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Food-grade controlled lysis of Lactococcus
lactis for accelerated cheese ripening
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An attractive approach to accelerate cheese ripening is to induce lysis of Lactococcus lactis starter
strains for facilitated release of intracellular enzymes involved in flavor formation. Controlled expression
of the lytic genes lytA and lytH, which encode the lysin and the holin proteins of the lactococcal bacterio-
phage ®US3, respectively, was accomplished by application of a food-grade nisin-inducible expression
system. Simultaneous production of lysin and holin is essential to obtain efficient lysis and conicomitant
release of intracellular enzymes as exemplified by complete release of the debittering intraceliular
aminopeptidase N. Production of holin alone leads to partial lysis of the host cells, whereas production
of lysin alone does not cause significant lysis. Model cheese experiments in which the inducible holin-
lysin overproducing strain was used showed a fourfold increase in release of L-Lactate dehydrogenase
activity into the curd relative to the control strain and the holin-overproducing strain, demonstrating the

suitability of the system for cheese applications.
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Lactic acid bacteria are gram-positive bacteria that are widely used
in a variety of dairy fermentation processes. They contribute to fla-
vor formation and texture development while protecting the prod-
uct from spoilage organisms. Notably, strains of the lactic acid
starter bacterium Lactococcus lactis are of great economic impor-
tance because of their world-wide use in cheese making. It is
assumed that the lysis of lactococci during cheese ripening results
in the release of intracellular proteolytic and esterolytic enzymes,
which contribute to flavor development. This process is relatively
slow and enhancement of the rate of lysis could result in accelerated
cheese ripening, In addition, lysis of starter bacteria is an attractive
possibility for secretion of overproduced intracellular enzymes
from lactococci in a food-grade manner'. Lysis can be achieved by
host-encoded autolysis or through the action of lytic bacterio-
phages’. Both processes require hydrolytic enzymes, e.g., amidases
or muramidases, that gain access to the cell wall either via direct
secretion® or via cell-membrane disruption by a holin’. Holin genes
are generally found immediately adjacent to lysin genes and code
for small peptides with high structural similarity®*. Lysis induced
by bacteriophage infection has been combined with enhanced gene
expression in L. lactis, yielding a system that can be exploited for
accelerated cheese ripening’. However, controlled production of
only the Iytic proteins offers a noninfective approach for developing
lactococcal strains that lyse upon demand. Initial attempts to
exploit the lysin of ®ML3 in L. lactis were unsuccessful because a
tightly controlled gene expression system was not available’"",
Recently, an inducible expression system has been developed
for L. lactis that is based on the food-grade antimicrobial peptide
nisin®*", Subinhibitory amounts of nisin can induce transcription
of genes cloned under control of the nisA promoter, in a linear
dose-response. This is accomplished via signal transduction medi-
ated by a two-component regulatory system comprising the histi-
dine kinase NisK and the response regulator NisR**", This tightly
controlled system allows for the construction of improved and
specialized cheese starter cultures that will release their intracellu-
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lar enzymes efficiently at an early stage in the cheese curd. We
report the construction of lactococcal strains that express the holin
(lytH) and the lysin (IytA) genes of bacteriophage ®US3 (ref. 14)
in a controlled manner, permitting induced lysis. Furthermore, we
show that the lytH gene encodes a protein that itself is capable of
disrupting the cellular membrane, thereby facilitating release of
intracellular enzymes without disturbing other starter strains.

Results

Nisin induced lysis: Effect of holin and lysin production on growth
and viability of L. lactis. The adjacent genes lytA, encoding a lysin,
and lytH (previously designated orf2) encoding a putative holin, from
the L. lactis bacteriophage ®US3, have the gene order lytHA, which
are separated by 150 bp". Both genes were cloned either individually
or as the lytic cassette lytH-IytA into the expression vector pNZ8010
(ref. 2) under control of the nisin-inducible nisA promoter, resulting
in plasmids pNZ8011 (IytHA), pNZ8012 (lytA), and pNZ8013 (lytH),
respectively. These plasmids were introduced in strain L. lactis
NZ3900, an MG1363 derivative containing the nisRK signal transduc-
tion genes, integrated in the pepN locus on the chromosome™”. The
addition of the inducer peptide nisin (0.01 pg/ml) to growing cells of
strain NZ3900 harboring the expression plasmid without the lytic
genes did not cause any effect on growth (data not shown). In con-
trast, the addition of the same amount of nisin to strain NZ3900 har-
boring pNZ8011 containing the lytic cassette lytH-lytA resulted in a
decrease in optical density (Fig. 1A). The number of colony forming
units dropped more than 10,000-fold, indicative of cell lysis (data not
shown). The extent of lysis was dependent on the amount of nisin
added (Fig. 1A), and lysis could be induced throughout the exponen-
tial growth phase although the extent of lysis varied (Fig. 1B).

As expected, induction of only ltA expression using 0.01 pg
nisin/ml did not cause any significant lysis of L. lactis NZ3900 cells har-
boring pNZ8012 (Fig. 2A). However, the induction of lytH expression
using 0.01 g nisin/ml almost immediately halted the growth of cells
harboring pNZ8013 (Fig. 2A). Because the ribosome binding site of
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the IytH gene does not conform to the consensus for L. lactis, plasmids
were constructed that contained the nisA promoter translationally
fused to the JytH gene (pNZ8036) or the lytH-IytA cassette (pNZ8038).
This approach has been shown to improve translation during expres-
sion of the Escherichia coli gusA gene in L. lactis’. Following induction
of strain NZ3900 harboring pNZ8036 with nisin (0.01 pg/ml), the
cells stopped growing and the slight decrease in optical density (similar
to pNZ8013, Fig. 2A) was associated with a tenfold decrease in cfu
(data not shown). To obtain food-grade constructs, the cat184 marker
that is used in the constructs pNZ8036 and pNZ8038 was replaced by
the JacF marker gene”. A process in which only DNA of the same
species as the host organism is used, thereby reducing the risk of intro-
ducing possible toxic or otherwise undesirable features in the food-
grade host strain is called self-cloning. The resulting plasmids were
stably maintained in the lacF-deficient strain L. lactis NZ3900 and
showed the expected lysis of cells upon induction (data not shown).
Lysis and release of intracellular proteins. To analyze whether
nisin-induced lysis resulted in the release of intracellular enzymes, the
activity of overproduced aminopeptidase N (PepN) was determined
in the medium and compared with that present inside the cells. PepN
is an intracellular enzyme that has debittering activity'*”. For this pur-
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pose we used the L. lactis strain NZ3900 harboring plasmids pNZ8038
or pNZ8036, containing the lytH-IytA cassette or only lytH, respec-
tively, together with the compatible plasmid pNZ1120 that overex-
presses the pepN gene under control of its own constitutive
promoter”. Cells harboring only the pepN-plasmid pNZ1120 and
uninduced cells were used as controls and showed only a slightly
increased (<10%) PepN activity in the medium, probably due to
spontaneous lysis of the cells (Fig. 2B). Cells coexpressing lytH and
IytA lysed after induction with 0.01 ug nisin/ml showed an increasing
concentration of PepN in the medium. Five hours after induction
more than 90% of total PepN produced was released into the medium
(Fig. 2B). When the holin gene was expressed, only a portion of the
PepN (up to 30%) was released in the medium (Fig. 2B).
Extracellular LytA causes lysis of L. lactis. Addition of the murami-
dase LytA to L. lactis cells results in lysis™. To exploit this trans-acting
Iytic mechanism, we grew equal amounts of cultures of L. lactis
NZ3900 carrying pNZ8038 (ytHA) or pNZ8040 (ref. 2), which con-
tains the pepN gene cloned under control of the nisA promoter. Fol-
lowing induction with nisin (0.01 pg/ml) and without addition of
nisin, the specific PepN activity was determined in the medium (Fig.
3A). The induced culture showed a dramatic increase of PepN in the
medium and apparent linear growth, probably due to lysis of
the cells carrying the lytic cassette and partial lysis or growth
arrest of the PepN-overproducing cells. A similar experi-
- mental setup was used with a strain carrying the htH
expressing plasmid (pNZ8036) together with NZ3900 carry-
ing the pepN overexpression plasmid pNZ8040 (Fig. 3B).
Only a slight increase in PepN activity was observed after
induction, probably caused by spontaneous lysis. In the con-
trol strain NZ3900 carrying pNZ8020, containing only the
nisA promoter’, a similar degree of spontaneous lysis of the
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Figure 1. (A) Growth curve of strain L. lactis NZ3900 carrying pNZ8011 (lytH-lytA)
after induction at OD,, of 0.5 [arrow] with 0.02 .g [M], 0.01 g [A], 0.005 pug/ml nisin
[+, 0.001 ng/ml nisin [@], or without induction [@). (B) Growth curve of strain L, Jac-
tis NZ3900 carrying pNZ8011 (lytH-lytA) after induction with 0.01 ug/ml nisin at ODy,
of 0.2 [W], 0.5 [A], 0.7 [+], 0.9 [¢], 1.0 [A] and 1.1 [O], or without induction [-].
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Figure 2. (A) Growth curve of strain L. lactis NZ3900 catrying pNZ8011 {lytH-lytA,A),
pNZ8012 (itA, M), or pNZ8013 (lytH,@®), after induction with 0.01 ug/ml nisin {induc-
tion after 4 hours [arrow]), or without nisin (+). (B) Intraceliular enzyme release. The
percentage of total aminopeptidase N activity (specific activity in units/OD,) present
in the culture supernatant of strain NZ3900 carrying pNZ1120 (pepN,A), pNZ1120
{pepN) together with pNZ8038 (lytH-iytA,®), or pNZ1120 (pepN) together with
pNZ8036 (lytH, ), after induction (arrow) with 0.01 ug/ml nisin.
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PepN-overproducing cells was observed (Fig. 3C). Because
the pepN gene was controlled by the nisA promoter in these
experiments, strain NZ3900 carrying pNZ8038 (IytHA) was
also grown together with strain MG1363 carrying pNZ1120,
which constitutively produces PepN. Nisin addition resulted
in an increasing extracellular PepN activity (Fig. 3D), the
level of which was lower than that observed in the previous
experiment (Fig. 3A) because of the relatively low level of
constitutive PepN production by cells harboring pNZ1120.
Generally, induction of Iysis can also be achieved by adding
small amounts of culture broth of a nisin-producing L. lactis
strain or even by adding a small aliquot of a nisin-producing
strain to the described cultures (data not shown).

To investigate the significance of the developed system in
a real product environment, a cheese model system was
used, in which three types of model cheeses were produced,
each with a different L. Jactis adjunct starter culture con-
taining either a negative control plasmid, a holin-overex-
pression plasmid, or a lysin-holin—overexpression plasmid.
As a reporter molecule the large enzyme L-Lactate dehydro-
genase (LDH) was used, because release of this enzyme
would also indicate facilitated release of smaller enzymes.
The total release of LDH activity in all cases increased sig-
nificantly in the model cheese during four days of ripening
(Fig. 4). The release obtained in the model cheese that was
manufactured with the holin-lysin overproducing strain
was approximately fourfold higher than the released frac-
tion observed in model cheese manufactured with the con-
trol and with the holin-overproducing strain (Fig. 4). This
same trend was observed in the released LDH fraction in
the additional whey formed after packaging, indicating that
the extraction procedure itself did not affect the release of
LDH (data not shown). These results show that the release
of an intracellular large enzyme like LDH is caused by lysis
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Figure 4. Total released L-Lactate dehydrogenase (LDH) activity
(imol/mlxmin) in model cheese after pressing (time 0) and after 1, 2,
and 4 days ripening at 13°C. Modél cheeses were manufactured with
2% L. lactis ssp. cremoris SK110 as starter culture complemented
with either 0.4% NZ3900 + pNZ8020 (black bar), 0.4% NZ3900 +
pNZB036 (grey bar), or 0.4% NZ3900 +pNZ8038 (white bar). Nisin A (1
ng/L) was added 75 min after inoculation of the cheese milk. LDH
measurements were performed in triplicate, and standard errors in
no case exceeded 10% of the indicated values.

of the adjunct starter strain itself, containing the lytic cassette
(lytHL), and probably by partial lysis of the SK110 starter culture.

Discussion

We used the lytic genes of the lactococcal bacteriophage ®US3 in
combination with a nisin-inducible expression system, to accomplish
controlled lysis of lactococcal cells. This expression system has the
advantage that it allows the gene of interest to be present and silent in
the host until the system is triggered by subinhibitory amounts of the
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enzyme release of two cocul-
tured strains carrying different
plasmids. The PepN activities
observed in the supernatant
(A,®) and OD,, (A,0) were
determined without induction
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pNZ8040 (pepN). (D) NZ3900+
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cases the measured values did
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food-grade antimicrobial peptide nisin. This feature is very desirable
for the production of proteins that may be toxic to the host. In addi-
tion, controlled and high-level expression of various genes has been
achieved in lactococci with this system, resulting in the overproduc-
tion of enzymes up to 50% of total soluble cellular protein®.

Expression of both lytH and }ytA is required to obtain complete
lysis in L. lactis NZ3900, as is shown by induction studies monitoring
the optical density, viability, and the release of intracellular enzymes as
an indication for cell lysis. The use of varying concentrations of nisin
resulted in different extents of cell lysis. This different degree of lysis
could also be accomplished by adding nisin at different time points
during growth and is an advantage for practical applications that
require a specific degree and rate of cell lysis, such as during the pro-
duction of cheese. We showed that holin production alone can also
lead to partial lysis of the cells, probably by disrupting the membrane,
thereby releasing part of the intracellular content into the medium
(Fig. 1B). LytH is likely to have a holin function similar to the S pro-
tein of the E. coli phage lambda® (i.e., rendering the murein substrate
in the lactococcal cell wall accessible to the lysin). This can be an
advantage for practical applications because the holin-producing cells
do not lyse immediately and therefore are metabolically active for a
longer period as compared with cells carrying the lytic cassette.

The amidase LytA of ®US3 causes lysis of lactococci when present
in the medium but does not cause significant lysis when produced
within the lactococcal cells, because it is not secreted due to lack of a
signal sequence and the absence of a holin. This property, known as
lysis from without, has been used to achieve controlled release into the
external growth medium of intracellularly (over)expressed proteins,
such as PepN present in other lactococci. By use of an adjunct starter
culture that contains the holin and lysin genes under control of the
nisin inducible promoter, other industrial strains of L. lactis present in
a fermented product will also lyse after induction with nisin and
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release their intracellular contents. The latter will not happen if partial
lysis by the holin-producing adjunct culture is permitted to occur,
because these cells will not damage the surrounding bacteria. This can
be advantageous when only release of enzymes of the adjunct starter
culture is desired. Model cheeses were made that exhibited a fourfold
faster release of LDH into the curd when the holin-lysin—producing
strain was used relative to the other two strains, which is indicative of
facilitated release of relevant flavor-forming enzymes in the curd.
Instead of adding purified nisin, it is also possible to add small
amounts of a fermentation broth from a nisin-producing L. lactis
strain or even more simply to include a small amount of nisin-pro-
ducing bacteria in the starter culture, which enables in situ inducer
production. It might also be worthwhile to implement nisin-inducible
holin-lysin systems in other adjunct starter cultures such as lactobacil-
li, streptococci, enterococci, and leuconostocs.

Cheese ripening costs, which amount to $13,000,000 per week
for the annual production of Gouda cheese in the Netherlands,
may be reduced significantly by application of the adjunct starter
cultures described here.

Experimental protocol

Bacterial strains and culture conditions. E. coli MC1061 was grown in L-
broth based medium with aeration at 37°C**”. L. lactis strains were routinely
grown at 30°C in media based on M17 (Merck, Darmstadt, Germany) sup-
plemented with 0.5% (wt/vol) glucose (GM17). Chloramphenicol and ery-
thromycin were used if appropriate at a concentration of 10 pg/ml). For
model cheese making, cells of strain L. lactis ssp. cremoris SK110 were used,
which were precultivated for 20 h at 20°C in milk.

Molecular cloning procedures. E. coli MC1061 was used as an intermedi-
ate host for cloning and was handled using standard techniques®. Plasmid
DNA was introduced into L. lactis by electroporation®. Plasmid DNA was
isolated from protoplasts of L. lactis”. Restriction fragments and plasmids
were analyzed by agarose gel electrophoresis and purified by use of the
USBioclean kit (U.S, Biochemical Corp., Cleveland, OH).

Construction of plasmids. A 1300-bp Sspl-EcoRI fragment containing the jtH
and lytA genes was isolated from pNZ1308 (ref. 14), treated with Klenow poly-
merase and cloned in pUC19, which was digested with Hincll, to construct
pUCI9I. A 990-bp EcoRV fragment containing the lytA gene from pNZ1308 was
also cloned in pUC19 digested with Hincll, generating pUCI9II. A 500-bp
Sau3AI-Sspl fragment containing the lytH gene was isolated from pNZ1308 and
cloned in pUC19, digested with HincIl, generating pUC19I1L Subsequently, the
IytH-IytA cassette and the lytH gene were isolated respectively as 1300- and 500-bp
BamHI-EcoRI fragments from pUC19I and pUCI191II and cloned under control
of the nisA promoter in the expression vector pNZ8010 (ref. 2), which had been
digested with BamHI and EcoR, to construct plasmid pNZ8011 (lytH-lytA) and
pNZ8013 (lytH). Plasmid pNZ8012 was constructed by cloning a 990-bp Xbal-
Pstl fragment from pUC191I in pNZ8010 which had been digested with Xbal and
Pstl. For construction of the translational fusion vectors, an Ncol site was intro-
duced at the ATG start codon of the lytH gene by use of PCR mutagenesis. The
gene was amplified by using approximately 100 ng pNZ8011 as a template and two
primers: 5'-GCAAACAACCATGGTAACTAGAATG (containing two substitutions
[boldface] generating the new Ncol site [underlined}) and 5’-CGAAGTA-
CAACAAGCTTACGTCAATC (containing a HindIlI site [underlined]). The
primers are complementary to positions 353 to 378 and position 588 to 562
(according to the numbering of réf. 14). The amplified lytH gene was cloned as an
Ncol-HindIII fragment into pNZ8032 (ref. 2), which was digested with Ncol
and HindlIlI generating pNZ8036. For the construction of pNZ8038, the 1.2-kb
BbsI-Xhol fragment of pNZ8011 containing part of lytH and complete lytA was
cloned into the 3.1-kb vector fragment of pINZ8036, digested with BbsI and Xhol.

Nisin induction and monitoring of lysis. An overnight culture of L. lactis
containing an expression plasmid was inoculated into fresh medium (GM17
with chloramphenicol 10 wg/ml) and grown until an Ay, of 0.5 was
reached. The cells were induced with different concentrations (0.02, 0.01,
0.005, or 0.001 pg/ml) of nisin A (referred to as nisin) or not treated. At sev-
eral time intervals, cells were harvested and cell extracts were prepared”.
These extracts or the culture supernatants were used for quantitative deter-
mination of aminopeptidase N activity using lysyl-p-nitroanilide (Fa.
Bachem, Bubendorf, Switzerland) as a chromogenic substrate for PepN*. To
exclude possible strain dominance in coculture experiments, strains were
grown separately and mixed when an A, of 0.5 was reached. In the mixed
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culture experiments with strains NZ3900 carrying pNZ8038 and MG1363
carrying pNZ1120, the individual strains were grown until an A, of 0.5 was
reached, cells were spun down and suspended together in fresh GM17 pre-
warmed at 30°C without antibiotics in the absence ot presence of nisin.

Model cheese manufacturing, Model cheese was manufactured from pasteur-
ized (30 min, 63°C) Nilac (a highly standardized low heat spray powder;
Netherlands Institute for Dairy Research [NIZO), Ede, The Netherlands) skim
milk supplemented with 0.1% yeast-extract. Cheese milk was inoculated with
2% of a full-grown culture of L. lactis ssp. cremoris SK110 complemented with
either 0.4% NZ3900(pNZ8020), 0.4% NZ3900(pNZ8036), or 0.4%
NZ3900(pNZ8038) of full grown cultures and incubated at 30°C. Sixty minutes
after inoculation 0.023% rennet was added, and 75 min after incubation 1 pg/L
nisin A was added for induction of the lytic genes. After 25-min setting of the
milk, the curd was subsequently cut, drained, pressed, vacuumized, and stored at
13°C. LDH activity was assayed™. Released enzyme activity was determined in
the whey, which was separated during ripening, and in the curd. The curd sam-
ple was diluted fivefold in 2% sodium citrate buffer (wt/vol) and subsequently
homogenized for 5 min in a stomacher (Lab-Blender 400, Seward London). The
sample was centrifuged for 10 min at 10,000 G to remove whole cells.
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