presence of the lacZ gene in NZ6091 did not allow
strain NZ6091 to grow on MRS-lactose {data not shown).

DISCUSSION

The results presented here show that L. paramesenteroi-
des NZ600? can be transformed efficiently by means of
electroporation with two unrelated broad-host-range plas-
mids. The conjugal transfer of pAMP1 to L. dextranicus and
L. cremoris was already demonstrated previously (30), indi-
cating the functionality of its replicon in Leuconostoc spe-
cies. The successful transformation of L. paramesenieroides
by pNZ12 DNA exempiifies the wide host range of this
vector. The replicon of pNZ12 is derived from the cryptic
Lactococcus lactis NCDO 712 plasmid pSH71 and is func-
tional in various streptococcal hosts, as well as in B. subsilis
(7), Lactobacillus casel (5}, Staphylococcus aureus (7), and
E. coli (7).

Plasmid pNZ12 was chosen for initial experiments de-
signed to establish optimal conditions for the electroporation
of L. paramesenteroides NZ6009. The transformation effi-
ciencies obtained in L. paramesenteroides NZ6009 amount-
ed to I X 10° to 4 x 10’ transformants per ug of pNZ12
DNA. A linear dose response was observed up to an amount
of 3.0 pg of pNZ12 DNA per 2 x 10° cells. Saturation
occurred when higher DNA concentrations were used. Mi-
nor variations between experiments were ohserved that may
be attributed to differences in growth phases of the cell
preparations (24). Our experimental outline was based on
eatlier data on electroporation of lactic 2cid bacteria (5, 29,
32), showing that the voltage applied is the most significant
parameter.

Application of pulses up to 6.25 kV/cm, which represented
the maximum voltage that could be reached, resulted in a
linear increase in the number of transformants, indicating
that higher voltages might give rise to an even larger number
of transformants (9). However, preliminary experiments
using cuvettes with a 0.2-cm inter-electrode distance, result-
ing in a higher electrical field strength, showed that transfor-
mation efficiencies do not exceed 4 X 10%/ug of pNZ12 DNA.
This indicates that the efficiencies obtained by using 6.25 kV/
cm may be the maximal efficiencies obtainable with this
strain under the given experimental conditions.

Efficiencies of transformation in L. paramesentercides
NZ6&009 were lower than those achieved by transformation
of Lactococcus lactis (29) and Lactobacillus casei (5). Re-
sults of the electroporation of Streprococcus thermaphilus
(32) and very recently published results on the electropora-
tion of L. lactis and L. dextranicus (21) showed comparable
transformation efficiencies. However, the system for the
electroporation of these Leuconostoc strains has not been
optimized or used to study the expression of new genes in
this species. L. paramesenteroides NZ6009 cells were very
resistant to high electrical pulses, with only a 10% decline in
the number of CFU at 6.25 kV/cm. The apparent large
number of surviving cells may not reflect the actual number
of viable cells but couid be due to electraporation-induced
rupture of cell chains, giving rise to more CFU.







