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Abstract

The development of sophisticated genetic tools during the past 15 years have facilitated a tremendous increase
of fundamental and application-oriented knowledge of lactic acid bacteria (LAB) and their bacteriophages. This
knowledge relates both to the assignments of open reading frames (ORF's) and the function of non-coding DNA
sequences. Comparison of the complete nucleotide sequences of several LAB bacteriophages has revealed that
their chromosomes have a fixed, modular structure, each module having a set of genes involved in a specific phase
of the bacteriophage life cycle. LAB bacteriophage genes and DNA sequences have been used for the construction
of temperature-inducible gene expression systems, gene-integration systems, and bacteriophage defence systems.

The function of several LAB open reading frames and transcriptional units have been identified and char-
acterized in detail. Many of these could find practical applications, such as induced lysis of LAB to enhance
cheese ripening and re-routing of carbon flux es for the production of a specific arnino acid enantiomer. More
knowledge has also become available concerning the function and structure of non-coding DNA positioned at or in
the vicinity of promoters. In several cases the mRNA produced frorn this DNA contains a transcriptional terminator-
antiterminator pair, in which the antiterminator can be stabilized either by uncharged tRNA or by interaction with
a regulatory protein, thus preventing formation of the terminator so that mRNA elongation can proceed. Evidence
has accumulated showing that also in LAB carbon catabolite repression in LAB is mediated by specific DNA
elements in the vicinity of promoters governing the transcription of catabolic operons.

Although some biological barriers have yet to be solved, the vast body of scientific information presently avail-
able allows the construction of tailor-made genetically modified LAB. Today, it appears that societal constraints
rather than biological hurdles impede the use of genetically modified LAB.

Introduction

The central molecule of a living unit is a polymerized
string of either ribonucleotides (RNA) or deoxyribo-
nucleotides (DNA). These often huge linear or cir-
cular polymers serve two functions: (1) they encode
all information needed to sustain and reproduce an
individual cell and, (2) they are transmitted during
cell division with high fidelity. Alterations are kept
to a minimum due to the presence of powerlul re-
pair mechanisms and daughter cells are essentially
identical to the parent cell, at least during asexual
reproduction. When sexual or parasexual systems in-
terfere, the genetic information can be changed more
drastically. However, in the natural context, never

beyond certain limits set by the degree to which the
genetic exchange mechanisms operating in general
recombination can tolerate.

The natural constraints on the formation of grossly
changed DNA at high frequency in a short period
of time were definitely raised with the advent of
recombinant DNA technology which permitted to in-
tentionally change the genetic meaning of genomes
almost ovemight in a way unlikely to occur in Nature.
This development not only accelerated the progress
of fundamental research to an impressive speed, but
also opened avenues for the production of cells and
organisms for the pharmaceutical and fermentation
industries. In addition, automated DNA sequencing
facilities and advanced computer programmes which



convert nucleotide sequences to ORF's and link to-
gether nucleotide sequences into contigs has permitted
entire microbial genomes to be sequenced as weIl as
that of the eukaryotic Saccharomyces cerevisiae and,
very recently, that of the multicellular Caenorhabditis
elegans. As more genomes are being sequenced, we
expect to understand in a much more detailed way
than before, how evolution worked in shaping the
genomes in present day organisms. Por the first time
the genome of a LAB has been sequenced to com-
pletion. The sequence of Lactococcus lactis strain
lLl403 is a major step toward making comparisons
with the genome sequences of other LAB, such as that
of Lactobacillus acidophilus, which is weIl under way
in the framework of the U .S. National Dairy Poods Re-
search Center Programme (T.R. Klaenhammer, pers.
comm.). As more LAB genomes are completed, com-
paring their genetic organization and informational
content will undoubtedly shed light on the evolution-
ary relationships among the diverse members of this

group.
Af ter the genomes are sequenced, determining the

function of each and every gene contained in the gen-
ome of an organism is a tremendous challenge. The
general strategy to determine the function of a gene
is to produce an interrupted copy by a Campbell-type
integration and to analyze the phenotypic effect(s).
However, if the gene to be interrupted is essential,
this strategy does not work and should be replaced
by one in which, in addition to the interrupted copy,
an intact copy remains present, which can be tumed
on at will. Por the functional analysis of the Bacillus
subtilis genome, the vector pMUTin2 meeting these
requirements has been developed (Vagner et al. 1998).
Upon integration of this vector, transcription of the
non-interrupted copy of the essential gene is controlled
by the Pspac promoter in an IPTG-dependent fash-
ion. As far as we are aware, such a vector for LAB
has not yet been constructed. However, since both
suitable integration vectors for LAB (Leenhouts et al.
1991; Maguin et al. 1992; Biswas et al. 1993; Law
et al. 1996) and tightly regulated inducible promoters
are currently available, a LAB vector with proper-
ties similar to pMUTin2 could be easily constructed.
Nevertheless, the shear number of all the genes of a
genome makes it a formidable task to uncover their
functions. Undoubtedly, this task will carry us through
the next few decades, even if several groups would
join forces in this enterprise for just one species of
LAB. Yet, pursuing this goal is worthwhile, as it will

provide a wealth of information for both fundamental
and applications-oriented research.

Although the phenotype of an organism ultimately
depends on its genetic potential, knowledge of the
function of all its ORF's is only part of the complete
understanding of the organism in its biological con-
text. Ideally, one would like to be able to predict the
behaviour of that organism from its genetic composi-
tion. This requires knowledge about non-coding DNA
sequences, such as those to which regulatory mo-
lecules attach to modulate gene expression. Even then,
full understanding of the organism would be incom-
plete without knowledge of how proteins interact to
produce a particular phenotype. Rapid progress is be-
ing made on this level, owing to the computer-assisted
exploitation of the large body of information available
on proteins and protein domains. In those fortunate
cases where the crystal structure of a protein is known,
examples exist in which computer-assisted m~delling
of related proteins can occur and result in genetic
engineering of proteins with desirable properties.

Cells are continuously adapting to their surround-
ings: nutrients can become limiting and, in the case
of LAB, cells are exposed to increasingly lower pH
values through their own metabolic activity. Moreover,
chemical additions to industrial fermentations are
routinely made (e.g., salt during cheese making). How
these changes affect the cell's biochemistry, depends
on the modulation of specific gene sets, which can be
examined by Northern hybridisation at the transcrip-
tionallevel or by Western blotting at the translational
level. These are, of course, very time consuming
approaches and in a in a majority of cases Western
analysis is not feasible because suitable antibodies are
lacking. An altemative to assess the protein-encoding
potential of the cell is to use highly standardized
2D gel electrophoresis to construct a 2D protein in-
dex as has been dolle for B. subtilis (Bernhardt et
al. 1997; Schmid et al. 1997; ). However, to link
particular protein spots to the corresponding gelles is
time-consuming and often requires microsequencing
and/or mutant production. Moreover, gelles which are
weakly expressed will remain hidden in this type of

allalysis.
The recent introduction of DNA array technology

to monitor RNA expression of target gelles, represents
a major step forward in studying genome-wide gene
expression. These techniques have now advanced to
a state that the transcriptional potential of complete
genomes can be monitored on just one, or a very lim-
ited number of oligonucleotide chips (for review: see
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Schena et al. 1998; Ramsay 1998, and elsewhere in
this volume), with a resolving power of only a few
mRNA molecules per cell (de Saizieu et al. 1998). In
summary, a whole spectrum of sophisticated analyt-
ical tools is presently available for quickly assessing
gene function, its modification in a predictable way
and tracing differential gene expression under a variety
of extemal conditions.

Due to the relatively small size of their chromo-
somes, the genomic analysis of LAB bacteriophages
advanced much more rapidly than that of their hosts.
In the following text, some aspects of LAB bacterio-
phage genomics wi1l be reviewed briefly, emphasizing
those bacteriophage elements with potential interest
for the industry, This wi1l be fo1lowed by a few se-
lected examples in which the (probable) function of
a lactococcal gene could be derived from sequence
comparisons with bacteria distantly related to LAB.
Fina1ly, some attention wi1l be given to non-coding
DNA, as we1l as to those constraints which impede
applications of genetica1ly modified LAB.

LAB bacteriophage genomics

The first LAB bacteriophage chromosome sequenced
to completion was that of the lytic lactococcal bac-
teriophage bIL67 (Schouler et al. 1994). Additional
(complete) sequences of bacteriophage chromosomes,
from both virulent and temperate phages infecting
various LAB species, have now become available
(Table I). We are now in the position to compare
their overall genetic organization and, by homology
comparisons, assign probable functions to a number
of their ORF's. Figure 1 displays a schematic repres-
entation of such a functional assignment for a specific
group of small isometric-headed phages containing
both lytic and temperate representatives which infect
a variet y of LAB species. Comparison of the partial
functional maps has allowed a number of general-
isations. Figure 1 shows that: (I) genes involved in
lysogeny are transcribed divergently from those re-
quired for the lytic pathway; (2) the element goveming
the switch from the lysogenic to the lytic cycle of
temperate bacteriophages is located between the lytic
and lysogenic genes; and, (3) adjacent to the 3'-end
of the genetic switch is a cluster of genes for the ini-
tiation and sustenance of bacteriophage chromosome
replication. These genes are folIowed by gene clusters
involved in packaging of the chromosomes into the
phage heads, and directing bacteriophage morphogen-

esis and genes required for lysis of the host. Thus,
these bacteriophage chromosomes are highly modu-
lar with functionally-related genes clustered together
in a fixed order. Exchange of modules between in-

terbreeding bacteriophages by recombination has been
invoked to explain the variability between and evolu-
tion of bacteriophage chromosomes (Botstein 1980).
However, in an extensive review on the variability
of a number of Streptococcus thennophilus bacterio-
phages, this evolutionary mechanism has been ques-
tioned on the basis of the observation that exchanged
segments were neither functional units (modules) nor
even complete genes (Briissow et al. 1998). A number
of ORF's of bacteriophage 0Sfi21 of S. thennophilus
showed significant identities with ORF's from vari-
ous LAB-infecting bacteriophages and even from a
Lb. delbrueckii plasmid. These observations favour the
idea that S. thermophilus bacteriophages have evolved
through horizontal gene transfer between various LAB
as their hosts share the same ecological environment.

It is interesting to note that the mechanism by
which the chromosomes are incorporated in the bac-
teriophage heads may differ profoundly, even among
closely-related bacteriophages. For example bacterio-
phage rIt uses a cos site and a terminase to produce
chromosomes with single- strand complementary ter-
mini, whereas Tuc2009 employs the headful mech-
anism to produce circularly permuted chromosomes.
Apparently, lytic phage varieties can be derived from
temperate bacteriophages, as illustrated by inspection
of the genome organization of bacteriophage LL-H,

which, although having retained attP and part of the
integrase gene, appears to lack the repressor gene and
the switch goveming the life cycle (Figure 1).

Apart from these general deductions, the question
should be raised as to which set of genetic informa-
tion could be used for (future) applications. Obvious
examples are: (1) repressor-operator systems for the
construction of LAB strains in which gene expression
can be tumed on or off at will; (2) genetic elements
which could be used to provoke lysis of LAB in the
context that lysis of LAB may facilitate cheese ripen-
ing; (3) elements that could be used for the stabIe
integration of (foreign) genes in LAB; and, (4) ele-
ments which could be used to combat phage infections
during fermentations. An example of each of these
possibilities will be described in the following pages.
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Table 1. List of LAB bacteriophages of which the genome has been partially or completely sequenced. This table only includes phages of
which at least six kb of contiguous sequence has been determined

Phage cos/paca Type Complete sequence ORF's present LAB host

available; base pairs on genome

Reference

prolate, Iytic yes; 22,195

prolate, Iytic yes; 22,163
small isometric, lytic yes; 28,451

small isometric, lytic no

small isometric, temperate no

small isometric, temperate yes; 33,350

small isometric, temperate yes; 38,347

small isometric, temperate no

37

39

54

NA

NA

50

56

NA

L. lactis subsp lactis

L. lactis subsp lactis

L. lactis subsp. cremoris

L. lactis subsp. lactis

L. lactis subsp. cremoris

L. lactis subsp cremoris

L. lactis subsp cremoris

L. lactis subsp cremoris

Lb. delbrueckii subsp. lacti

Lactobacillus species

S. thermophilus

S. thermophilus

S. thermophilus

S. thermophilus

S. thermophilus

S.thermophilus

bIL67 cos

c2 cos

ski cos

bIL4i cos

B KS-T cos

rit cos

Tuc2009 pac

TP90i-i pac

small isometric, lytic yes; 34,659

small isometric, temperate yes; 42,259

small isometric, temperate yes; 43,075

small isometric, lytic yes; 35,466

small isometric, temperate no

small isometric, lytic no

small isometric, lytic no

52

62

57

44

NA

NA

NA

LL-H pac

pgle (pac)

pOl20S pac

p720l cos

TP-J34 pac

pSfill pac

pSfil9 cos

~Sfi21 small isomerric, remperare no NAcos

acos/pac: phages using cos Of pac type of DNA packaging, fespectively; NA: not applicable

occurrence of introns

Figure 2. Modular genomic organization found in a large group of small isometric-headed bacteriophages (see Figure l and Table I). Arrows
positioned at the top of the tigure and coloured in green and red indicate the transcription direction during the Iysogenic and Iytic life cycle,
respectively (note that in Iytic phages the DNA region transcribed from Iysogenic phages is no!, or only partially present). The presumed
function of specitic DNA modules is indicated in the middle part of the tigure and regions with no known function are indicated by question
marks. Vertical arrows pointing towards !he bottorn part of the tigure point at additional information on functionality or composition of the
specitic DNA module.

Schouler et al. 1994

Lubbers et al. 1995

Chandry et al. 1997

Parreira et al. 1996

Boyce et al. 1995

van Sinderen et al. 1996

van Sinderen et al.l

Christiansen et al. 1996

Johnsen et al. 1996

Madsen et al. 1998

s Mikkonen et al. 1996

Kodaira et al. 1997

Stanley et al. 1997

van Sinderen et ai.2

Neve et al. 1998

Lucchini et al. 1998

Lucchini et al. 1998

Oesiere et al. 1998

Oesiere et al. 1998

Bruttin et al. 1997

Oesiere et al. 1997
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lnducible gene expression systems derivedfrom

bacteriophage

ate E. coli bacteriophages À and 434 (Aggarwal et
al. 1988; Beamer & Pabo 1992). Characteristically,
these repressors have a two domain structure with
an N-terminal portion binding to the cognate oper-
ators and a C-terminal domain important for dimer
formation, dimer -dimer interaction, and repressor self -

cleavage (Pabo et al. 1979). The binding specificity
of repressors to the cognate operators of temperate
bacteriophages resides in the second helix ofthe helix-
turn-helix motif present in the N-terminal repressor
domain, whereas the amino acid sequence constitut-
ing the turn is important for the correct positioning
of the second helix relative to the DNA backbone
(see Ptashne 1992). The requirements to be met by a
suitable temperature-labile repressor, noted above, are
perfectly met by the well-known temperature-sensitive
À repressor CI857, carrying an A66Thr substitution
in the N-terminal domain (Lieb 1981). Molecular
modelling, using the programme WHAT IF (Vriend
1990) showed that Ala66, contained in helix 4 of
the N-terminal domain, is buried in a densely packed
hydrophobic pocket. Replacement of Ala66 by Thr
would result in distortion of local hydrophobic inter-
actions. Modelling studies using the 3D-structures of

.the N-terminal domains of the À and 434 repressors
revealed the presence of a structurally similar pocket
in the N- terminal domain of Rro, despite the fact
that the N-terminal domains of the three repressors
shared only 5 conserved amino acids (Figure 3). By
randomizing three residues predicted to destabilize
the hydrophobic pocket, several temperature-sensitive
repressor mutants were obtained. In cells producing
one of the mutant repressors, carrying an F50S in addi-
tion to a P61A replacement, the induction factor upon
raising the temperature from 24 ac to 37 ac and 40 ac
was approximately 200 and 600, respectively (Nauta
et al. 1997).

Using a random mutagenesis technique, a thermo-
sensitive mutant of the repressor (Rad) of the Lb. gas-
seri bacteriophage 0adh was recently obtained, which
contained three amino acid substitutions. Based on ter-
tiary structure analysis, one of the mutations, V 48A,
corresponded to V54 in the hydrophobic pocket of
Rro. However, induction at 42 ac appeared to be
quite low. Interestingly, one ofthe hydrophobic pocket
variants (L52D) showed a slightly cryosensitive phen-
otype. From this observation we may speculate that
by proper engineering of the hydrophobic pocket,
repressors could be obtained which effectively lose
their repressing ability at low temperature, which

As noted above, all genes involved in the lytic cycle
of temperate phages are transcribed oppositely from
those goveming the lysogenic cycle. In analogy with
temperate phages of other bacterial species, this sug-
gests that important regulatory functions could be
located in the intergenic region. The two divergently
transcribed ORF's flanking this region are ORF 3 and
ORF 4 (Figure 1, see r1t, in which ORF3 and ORF4
are indicated as repressor and cro ). Examination of
the nucleotide sequence of this region of the L. lactis
phage r 1 t revea1ed that it contained two oppositely ori-
ented promoters, P1 and P2, identical to the consensus
promoter sequence used by L. lactis RNA polymerase.
As the -35 sequence ofthese promoters are part oftwo
direct repeats with dyad symmetry, the intergenic re-
gion has the characteristic features of control regions
which are instrumental in the decision between the
lytic and lysogenic life cycles of temperate phages.
Alignments of the deduced rro product (Rro) with a
number of known and supposed repressors showed
that it shared a number of identical amino acids at
specific positions with these repressors, including two
adjacent amino acids, A and G, where the E. coli
repressor LexA and the À Cl repressor cleaves dur-
ing autodigestion. In addition, the protein contained
a putative helix-tum-helix motif. Together these fea-
tures strongly suggested that the Rro was the repressor
of phage r1t. This was underscored by experimental
evidence: a strain carrying a plasmid in which the tran-
scription of lacZ was placed under the control of the
lytic promoter P2 produced f3-galactosidase when ex-
posed to mitomycin C, whereas a frameshift mutation
in rro led to constitutive synthesis of f3-galactosidase
(Nauta et al. 1996). The conclusion that Rro was
indeed the repressor controlling the lytic/lysogenic
switch in phage r1t provided the basis for the con-
struction of a temperature-inducible gene expression
system for lactococci.

A suitable repressor-based temperature-inducib1e
system should meet a number of requirements: the
cells should have the wild-type phenotype at low
temperatures, whereas at higher temperatures the
repressor should be inactive. In addition, the crit-
ica1 temperature interval should Me sma1l, as the
ce1ls should stay metabolica1ly active at the elev-
ated temperature. The successful development of such
a system was facilitated by the availability of the
crystal structure of the repressors of the two temper-
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The former application was implemented in a cheese
making experiment where the effect of nisin-induced
lysis of an adjunct starter culture on lysis of cells was
studied, using cytoplasmic L-lactate dehydrogenase
as a marker for lysis. Af ter 4 days of ripening the
activity of the marker enzyme had increased 4-fold as
compared to the controls, indicating that the system
of induced lysis also functioned under actual cheese
making conditions (de Ruyter et al. 1997). The latter
application has been demonstrated by expression of
the lysin gene of a Listeria monocytogenes bacterio-
phage in L. lactis. Upon induction, a range of Listeria
strains were found vulnerable to lysis (Payne et al.

1995).

Integration of genes using bacteriophage
DNA -derived sequences

The capacity of temperate bacteriophages to lysogen-
ize their hosts by site-specific integration essentially
depends on their attachment site (attP), the presence
of an identical sequence on the host chromosome
(attB), and a bacteriophage-encoded integrase (Int).
Site-specific recombination has been usêd to integrate
plasmids into the chromosomes oflactococci, lactoba-
cilli and s. thermophilus. To make the bacteriophage-
derived systems operational, first the critical genetic
elements for integration had to be determined, which
was established for the Lactobacillus gasseri bac-
teriophage 0adh (Raya et al. 1992), Lb. delbrueckii
subsp. bulgaricus bacteriophage mv4 (Dupont et al.
1995), and the L. lactis subsp. cremoris bacterio-
phages Tuc2009 (van de Guchte et al. 1994), TP901-1
(Christiansen et al. 1994), rlt (van Sinderen et al.
1996) and 0LC3 (Lillehaug & Birkeland 1993) as
well as for 0Sfi21 of S. thermophilus (Bruttin et al.
1997b). By incorporating the int gene and attP into
( conditionally ) non-replicating plasmids, the plasmids
became integrated into the target site, attB, ofthe chro-
mosomes of transformants. Integration at the correct
site was even observed when a single gene was ligated
to the int gene-attP cassette to form a circular mo-
lecule (Li1lehaug et al. 1997). The main advantages
of using the int-attP cassette over systems in which
integration is govemed by general recombination are:
(1) the integration takes place at the same site used by
the bacteriophage chromosome during lysogenisation,
thus at a site which disruption is likely to be harmless
to the ce1l, (2) the genetic stability of the integrants
under non-selective conditions is usua1ly much higher
than those generated by general recombination, (3) the

review: see Gasson 1996). Homology comparisons
strongly suggested that ORF 23 of bacteriophage rlt
( denoted lysin, Figure 1) could encode the lysin. Proof
was obtained by cloning the gene, lytR, in the IPTG-
inducible plasrnid pAG58 in E. coli. Subsequent assay
of cell wa1llytic activity by subjecting cell-free E. coli
extracts to SDS-polyacrylarnide gel electrophoresis
showed a prominent clearing zone in the gel contain-
ing M. leisodeikticus cell wa1ls, corresponding to the
expected molecular size ofLytR (Nauta 1997).

Phage lysins are genera1ly synthesized without
an N-termina1 secretory signa1 peptide needed for
sec-dependent transport across the cytoplasmic mem-
brane. To gain access to the cell wa1l substrate, the
phage lytic genes are accompanied by an ORF spe-
cifying a sma1l hydrophobic protein, thought to form
pores in the cytoplasmic membrane, through which
the phage lysin gains access to the cell wa1l substrate
(Young 1992; Young and Bliisi 1995). Support for the
supposed function of these so-ca1led holins is the pres-
ence of two membrane spanning domains, separated
by a short sequence likely to adopt a .B turn configura-
tion. Supporting evidence that holins act by forming
pores in the cytoplasmic membrane came from ex -

periments in which the genes for the supposed holin
and that for the lysin of phage rlt were separately
and jointly expressed in E. coli. Whereas expression
of just the lysin gene had little effect on cell viability
(due to the absence of a signa1 peptide the enzyme re-
mains cytoplasmic ), expression of just the holin gene
reduced the viability by a1most 4 log units. When both
genes were expressed, viability was reduced by two
additiona1log units. The dramatic effect on viability
of expression of the holin gene is in accordance with
its presumed pore forrning function in the cytoplasmic
membrane, which is, apparently, not reconcilable with
the cell's life (Nauta 1997). Essentia1ly similar results
were obtained in L. lactis; induced expression of the
lysin gene of bacteriophage ~US3 did not cause signi-
ficant lysis, partia1lysis was observed upon expression
of the holin gene, whereas simultaneous expression of
both genes resulted in complete lysis of the host (de
Ruyter et a1. 1997). In summary, two genes appear
to be required for the phage progeny to escape from
their host, the phage lysin gene and the holin gene.
These genes are usua1ly, but not a1ways, closely linked
to form the lysis cassette.

Two major (potentia1) applications of the lysis
genes or lysis cassettes have been explored: (1) pro-
voked lysis to accelerate cheese ripening and (2) elim-
ination of undesirable bacteria during fermentation.



orientation of the integrated structure appears to be

fixed and (4) the integrated structure is generally not

subject to arnplification. With respect to the versatility

of use, there is little doubt that the int-attP derived SYS-

tem can be used for integration in LAB lysogenizable

by bacteriophage from which the casette was obtained.

As the integrase should recognize the cognate attP-

attB pair, conservation of the nucleotide sequence of

attB might allow integration in a wider range of strains

or (sub)species. In fact, this has been demonstrated in

L. lactis (van de Guchte et al. 1994) and the genus

Lactobacillus (Dupont et al. 1995)

corporate two features: titrating out factors required
for bacteriophage replication and enabling amplifica-
tion of per-containing plasmids, especially those of the

low-copy category.
By combining the latter feature with a regulated

middle promoter of bacteriophage 031, a system was
developed resulting in explosive plasmid amplification
and gene expression triggered by infection with a lytic
bacteriophage (0' Sullivan et al. 1996). Allalysis of
the phage-inducible promoter revealed the presence
of two sets of phage-inducible tandem transcription
start sites in addition to a complete ORF (ORF2) on
a 888 nt fragment. When fused to the promoterless
lacZ gene from S. thermophilus in a low copy num-
ber plasmid, more than 2000 units of f3-galactosidase
were produced in L. lactis upon infection with 031.
ORF2 appeared to be a transcription al activator and a
large part of the 5' end of the 888 bp promoter frag-
ment could be deleted without loss of inducibility. A
shortened promoter fragment, carrying only one set of
transcription al start sites, prevented basal expression
of f3-galactosidase and, af ter a few further changes-
was used in a vector which directed the synthesis of
11,000 units of f3-galactosidase upon infection with
031. As no synthesis of f3-galactosidase was observed
in uninfected cells, the system would potentially al-
low the synthesis of toxic gene products in L. lactis
(Walker & Klaenhammer 1998). To further exploit
this system in phage defence, a 239 bp promoter frag-
ment of the middle promoter of 031, designated 031p,
was transcriptionally fused to the restriction cassette
LlaIR+ , consisting ofthe gelles llaI.I , llaI.2 and llaI.3.
These gelles are all essential for restriction activity and
when expressed, are lethal for L. lactis (0' Sullivan
et al., 1995). The efficiency of plating of 031 on L.
lactis expressing the suicide cassette on a high copY-
number plasmid was lowered to 10-4, whereas the
burst size decreased fourfold (Djordjevic et al. 1997).
Bacteriophages that escaped this suicide system ap-
peared to have lost their capacity to effectively fire
the suicide cassette. This data prompted the use of a
fourfold stronger version of 03lp which reduced the
EOP by another factor of 2.2, but somewhat retarded
the growth of the host. Combining the suicide cas-
sette with the restriction enhancer llaC on the same
replicon, which elevates the restriction activity of the
suicide cassette, resulted in a further 5-fold reduction
of the EOP. In hosts carrying this system and plas-
mids specifying the abortive phage defences per31
and abiA, the EOP was shown to be less than 10-]0
(Djordjevic & Klaenhammer 1997).

Combatting bacteriophage propagation with phage

DNA

Bacteriophage pose a serious threat to dairy fermenta-

tions. Consequently, a considerable body of research

continues to be dedicated to bacteriophage-host in-

terrelationships with the aim to inhibit bacteriophage

propagation. Various phage defence mechanisms in

LAB have been uncovered (see elsewhere in this

volume). The discussion below will be limited to non-

native systems entirely derived from bacteriophage

chromosomes.

The basis for combatting bacteriophage multiplic-

ation using a piece of bacteriophage DNA was laid

down by Hill et al. (1990). A 4.5-kb DNA fragment

from the virulent, small, isometric-headed L. lactis

bacteriophage 050 incorporated into the shuttle vector

pSA3, reduced the efficiency of plating of 050 by a

factor of approximately 3. The plaques, however, were

pinpoint in size. The bacteriophage-resistance phen-

otype was labelled Per (phage-encoded resistance).

Subsequent structural and functional analyses of the

per region revealed that Per was dependent on the

presence in a 1.4-kb fragment of a series of non-coding

direct and invected repeats, hallmarks of phage rep-

licative origins. Consistent with the idea that the per

region was, in fact, the replication origin of 050,

was the observation that a plasmid carrying the per

region was subject to amplification as a concatamer

upon phage infection. Also, the levelof protection

against phage attack correlated with the copy number

of the plasmids on which per resided (O'Sullivan et

al. 1993). Insection of per from the lactococcal vir-

ulent isometric-headed bacteriophage 031 into a low

and a high copy plasmid, reduced the EOP of 031 to

a mere 0.3 and 7.2xlO-7, respectively, demonstrat-

ing the potential power of this non-native resistance
mechanism. Characteristicallv. ner-hased svstems in-



An essentially different method to combat phage

infections concerns the production of antisense RNA

directed against bacteriophage mRNA. The potential

of this approach was demonstrated in a series of ex-

periments in which anti-sense RNA of a cryptic ORF

encoding a protein of 449 amino acids was produced

from a constitutive lactococcal promoter. This ORF

appeared to be conserved among a number of lacto-

coccal bacteriophages. The complementary RNA pro-

duced from the ORF of one of these reduced the EOP

by 99.6%, but was also effective against two other

bacteriophages in which the ORF was conserved (Kim

& Batt 1991). However, subsequent study (Chung

et al. 1992) showed that the target RNA largely de-

termined the efficiency of the system. Antisense RNA

directed against the activator of the middle genes of

031, referred to above, was ineffective against 031

propagation (Walker & Klaenhammer 1998). Not-

withstanding the failure in some systems to inhibit

bacteriophage propagation by means of the antisense

methodo1ogy, this approach would seem potentially
useful, provided the antisense could be targeted to suf -

ficiently conserved pivotal (regulatory) bacteriophage

genes which are not abundantly transcribed.

L. lactis. The integrants were assayed for a blue colour

on plates containing X-gal and salt, while remaining

white in the absence of salt. One integrant showed this

phenotype, which depended on the presence of CI-

rather than of Na+ ions. Genetic analysis of the in-

tegrant showed that pORI13 had integrated in an ORF

whose putative product shared homology with GadC

of Shigellajlexneri and E. coli. Both Gad's are homo-

logous to a number of amino acid antiporters. Similar

to GadC of S.jlexneri, the lactococcal GadC contains a

cluster of 12 highly hydrophobic domains in addition

to a conserved domain present in glutamate transport-

ing proteins. GadC probably represents an integral

membrane protein involved in glutamate transport.

Further analysis of the sequences around the integrated

pORI13 revealed the presence of two ORF's flanking

gadC, labelled gadR and gadB. GadB is homolog-

ous to glutamate decarboxylase from Synechocystis

sp. (48% identity) and two glutamate decarboxylases

from E. coli (43 and 44% identity). Northem blot ana-

lysis revealed that the L. lactis gadC and gadB genes

are in one operon. Immediately upstream of gadC,

gadR could encode a protein with similarity to pos-

itive regulator proteins from Streptococcus gordonii

(Rgg, 25% identity) and that from Bacillus thuringi-

ensis (PlcR, 19% identity). GadR was shown to be the

activator of the gadCB operon as a gadR insertional

mutant failed to transcribe the operon. Transcription

of gadCB was not induced upon lowering of the pH

of the medium. However, in the presence of salt and

glutamate, the activity of the operon was consider-

ably higher at pH 4.5 than at pH 5.5, suggesting

that it might be involved in protection against acid

stress. This idea proved to be correct. When wild-

type cells were challenged with lactic acid, such that

the pH dropped to 3.5, the percent survival was only

5 x 10-4. Under the same conditions in the presence

of NaCI and glutamate, survival increased by a factor

of 1000. Increased survival was not observed in a

gadR mutant which does not produce gadCB mRNA

(Sanders et al. 1998b ). The most plausible explanation

for the function of the gad system is depicted in Fig-

ure 4, in which it is assumed that glutamate is taken

up by the amino acid antiporter GadC. After conver-

sion to y-aminobutyrate by glutamate decarboxylase,

it is subsequently extemalized by GadC in antiport

with a molecule of glutamate. Since the conversion of

glutamate to y-amino butyrate consumes protons, this

helps to stabilize the intemal pH under acidic extemal

conditions.

PotentiaUy useful applications of ORF's from AR

Recent I y the complete chromosome of L. lactis

ILI403 has been sequenced (for details see elsewhere

in this volume). Undoubtedly, the genetic information
derived from the sequence will be helpful in advan-

cing our knowledge of this organism, other lactococ-

cal strains and, likely, LAB species in general. In

the text that follows, we will discuss a number of

lactococcal ORF's, identified by means of standard

genetic analyses, which may be useful for practical

applications.

Salt and pH-inducible ORF

During cheese making procedures NaCI is often ad-

ded to the curd. This, in addition to the fact that

LAB produce Iactic acid during growth, resulting in

a decreasing pR of the medium, has prompted consid-

erabIe interest in LAB gene expression in response to

varying salt concentration and pR.

In their search for NaCI-inducible ORF's, Sanders

et al (1998a) employed a chromosome integration
strategy in which a conditionally non-replicating in-

tegration vector, pORII3, was used to insect a pro-

moterless E. coli lacZ gene randomly in the genome of
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Figure 4. Schematic representation of the stahilization of the internal pH through the activity of the L. lactis gadBC operon. The antiporter

GadC in the cytoplasmic memhrane (CM) internalizes glutamate, which, af ter conversion to y-aminohutyrate hy GadB, is externalized hy GadC

in antiport with the optake of glutamate. The conversion of glutamate to y-aminohutyrate consumes a proton, thus helping in stahilization of

the intemal pH.

been ascribed. The P170 promoter of OrfX, like that
of gadCB, lacks the -35 canonical promoter sequence
1TGACA, present in the majority of the promoters so
far identified in L. lactis (van de Guchte et al. 1992;
de Vos & Simons 1994). Interestingly, the inducibility
of the promoter of OrfX could be conferred on a con-
stitutive lactococcal promoter (CP25) by substituting
the -35 sequence together with 22 bp upstream of this
sequence for the corresponding 27 bp of the inducible
promoter. Inducible expression of OrfX was increased
150-200 fold upon deletion of 72 bp of the 270 bp
untranslated leader of the OrfX mRNA. The modulat-
ing activity of this fragment could be conferred on two
other constitutive lactococcal promoters. Potentially,
the 27 bp element could be used for those situations
in which it would be desirable to turn a constitutively
expressed gene into an inducible one, whereas the
untranslated 72 bp OrfX leader fragment might be
exploited for the inhibition of late gelles that are not
targeted for expression.

The results of the research summarized above may

have at least two practical applications. First, salt

and glutamate might be added to protect commercial

starter cultures for dairying purposes from adverse ef-

fects of low pH. Second, the gad cassette, consisting
of gadR and the gadCB promoter could be used for

NaCl-induced production of heterologous and homo-

logous proteins. In this case, the induced expression

is effected by a simple chemicaloften used in cheese

making. In fact, this cassette is quite effective in indu-

cing lysis L. lactis when transcriptionally fused to the

lysis cassette of bacteriophage r 1 t and the acmA gene

of L. lactis, which specifies the autolysin (Sanders et

al., 1997).
Based on homology comparisons the function of

genes of the gad system could be defined reasonably

easy. However, when no homology exists with ORF's

of other organisms, or because no function could as

yet be assigned to homologous ORF's, the situation

becomes less clear. An example of the latter of these

two possibilities concerns an ORF which is expressed

under conditions of low pH at the start of the stationary

growth phase of L.lactis (Madsen et al. 1999). The pu-

tative ORFX product shows a high degree of sequence

identity (57.3% ) with the hypothetical B. subtilis Yybh

protein, to which, unfortunately, no function has as yet

LAB protein modules

Analysis of derived amino acid sequences bas re-
vealed tbat proteins are often composed of functional
domains and/or motifs sucb as involved in catalysis,
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substrate recognition and co-factor binding. A specific

example ofthis modularity with potentially interesting

possibilities for application concerns the composition

of the major autolysin AcmA of L. lactis. The amino

acid sequence of the N -terminal moiety of this enzyme

(amino acids 65-220) shows approximately 56% iden-

tity with muramidase-2 of Enterococcus hirae and

the autolysin of Streptococcus faecalis, whereas the

identity in the C-terminal part (amino acid 222-437)

was only approximately 24%. Inspection of the amino

acid sequence of this part of the lactococcal enzyme

showed that it contained three interspersed repeated

sequences of 45 amino acids, each containing 16

identical amino acids and 18 conservative replace-

ments (Buist et al., 1995). These repeated motifs are

a1so present in the C-terminal moieties of the corres-

ponding enzymes of S.faecalis and E. hirae, although

in different numbers -4 in the former and 5 in the

latter of these species. Fusing the C-terminal L. lactis

AcmA domain to TEM f3-lactamase, provided with

a Lactococcus-specific signal peptide, resulted in as-

sociation of the hybrid protein with the cell wall.

Since f3-lactamase without the C-terminal repeats was

secreted into the medium, the C- terminal part of

AcmA apparently functions as a cell wall anchor

(Buist 1997), which agrees with data obtained in other

lytic systems (López et al. 1995; Sheehan et al. 1997).

As discussed in more detail elsewhere in this volume,

such anchoring motifs may find use for applications.

phenotype under a variet y of different conditions. If
the vectors designed for gene interruption are also
provided with a reporter gene, differential gene ex-
pression may be monitored under different conditions
or during growth. Thus ORF's can be identified that
are either positively regulated by transcription activat-
ors or negatively regulated by repressors binding near
to the start of transcription. Fortunately, regulatory
proteins often bind as dillers or tetramers to their re-
cognition sites. At the DNA level the target sequences
are reflected by the presence of inverted or direct re-
peats. However, the absence of such repeats does not
guarantee that the promoter is not regulated, as ex-
allplified by the pH-inducible promoter P170, referred
to above, in which no secondary structural elements
could be detected. Both the pH-inducible P170 as well
as the salt inducible Pgad lack the -35 promoter se-
quence. Whether or not the absence of -35 sequences
are characteristic features of regulated host prolloters
rellains to be established.

The presence of long stretches of untranslated, or
partially translated mRNA 5' to the encoded gene may
also be indicative of regulation, especially when these
leaders contain (potential) secondary structure. Ex-
amples in L. lactis illustrating this notion concern a
number of operons involved in allino acid biosyn-
thesis. In the 439 nt leader of trp operon mRNA
several stem-loops could be formed. Two of these, the
terminator and antiterminator, mutually exclude each
others formation, because they use the same nucle-
otide stretch in the formation of their sterns. Under
Trp lillitation, the 3'-end of uncharged tRNA trp , the

acceptor (GCCA), is believed to base pair with the
collp1ellentary sequence (anti-acceptor), ernbedded
in the so-called T -box, residing in the stem of the anti-
terminator. This interaction, together with basepairing
of the anticodon of tRNA trp with the specifier codon

UGG in a stem-loop structure (numbered I) close to
the 5'-end of the leader, is believed to stabilize the
antitermminator. This prevents the formation of the ter-
minator, and allows transcription to continue over the
entire length of the structural genes of trp operon (van
de Guchte et al., 1998). Apparently, the his operon
of L. lactis is subject to a sillilar mode of attenuation
regulation, as the specifier codon (CAC) is positioned
at the same location in stem-loop I as the UGG codon
for tryptophan biosynthesis and a T -box is present con-
taining three nucleotides complementary to the 3'-end
oftRNAhis. By comparing the nucleotide sequences of
the leaders of his mRNA of various distantly related
lactococci, it was observed that nucleotide variations

Non-coding seqnences

Obviously, the identification, characterization and

functional allalysis of gelles is crucial for success-

ful genetic modification. Equally important is detailed

knowledge as to how gelles targeted for use in genetic

modification are regulated. In many cases, non-coding

DNA or mRNA is the target for regulatory molecules.

The function of such nucleotide sequences will be

brieft y reviewed because they could be used in many

conceivable ways for modulation of gene expression.

Allalysis of non-coding sequences is inherently

more difficult than that of coding sequences because

one needs to consider the significance of the ordering

of individual bases rather than of base triplets.

Presently, functional genome allalysis is almost

completely limited to efforts to determine the func-

tion of ORF's, usually by disrupting the ORF's by

the integration of specially designed plasmids into

the respective gelles and subsequent analyses of the
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generally did not affect the proposed secondary struc-

ture elements, thus lending support to the folding

modelof the leader (Delorme et al. 1999).

The leader of the leu operon appears to be partially

translated into a 16 amino acid-containing peptide

with 3 consecutive leucines. The leader also contains a

rho- independent transcription terminator which, under

conditions of leucine starvation, will not be formed

due to stalling of the ribosomes. This form of regu-

lation clearly represents attenuation regulation of the

operon on the basis of the specific codons present

in the translated part of the leader (P. Renault, pers.

comm.)
Although little is known about the regulation of

the other amino acid biosynthetic pathways in LAB,

characterization of the 5' portions of the mRNA in-

volved in these pathways will probably prove valuable

in defining whether or not they are subject to similar

modes of regulation.

In the examples referred to above, the forma-

tion of the terminator is prevented by antitermin-

ator stabilization either by interaction of uncharged

tRNA, or by ribosome stalling at the leader. The

formation of terminator structures residing in certain

mRNA leaders can also be prevented by interac-

tion with Bgl-type regulator proteins, which recog-

nize a conserved nucleotide sequence, labelled RAT

(ribonucleic antiterminator; consensus: GGATTGT-

TACTGCA AAGCAGGCAAAACC, Schnetz et al.,

1996) that is part of the 5'-portion of the terminator.

This mechanism is weIl documented in E. coli as weIl

as a number of Gram-positive bacteria (for references

see Bardowski et al. 1994), and also appears to oper-

ate in LAB. The regulatory protein B g IR of L. lactis

classifies as a member of the BgI family of antiter-

minator proteins, where its expression is positively

regulated by f3-glucosides (Bardowski et al. 1994).

Antitermination by interaction of Bgl-type proteins

with mRNA leaders also appears to operate in lacto-

bacilli. For example, in Lb. casei, lacT is the first

gene of the Lac-PTS operon and encodes a Bgl-type

antiterminator protein which destabilizes a transcrip-

tion terminator on the mRNA preceding lacT in a way

similar to that in L. lactis (Alpert & Siebers 1997).

These antiterminator proteins belong to a large class

of regulators, which contain a duplicated, conserved

domain (PRD), and are controlled by PTS-dependent

phosphorylation (for review see Sttilke et al. 1998).
A model for PTS-mediated control ofPRD-containing

regulators postulates that in the absence of both gluc-

ose and the PTS-specific substrate, phosphorylation of

both PRD's inactivates the regulator. In the absence
of glucose, but in the presence of the substrate, phos-
phorylation of one of the PDR 's would render the
regulator active, while in the presence of both gluc-
ose and the substrate, neither of the PDR 's would be
phoshorylated, resulting in inactivation (Stiilke et al.

1998).
A different signature of regulated gelles in Gram-

positive bacteria is the cis-acting catabolite responsive
element (cre), a sequence potentially able to form a
hairpin (consensus sequence TGT/ANANCGNTNA/
TCA, Weickert & Chambliss 1990; for review, see
Rueck & Rillen 1995). As implied in its name, this
element plays an important role in carbon catabolite
repression (CCR), the phenomenon where expression
of many catabolic gelles is repressed when a readily
metabolizable sugar is available. In contrast to the reg-
ulatory secondary structure elements described above,
which seem to be invariably positioned in mRNA lead-
ers, cre's are either present upstream or overlap with
the promoters, or are found in the 5'-coding moiet-
ies of the gelles or operons they control. The salient
model for the mechanics of CCR in Gram-positive
bacteria is that the PTS component, RPr, becomes
phosphorylated at Ser-46 by an ATP-dependent kinase
in the presence of a readily metabolizable carbon
source. Phosphorylated RPr interacts with the key reg-
ulatory protein of CCR, CcpA, such that the latter
binds to the target cre, thus affecting expression of
sugar catabolic operons (Rueck & Rillen 1995). Using
a variet y of experimental approaches including DNase
I footprinting and gel retardation assays, convincing
support for this model has been obtained (Fujita et al.
1995; Ramseier et al. 1995). Migration of a 26-mer
containing cre was effectively retarded in the presence
of wild-type CcpA and Rpr-Ser46-P, but not in the
presence of unphosphorylated RPr. Also, a number of
specific CcpA mutants completely failed to bind to the
probe in the presence of phoshorylated RPr (Kraus et
al. 1998). In further support of the model, when RPr-
Ser-46P with a radioactively labeled phosphoryl group
was used together with CcpA, the radioactivity was
co-retarded with the cre-containing probe (W. Rillen,

pers. commun.).
The data on the mechanisms underlying CCR in

Gram-positive bacteria were obtained with a number
of bacilli. Recently cre sequences have also been ex-
amined in LAB and the data strongly suggest that
they are also the targets for CcpA-type proteins. Poly-
clonal antibodies raised against CcpA from B. mega-
terium cross-reacted with specific proteins of many
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Grall-positives, including L. lactis, Lb. casei and
Lb. plantarum (Klister et al. 1996). The gene encod-
ing CcpA of L. lactis was cloned and sequenced and
the protein was shown to repress transcription of the
gal operon, which contains a cre site in the untrans-
lated leader. CcpA activated the las operon, encoding
the glycolytic enzylles phosphofructokinase, pyruvate
kinase and L-lactate dehydrogenase (Luesink et al.
1998). This operon also contains a cre located up-
stream of the -35 promoter sequence. A cre sequence
is also present in the leader of sacB specifying ElIsuc
of the sucrose gene cluster, but whether this site is
required for CCR rellains to be established (Luesink
et al. 1999a). The gene encoding the protein mod-
ulating the cre binding activity of CcpA, H Pr, was
recently also isolated froll L. lactis. Functional ana-
lysis of the protein using site-directed mutagenesis of
the serine residue at position 46 dellonstrated the role
of HPr(Ser-P) as the co-repressor in CCR of the gal
operon and as co-activator in catabolite activation of
the las operon in L. lactis (Luesink et al. 1999b).

The main players in catabolite repression, cre, H Pr
and CcpA, are also present in lactobacilli. In Lb.
pentosus ccpA as weIl as a cre sequence overlapping
with the -35 sequence ofthe xylA promoter were iden-
tified (Lokman et al. 1994; Lokman et al. 1997). Two
cre's were found in Lb. amylovorus, one overlapping
with, the other close to the 3'-end of the -10 sequence
of the a-amylase gene (Lokman et al. 1997). In ad-
dition, evidence was obtained that both ElIMan and
EIIFrn are important components of CcpA-llediated
CCR in Lb. pentosus (Chaillou 1999). The ccpA gene
has been isolated froll Lb. casei and a mutational ana-
lysis indicated that disruption of ccpA, or deletion of
cre, resulted in relief of catabolite repression of the
lacTEGF operon (Monedero et al. 1997). The over-
lap of cre with various prolloters suggests that their
interaction with CcpA inhibits the initiation of tran-
scription by RNA polyllerase. It might be speculated
that binding of CcpA to cre's located upstreall of pro-
lloters facilitates RNA polyllerase binding and thus
transcription initiation, whereas association of CppA
with cre's located within coding sequences might
inhibit mRNA elongation through ribosome stalling.

Another exallple of a protein that can act as a
repressor or as an activator is the global regulator
protein, FNR (fi1marate and nitrate as reducible sub-
strates), which in E. coli is activated to a functional
repressor or functional activator under conditions of
anoxia (for review see Spiro & Guest 1990; Spiro
1994). FNR is hollologous to the cyclic AMP receptor

protein CRP, which mediates catabolite repression in
Gram-negative bacteria. FNR differs from CRP in be-
ing an iron containing monomeric molecule, rather
than a metal-free dimer, and in having an N-terminal
extension containing four cysteine residues (Melville
& Gunsalus 1990; Sharrocks et al. 1990; Green et
al. 1991). Recently, the gene encoding an FNR-like
protein (F LP) has been isolated from Lb. casei. The
protein, when expressed in E. coli, failed to activate
or to interfere with transcription from FNR-dependent
promoters. This could be related to differences in the
binding sites for FNR and F LP (TIQAT-N4-A~
and CCIQA-N4- ~GG, respectively), in which the
symmetrical TGA half-site motifs (underlined) in the
former are separated by 6, and in the latter by 4 base
pairs. Gel-retardation experiments showed that the
reduced (dithiol-containing) form, rather than the di-
sulphide containing form of F LP retarded target DNA,
and it was proposed that the interconversion of the two
forms, in which cupric ions may have a role, provides
a redox-mediated transcriptional switch in Lb. casei
(Gostic et al. 1998). L. lactis contains at least two fip
gelles, fipA and fipB (J. Kok, unpublished; Gostic et
al. 1999). The derived amino acid sequences of FlpA
and F pB show a high degree of similarity with that
of Lb. casei. The fipB gene is located in an operon
preceded by an FNR-binding site which also contains
the transcriptional start site. As the TGA motifs in this
site are separated by 6 bp, it resembles a 'true' FNR
binding site rather than a F LP binding site. FlpB con-
tains 3 His doublets in the first 14 N-terminal amino
acids, providing a 'natural' His tag that allowed easy
purification of the protein by means of Ni2+ column
chromatography. Gel retardation experiments showed
that the reduced form of the lacococcal FlpB bound
to its FNR box at low pH. Transition metals enhanced
FlpB binding and a chelator of transition metals (phen-
anthrolin) completely abolished binding (J. Kok and
A. de Jong, unpublished). FlpA is located in an op-
eron analogous to that containing fipB. The promoter
regions of these two operons are associated with po-
tential FNR sites at positions +4.5 for the fipA operon
and -42.5 for the fipB operon, possibly suggesting
that the respective operons are subject to positive and
negative regulation, respectively. Afip double mutant
led to a lower zinc content and increased hydrogen
peroxide sensitivity, suggesting that FlpA and FlpB
respond to metal-ion or oxidative stress and include
systems concemed with the transport and storage of
zinc (Gostic et al. 1999).
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D-alanine during growth

glucose
ofthe B. sphaericus enzyme and NADH are very close
to that of L. lactis L-LDH. Alanine production was
measured in a suspension of cells (first pre-loaded with
L-AlaDH through nisin induction) in a phosphate buf-
fer containing glucose with an excess of ammonium
at alkaline pH, as the pH optimum for amination is
between 8.5 and 9. Under these conditions glucose
was completely and exclusively converted to alanine.
However, the alanine produced still contained 15% of
the D-isomer, which is required for peptidoglycan bio-
synthesis and is produced from the L-form by alanine
racemase. To prevent the racemization, the alanine ra-
cemase gene in the L. lactis strain was disrupted by
Campbell-type recombination. To ensure growth of
the production cultures, D-alanine was supplied ex-
ternally, which, af ter growth, was washed away before
the cells were r~suspended in the supplemented buf -

fer for production purposes. This procedure resulted
in the exclusive production of the L-enantiomer ( over
99.5 purity) and represents, for the first time, an ex-
ample of re-routing pathways towards a metabolite
which is not a natural end product of the host (Hols
et al. 1999). This example, schematically represen-
ted in Figure 5, also demonstrates that the knowledge
acquired on ORF's and regulatory elements has cre-
ated new possibilities for metabolic engineering which
only a few years ago would have been considered quite
unrealistic.

NH4+

Figure 5. Schematic representation of the genetic strocture of L.

lactis for the production of enantiopureL-alanine. By disropting the

gene encoding lactate dehydrogenase (ldh), resting cells at elevated

pH in the presence of excess ammonium convert pyrovate almost

exclusively to L-alanine, catalysed by alaD-encoded alanine dehyd-

rogenase from B. sphaericus. The conversion ofL- to O-alanine was

prevented by disroption of aIr, specifying the synthesis of alanine

racemase. High AlaO production was obtained by nisin activation

of PnisA (for further details: see text). [IJ: interrupted gene

ORF's, regulatory elements and metabolic

engineering

The rapidly expanding knowledge of the function of

ORF's from LAB and the way they are controlled,

offers many opportunities for rational and efficient

metabolic engineering. An elegant example, in which

packages of initially unrelated knowledge were suc-

cessfully integrated, concerns the conversion of L.

lactis from homolactic to homoalanine fermentation.

An interesting perspective of alanine-producing dairy

strains would be their use as in situ producers of the

natural sweetener alanine in cheese, buttermilk and

yoghurt. Pyruvate, which plays a pivotal role in the

sugar metabolism of LAB (for review see de Vos 1996)

is the substrate for a number of enzymes which convert

this intermediate to various compounds. Conversion of

pyruvate to L-lactate by L-lactate dehydrogenase (L-

LDH) with NADH as the cofactor was prevented by

interrupting of the ldh gene through a Campbell-type

recombination of an integration plasmid. To re-route

the carbon flux towards alanine, the gene encod-

ing alanine dehydrogenase (L-AlaDH) from Bacillus

sphaericus was expressed in this mutant using the

highly efficient nisin- controlled expression system (de

Ruyter et al. 1996; Kuipers et al. 1997). The choice

for this enzyme was prompted by the fact that it uses

pyruvate as substrate, NADH as cofactor, and the km

Complications

Present-day organisms are equipped with genomes
that are optimally adapted to their environments. The
question arises, why would we then like to improve
them. The answer is, of course, that man uses or-
ganisms for his own benefit, and consequently, tries
to modify them by breeding programmes, selection
and, with the advent of the recombinant DNA techno-
logy, by genetic modification. With sufficient know-
ledge about genes and their regulation, which will
undoubtedly be accelerated now that the complete se-
quence of genome of L. lactis has been determined,
and that of Lb. acidophilus will be soon available,
almost all modifications to suit the fermentation and
pharmaceutical industry are within reach. However
two constraints, exist, one arising from biological
considerations, the other from societal perception.
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harriers for the production of genetically modified
LAB for improving dairy processing, food products,
and making these organisms useful for human and
animal health care purposes.

Biological constraints

Societal constraints

In the present space of time a substantial proportion
of the conscious consumers prefer 'natural' foods.
Manipulation of food induces an attitude of caution
by the consumer towards these foods. This concern
immediately touches on the use of genetically mod-
ified LAB for food production. What scientists and
industries could do to convince consumers and regu-
latory public bodies that this concern is unnecessary
and unfounded was excellently reviewed by Verrips
& van den Berg (1996). In our opinion, to address
the consumer's concern and guide modified LAB's
through regulatory procedures, modified LAB should
retain their original properties as closely as possible,
in that: ( 1) the improvement or new property should
preferably be caused by mutation(s) also occurring
in Nature; (2) the new property should preferably be
caused by rearrangements of the existing genetic in-
formation (self -cloning); (3) when the incorporation of
heterologous genes is required to produce the desired
LAB, these genes should preferentially be obtained
from other food-grade or at least harmless organ-
isms; (4) the presence of antibiotic markers should be
avoided; and (5) heterologous genes should be stably
integrated into the chromosome, rather than carried
on plasmids to reduce the possibility of dissimination
of the property to other bacteria present in food, the
digestive tract, or the environment. Fortunately, a col-
lection of well-defined integration vectors and genetic
procedures exists which do not leave behind a trace of
vector DNA and meet the points raised in (2) and (3)
(de Vos et al. 1989; Leenhouts 1995; Leenhouts et al.
1996; Leenhouts et al. 1998). In addition, when in-
duced gene expression is required, several completely
harrnless means are at our disposal, such as induction
by nisin, temperature, salt and pH shifts.

The following example illustrates how recombin-
ant DNA technology was used by a starter culture
company attempting to obtain an improved strain of L.
lactis in which the improvement was due to a spontan-
eous mutation. The aim was to isolate a spontaneous
mutant of the L. lactis biovar. diacetylactis ald gene,
specifying acetolactate decarboxylase, which converts
acetolactate (ALA) into acetoin. A mutation in ald
would lead to an increased pool of ALA, the imme-

Many biological constrains exist, or are conceiv-

able, which preclude the production of GMO's with

properties designed for industrial use. Some obvious

obstacles will be mentioned brieft y. First, procedures

should exist for the introduction of (sufficient) DNA

into the host to be modified. If not available, well-

transformabIe intermediary hosts can sometimes be

used as conjugal donors for the DNA to be trans-

ferred. The search for proper transfer systems can be

tedious, as examplified by finding the conditions and

the proper vector for making Lb. delbrueckii subsp.

bulgaricus transformabIe (Sasaki et al. 1993). Such

searches, in which all possible variables are examined,

do not always meet with success as is, for instance,

the case for Oenococcus oeni, which remains as yet

untransformable (M. Zufiiga, pers. collilli.).

Second, the expression of heterologous genes in

LAB may not be efficient when the codon usages of

the host and the donor of the heterologous DNA are

seriously mismatched. Conceivably, attempted over-

expression of the heterologous material might even

titrate away amino acids required for the synthesis of

the host's own proteins, thus interfering in a negat-

ive way with cellular metabolism. In principle, such

complications can be circullivented by redesigning the

gene to be expressed, such that the codon content is

more colliparabie to that used by the host, but even

for mediulli-sized genes this is a laborious and costly

affair.

Third, the gene product to be synthesized could

form insoluble aggregates and, when required to be

exported frorn the cell, fails to do so, or when

transported, is degraded in the medium. Whether

such probIellis relate to LAB, has not yet been thor-

oughly investigated. However, B. subtilis, which ef-

ficiently secretes various holliologous exo-enzyllies,

often fails to produce exported proteins frorn hetero-

logous sources (Sirnonen & Palva 1993).

Fourth, the presence of paralogous genes may im-

pede functional analysis, as the mutant phenotype

may be only produced when all paralogues have been

inactivated.

In principle, given time and understanding, several

of these and other barriers may be surlliounted. Fant-

astic progress has been made during the past 15 years,

where our almmost complete ignorance of the genetics

and molecular biology of L. lactis has been converted

into a vast body of scientific information. This pro-

gress makes one optimistic about overcoming these
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diate precursor of diacetyl, and result in increased

diacetyl production. As ALA is also a precursor for

the synthesis of the branched amino acids isoleucine,

leucine and valine, and the presence of leucine allos-

terically activates ALD, the pool of ALA is depleted

and, consequently, will not be available for the syn-

thesis of diacetyl and the branched amino acids. Thus

the cells will cease to grow. However, mutants that

produce no ALD accumulate ALA and, therefore, con-

tinue to synthesize the branched amino acids even in

the presence of leucine. Such mutants will continue to

grow in the absence of valine (Swindell et al. 1996;

Goupil-Feuillerat et al. 1997). Unfortunately, this se-

lection procedure can not be applied to many dairy

lactococci, because they have irreversibly lost their

capacity to synthesize branched amino acids. To over-

come this problem, several strains of the diacetylactis

biovar were first transformed with a plasmid carry-

ing the genes for isoleucine and valine production.

By subsequent selection for transformants capable of

growth in the presence of leucine but in the absence

ofvaline, aldB mutants were obtained. Finally, curing

of the strain of the plasmid used to make the selection

possible, yielded a strain with a plasmid complement

that was indistinghuisable from the wild-type and pro-

duced approximately 27 times more diacetyl (Curic

et al. 1999). Although the modified phenotype of

the strain is caused by just one spontaneous muta-

tion, nevertheless its application in the manufacture of

dairy products must, according to current EU regula-

tions, still be approved, because it descended from a

progenitor bearing a recombinant plasmid.

In our opinion, the need for an approval process is

unnecessary. The product rather than the way in which

the modification was produced should be taken as the

sole criterion for approval, as is currently practiced by

US regulatory agencies.

which, through its conditions for proposal granting,
united individual research groups into tightly cooper-
ating consortia. With the advent of automated DNA
sequencing facilities and the development of advanced
computer software for the analysis of ORF's, oper-
ons, regulatory elements and even complete genomes,
the means has become available to quickly obtain a
view of the functionalities of these genetic entities.
Extrapolating the past developments to the future, one
should anticipate that knowledge of LAB and their in-
teractions with the environment will increase at even
a faster rate than before. The recent developments in
DNA chip technology represents an extremely valu-
able as set to analyse ways in which bacteria adapt their
metabolism when transcending to stationary growth or
af ter exposure to stress conditions.

Although a tremendous arsenal of techniques, bio-
logical tools and equipment is present I y available to
increase our global and detailed knowledge of LAB,
an overwhelmingly large body of work remains to be
done. For instance, if hybridization-based expression
studies using DNA micro-arrays would show that cer-
tain groups of genes are switched on under particular
conditions, one would like to know the function of
such genes and how they are controlled. If no clues are
available as to their possible functions, only a mutation
or expression approach will yield that information. To
facilitate this, it would be extremely advantageous to
structure a programme for gene function analysis, sim-
ilar to that present I y employed for yeast and B. subtilis.
Now that the complete genome of L. lactis has been
sequenced and the sequencing of the Lb. acidophilus
genome is weIl under way, excellent conditions exist
for pursuing this goal.

With our present knowledge, the construction of
tailor-made LAB strains for use in the dairy industry
is already possible. Ingenious inducible gene expres-
sion tools and integration systems, that do not leave
behind a trace of vector DNA upon insertion into the
LAB chromosomes, have been developed. Yet, these
are applied much less than desired, the obvious bar-
rier being the hesitation to use genetically modified
LAB, which, in turn derives from public fear for new
technologies. The main obstacle for application is,
in many cases, not the present state of our scientific
knowledge and technical capabilities, but rather pub-
lic perception. Much needs to be done in terms of
frank and open information to modify this percep-
tion. Yet, it would seem that this process is already
under way. Permission was granted recent I y to allow
a tasting panel to judge the quality of experimental

Concluding remarks

Since the development of the first plasmid cloning vec-

tor from a small cryptic lactococcal plasmid, which

was capable of replication in both Gram-positive and

Gram-negative bacteria (Kok et al. 1984) and the

development of efficient electro-transformation pro-

tocols (Chassy & Flickinger 1987; Luchansky et al.

1988; Holo & Nes 1989), the field of LAB genet-

ics and molecular biology has developed explosively.

[n Europe, this development was further catalysed

)y the generous and constant support from the EU,
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cheeses produced with a LAB which contained and
expressed a non-LAB gene. When this encouraging
trend continues, we anticipate that the fundamental
knowledge on LAB acquired at universities, research
institutions and industries will be channelled much
more quickly to provide for improved strains, not only
for the manufacturing of safer, more wholesome and
tastier products, but also for applications in the human
and veterinary health care sector.
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