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ABSTRACT Functional starter cultures demonstrating superior technological and
food safety properties are advantageous to the food fermentation industry. We eval-
uated the efficacies of single- and double-bacteriocin-producing starters of Lactococ-
cus lactis capable of producing the class I bacteriocins nisin A and/or lacticin 3147 in
terms of starter performance. Single producers were generated by mobilizing the
conjugative bacteriophage resistance plasmid pMRC01, carrying lacticin genetic de-
terminants, or the conjugative transposon Tn5276, carrying nisin genetic determi-
nants, to the commercial starter L. lactis CSK2775. The effect of bacteriocin copro-
duction was examined by superimposing pMRC01 into the newly constructed nisin
transconjugant. Transconjugants were improved with regard to antimicrobial activity
and bacteriophage insensitivity compared to the recipient strain, and the double
producer was immune to both bacteriocins. Bacteriocin production in the starter
was stable, although the recipient strain proved to be a more efficient acidifier than
transconjugant derivatives. Overall, combinations of class I bacteriocins (the double
producer or a combination of single producers) proved to be as effective as individ-
ual bacteriocins for controlling Listeria innocua growth in laboratory-scale cheeses.
However, using the double producer in combination with the class II bacteriocin
producer Lactobacillus plantarum or using the lacticin producer with the class II pro-
ducer proved to be most effective for reducing bacterial load. As emergence of bac-
teriocin tolerance was reduced 10-fold in the presence of nisin and lacticin, we sug-
gest that the double producer in conjunction with the class II producer could serve
as a protective culture providing a food-grade, multihurdle approach to control
pathogenic growth in a variety of industrial applications.

IMPORTANCE We generated a suite of single- and double-bacteriocin-producing
starter cultures capable of generating the class I bacteriocin lacticin 3147 or nisin or
both bacteriocins simultaneously via conjugation. The transconjugants exhibited im-
proved bacteriophage resistance and antimicrobial activity. The single producers
proved to be as effective as the double-bacteriocin producer at reducing Listeria
numbers in laboratory-scale cheese. However, combining the double producer or
the lacticin-producing starter with a class II bacteriocin producer, Lactobacillus plan-
tarum LMG P-26358, proved to be most effective at reducing Listeria numbers and
was significantly better than a combination of the three bacteriocin-producing
strains, as the double producer is not inhibited by either of the class I bacteriocins.
Since the simultaneous use of lacticin and nisin should reduce the emergence of
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bacteriocin-tolerant derivatives, this study suggests that a protective starter system
produced by bacteriocin stacking is a worthwhile multihurdle approach for food
safety applications.

KEYWORDS food safety, protective culture, bacteriocins

The development and characterization of starter cultures that demonstrate superior
technological properties, such as improved proteolytic activity and flavor produc-

tion, exopolysaccharide production, or bacteriophage resistance, are considered highly
advantageous within the food fermentation industry (1). The ability of starter strains to
produce bacteriocins is also considered an important technological trait for controlling
undesirable and/or pathogenic growth in situ and for improving sensory characteristics
(1–3). Bacteriocins are ribosomally synthesized, heat-stable antimicrobial peptides that
generally act by depolarizing the target cell membrane and/or by inhibiting cell wall
synthesis where the producing strain is immune to the antimicrobial effect (4). They
comprise a highly heterogeneous group that has recently been divided into three
distinct classes (5).

The exploitation of bacteriocin-producing cultures is a particularly attractive option
for the food industry owing to the generally recognized as safe (GRAS) status of the
cultures, immediately fulfilling the consumers’ demand for minimally processed foods
lacking artificial food additives. The bacteriocin producer can serve as the starter culture
or be added as an additional protective culture. Several studies have highlighted the
efficacy of such approaches, where bacteriocin-producing cultures have proven to be
effective for inhibiting the growth and proliferation of pathogenic and food spoilage
microorganisms (6–9). Despite this, the use of bacteriocins in the food industry remains
limited, possibly owing to the fact that a bacteriocin alone may not be capable of
providing sufficient protection against contamination (10). The use of bacteriocin
combinations or bacteriocin stacking may represent an alternative approach. Indeed,
improved antimicrobial activity of bacteriocin combinations has been reported previ-
ously (11–13). However, when using multiple bacteriocins, it is essential that other
important cultures are not inhibited. This can be overcome to some degree by
developing a multibacteriocinogenic culture which is immune to the bacteriocins it
produces.

In the present study, we generated single- and double-bacteriocin-producing cul-
tures of Lactococcus lactis CSK2775 with the capacity to produce the class I bacteriocins
lacticin 3147 (lacticin), nisin A (nisin), or lacticin and nisin. Both bacteriocins target lipid
II to generate pores in the cell membrane, causing proton motive force dissipation and
subsequent cell death (14–17). The resulting transconjugants were assessed for bacte-
riocin production, bacteriophage resistance properties, acidification efficiency, and
antimicrobial activity against a spectrum of indicator strains, including food pathogens
and other lactic acid bacteria (LAB). The ability of the transconjugants (single and
double) to produce bacteriocins in laboratory-scale cheese was assessed, and we also
evaluated the antilisterial potential of the class I producers alone and in combination
with the class IIa bacteriocin producer Lactobacillus plantarum LMG P-26358 (18). Class
IIa bacteriocins cause pore formation by binding to and irreversibly opening the sugar
transporter mannose phosphotransferase (Man-PTS) system in the target cell (19). In
this study, Listeria innocua served as a surrogate for Listeria monocytogenes for reasons
of safety and efficiency (as in many other studies) and because L. innocua has been
successfully used in previous studies investigating the antilisterial potential of nisin
(20–24), lacticin (25–28), and plantaricin (18) in food systems.

RESULTS
Transconjugant validation. The presence of the plasmid pMRC01 and the nisin

transposon Tn5276 in L. lactis CSK2775 transconjugants was validated by PCR using
plasmid- and transposon-specific primers, respectively (Fig. 1). PCR analysis confirmed
that the genetic determinants responsible for lacticin production were present in
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CSK2775(pMRC01), creating the lacticin transconjugant L. lactis CSK3594, and con-
firmed the presence of the nisin genetic determinants in CSK2775(Tn5276), creating the
nisin transconjugant CSK3281. The presence of the lacticin and nisin genetic determi-
nants was confirmed in the double producer, resulting in the nisin-lacticin transconju-
gant L. lactis CSK3533. To confirm the identity of each transconjugant, genomic
fingerprints were generated by pulsed-field gel electrophoresis (PFGE) with the restric-
tion endonuclease SmaI. All transconjugants analyzed generated the same restriction
pattern as the recipient strain, CSK2775 (results not shown). Well diffusion assays
confirmed that CSK3594 was sensitive to nisin and that CSK3281 was sensitive to
lacticin but that the double producer was immune to both bacteriocins.

Colony mass spectrometry (CMS) confirmed that CSK3594 and CSK3533 each pro-
duced a peptide with a mass of approximately 2,847 � 4 Da, corresponding to the
lacticin peptide Ltn� (Fig. 2). However, lacticin peptides (Ltn� or Ltn�) could not be
detected in the recipient strain, CSK2775 (Fig. 2). CMS also detected a peptide with a
mass of 3,352 � 3 Da, corresponding to nisin, in strains CSK3281 and CSK3533; this
peptide was absent in the recipient strain. These data confirm that lacticin is produced
by CSK3594, nisin is produced by CSK3281, and both nisin and lacticin are produced by
CSK3533 (Fig. 2).

The level of inhibitory activity in the culture supernatant of the double producer,
CSK3533, against L. lactis HP was determined to be 1,000 arbitrary units (AU)/ml when
measured by agar well diffusion assays, corresponding to a zone size of 4.5 mm, which
is equivalent to the zone size produced by the nisin transconjugant L. lactis CSK3281.
The lacticin transconjugant, CSK3594, produced a 2.5-mm zone against L. lactis HP. To
our knowledge, this is the first report of the successful construction of a food-grade
commercial L. lactis starter strain capable of producing both nisin and lacticin 3147, two
potent class I bacteriocins.

FIG 1 PCR amplification using pMRC01-specific primers (orf27, orf49, orf51, and orf52) to detect the
presence of pMRC01 in L. lactis CSK3594 and CSK3533 and using primers designed to regions of the nisin
operon (nisA and nisFEG) to confirm the presence of nisin genetic determinants in L. lactis CSK3281 and
L. lactis CSK3533. Lane M, 100-bp DNA ladder (New England BioLabs).
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FIG 2 Colony mass spectrometry analysis of L. lactis CSK2775, L. lactis CSK3281 (nisin transconjugant, Nis�), L. lactis CSK3594 (lacticin transconjugant, Ltn�),
and L. lactis CSK3533 (nisin and lacticin double producer, Nis�, Ltn�). Masses corresponding to the bacteriocins are indicated. Inset photos show inhibition
zones produced by each strain against the indicator strain L. lactis HP.
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Strain performance and stability. The stability of the bacteriocin/lactose-positive
phenotype in each transconjugant was confirmed via repeated “passaging” in GM17
followed by bacteriocin activity assays against the indicator, L. lactis HP. Bacteriocin
production and immunity in CSK3281, CSK3594, and CSK3533 proved to be stable over
time. However, upon passaging of the double producer, CSK3533, in GM17, a mixed
culture containing lactose-fermenting and nonfermenting colonies could be observed
when plated on lactose indicator agar (LIA). This mixed culture was subsequently
attributed to the loss of a large plasmid (�50 kb) present in CSK3533 (which was
confirmed by plasmid profile analysis; results not shown) and is presumed to be
involved in lactose metabolism. The lactose-fermenting phenotype could be preserved
through the supplementation of lactose to the growth medium.

Comparative analyses of the acidification profiles of each transconjugant and the
recipient strain revealed that the bacteriocin-free recipient, CSK2775, was the most
efficient acidifier (Fig. 3). Although the lacticin single producer (CSK3594) was more
efficient than the nisin single producer (CSK3281), both proved to be more efficient
than the double producer, CSK3533 (Fig. 3). The addition of 0.1% yeast extract im-
proved lactic acid production in the transconjugants.

Spectrum of inhibition and bacteriophage resistance. The activities of the single-
bacteriocin producers CSK3594 and CSK3281 as well as the double producer, CSK3533,
were assayed against a range of indicator strains, including food spoilage bacteria,
pathogenic bacteria, LAB, and nonstarter LAB (NSLAB) (Table 1). The single lacticin
producer was found to inhibit primarily lactococci, lactobacilli, and clostridia, while a
wider spectrum of inhibition was observed for both the nisin producer and the double
producer. The double producer proved to be more effective than either the lacticin or
nisin single producer with regard to Clostridium tyrobutyricum inhibition, producing a
6-mm zone while the lacticin producer, CSK3594, and the nisin producer, CSK3281,
produced zones of 4 mm and 3 mm, respectively. Interestingly, the recipient strain,
CSK2775, also produced a 1-mm zone against C. tyrobutyricum, suggesting that some
other antimicrobial effect is potentially working in conjunction with the bacteriocins in
the transconjugants. In addition, the double producer generated a 4-mm zone against
CSK3281 in comparison to a 2.5-mm zone produced by CSK3594. This increase in zone
size is surprising given that CSK3281 harbors the genetic machinery for nisin immunity
and indeed was proven to be immune to nisin in the antimicrobial assays. However, the
increased susceptibility of the nisin transconjugant to lacticin may be due to a lower
cell density in the seeded plate as a consequence of a lower growth rate, although this
has not been confirmed.

Bacteriophage sensitivity assays confirmed that CSK2775, the nonbacteriocinogenic
recipient, was sensitive to all bacteriophages analyzed (Table 2). The nisin producer,
CSK3281 was resistant to 50% of the bacteriophages analyzed, while the lacticin single
producer and the double producer were each resistant to 80% of bacteriophages
analyzed (Table 2).

Laboratory-scale cheese production. To analyze the in situ inhibitory activity of
the bacteriocin producers (single, double, and in combination with the plantaricin

FIG 3 Acidification profiles of L. lactis CSK2775 (e), L. lactis CSK3594 (lacticin) (�), L. lactis CSK3281 (nisin)
(Œ), and L. lactis CSK3533 (nisin and lacticin) (�) grown in 10% reconstituted skim milk.
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producer Lb. plantarum LMG P-26358), laboratory-scale cheeses were manufactured
with the fast acidifier L. lactis DPC4268 and the bacteriocin producers served as
protective cultures. The cheeses were spiked with 104 CFU/ml of L. innocua. Each
cheese was ripened for 4 weeks at 7°C; Listeria was enumerated weekly during the
ripening period. Figure 4 shows Listeria viable cell counts over the 4-week period where
bacteriocin-containing vats were compared with vat 1 (no bacteriocin) at each week. At
week 0, Listeria numbers were significantly different between vat 1 (5.6 log CFU/g) and
all other vats, with the lowest Listeria numbers recorded for vat 7 (CSK3533 and Lb.
plantarum) at 3.5 log CFU/g (P � 0.001), followed by vat 2 (CSK3281) at 3.8 log CFU/g
(P � 0.001). Listeria numbers in the remaining vats were reduced by 0.9 to 1.5 logs
compared to those in vat 1. By week 1, Listeria numbers in vat 7 continued to decrease
significantly compared to those in vat 1, with a 3-log reduction recorded (P � 0.001).

TABLE 1 Antimicrobial spectrum of the L. lactis isogenic family of nisin and lacticin transconjugants

Indicator strain
Growth
medium

Zone size (mm) for strain:

SourceCSK2275
CSK3594
(Ltn)

CSK3281
(Nis)

CSK3533
(Ltn, Nis)

Bacillus cereus DPC6085/6086 BHIb No zone No zone 1 1 TFRCe

Bacillus subtilis DPC6511 BHIb No zone No zone No zone No zone TFRC
Enterococcus faecalis DPC5055/LMG 7973 BHIb No zone No zone 3 3 TFRC
Enterococcus faecium DPC5056a BHIb No zone No zone 6 6 TFRC
Escherichia coli P1432-DPC6054 BHIb No zone No zone No zone No zone TFRC
Clostridium sporogenes DPC6341a RCMb No zone 1.5 1.5 1 TFRC
Clostridium tyrobutyricum DPC6342a RCMb 1 4 3 6 TFRC
Lactobacillus casei DPC6125 MRSd No zone No zone 7 7 TFRC
Lactobacillus acidophilus DPC5378 MRSb No zone 1 3 3 TFRC
Lactobacillus delbrueckii subsp.

delbrueckii DPC5385
MRSb No zone No zone 6 6 TFRC

Lactobacillus delbrueckii subsp. lactis
DPC5387

MRSd No zone 1.5 6 6 TFRC

Lactobacillus delbrueckii subsp. bulgaricus
DPC5383

MRSd No zone 2 9.5 9.5 TFRC

Lactobacillus helveticus DPC4571 MRSb No zone 1.5 8 8 TFRC
L. lactis subsp. lactis biovar diacetylactis

CSK1411
LM17c No zone 1.5 4 4 CSK, The Netherlands

L. lactis subsp. cremoris HP DPC5718 LM17d No zone 2.5 4.5 4.5 TFRC
L. lactis subsp. lactis DPC4268/303 LM17d No zone No zone 0.5 0.25 TFRC
L. lactis subsp. lactis CSK2775 LM17d No zone 2.5 mm 4.5 mm 4.5 mm CSK, The Netherlands
L. lactis subsp. lactis CSK3594 LM17d No zone No zone 4.5 mm 4.5 mm CSK, The Netherlands
L. lactis subsp. lactis CSK3281 LM17d No zone 2.5 mm No zone 4 mm CSK, The Netherlands
L. lactis subsp. lactis CSK3533 LM17d No zone No zone No zone No zone CSK, The Netherlands
Leuconostoc lactis DPC3838 MRSd No zone No zone 1.5 1.5 TFRC
L. innocua DPC6578 GM17b No zone No zone No zone No zone TFRC
aCultures were grown anaerobically for up to 48 h.
bCultures were grown at 37°C for up to 48 h.
cCultures were grown at 35°C for up to 48 h.
dCultures were grown at 30°C for up to 48 h.
eTFRC, Teagasc Food Research Centre, Moorepark, Fermoy, County Cork, Ireland.

TABLE 2 L. lactis transconjugants surveyed for bacteriophage sensitivity

Bacteriophage

Sensitivitya of L. lactis strain:

CSK2775
CSK3281
(Nis)

CSK3594
(Ltn)

CSK3533
(Nis, Ltn)

5410F � � � �
5163F � � � �
5210 F � � � �
5167F � � � �
5385F (Bacteriophage cocktail) � � � �
5386F (Bacteriophage cocktail) � � � �

a�, bacteriophage sensitivity observed by a clearing of the bacterial population; �, bacteriophage
insensitivity observed as growth (turbidity) of the bacterial population.

Mills et al. Applied and Environmental Microbiology

July 2017 Volume 83 Issue 14 e00799-17 aem.asm.org 6

http://aem.asm.org


Listeria numbers in vat 6 (CSK3594 and Lb. plantarum) were also significantly different
from those in vat 1, with a 2.7-log reduction (P � 0.001). Significant reductions were
also observed for vat 9 (CSK3281, CSK3594, and Lb. plantarum) (1.6-log reduction; P �

0.01) and vat 5 (CSK3281 and Lb. plantarum) (0.8-log reduction; P � 0.05). At week 2,
the lowest Listeria numbers were recorded for vat 6 (0.4 log CFU/g) and vat 7 (0.7 log
CFU/g), representing 2.6- and 2.3-log reductions compared to numbers in vat 1 (3 log
CFU/g) (P � 0.01). Vat 5 (CSK3281 and Lb. plantarum) was also significantly different
from vat 1 (1.8-log reduction; P � 0.01). By week 3, vat 7 exhibited the lowest Listeria
numbers (0.4 log CFU/g), followed by vat 9 (0.8 log CFU/g), which were both signifi-
cantly different from vat 1 (2.5 log CFU/g) (P � 0.05). By week 4, Listeria numbers for
vat 1 (2.9 log CFU/g) were significantly different from those for most other vats, with no
Listeria detected in vat 6 (P � 0.01) and numbers reduced to 0.3 log CFU/g for vat 7 (P �

0.01). Listeria numbers in the remaining vats (vats 2, 3, 4, 8, and 9) ranged from 0.8 to
1 log CFU/g, representing significant differences compared to vat 1 (P � 0.05). While
Listeria numbers in vat 5 were not deemed significantly different from those in vat 1,
they approached a significant reduction (P � 0.07).

In terms of the lacticin and nisin transconjugants (without Lb. plantarum), no
significant differences were observed between the double producer (vat 4) and either
of the single producers (vats 2 and 3) with regard to Listeria numbers at any week. We
then compared vat 8, which consists of the two single producers (CSK3281 and
CSK3594) (4.4 log CFU/g at week 0) with vats 2, 3, and 4. While vat 8 was found to be
significantly different from vat 2 (3.7 log CFU/g) at week 0 (P � 0.05) whereby the nisin
producer generated greater Listeria reductions than the combination of nisin and
lacticin single producers, no significant differences were observed for weeks 1 to 4.
Likewise, no significant differences were observed between vat 8 and vat 3 or 4 over
the ripening period.

Bacteriocin detection in vats 4, 5, 6, and 7. The correct masses for nisin (fraction
21), Ltn� (fraction 37), and plantaricin (fraction 19) were detected by matrix-assisted
laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) in vat 7
(double producer and plantaricin) at week 0 (Fig. 5A). Antimicrobial assays also revealed
that these fractions contained activity (lacticin activity was restored by combining
fractions 23 [Ltn�] and 37).

At week 4, a mass corresponding to plantaricin was detected in fraction 19, but
there was no antimicrobial activity. Nisin was detected in fraction 21 at week 4, and
activity was also confirmed. The correct mass for Ltn� could not be detected at week
4. Despite this, combining fractions 23 and 37 did yield a zone of inhibition against the
indicator strain, suggesting that the bacteriocin is present.

FIG 4 Counts of viable L. innocua cells in laboratory-scale cheeses. Bacteriocin-containing vats were compared to vat 1 (no bacteriocin) at each week. *, P �
0.05; **, P � 0.01; ***, P � 0.001.
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FIG 5 MALDI-TOF MS analysis of vat 7 (lacticin, nisin, and plantaricin) (A), vat 4 (lacticin and nisin) (B), vat 5 (nisin and plantaricin) (C), and vat 6 (lacticin and
plantaricin) (D). Masses corresponding to the bacteriocins are indicated. Inset photos show inhibition zones produced by correct-mass-containing fractions
against the indicator strain L. lactis HP (nisin and lacticin) or L. innocua (plantaricin). F, fraction.
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The correct mass for nisin was not detected in vat 4 (double producer) at week 0 or
4; however, fraction 21, which is generally expected to contain nisin, yielded a zone of
inhibition against the indicator strain on both weeks, suggesting that the bacteriocin is
present (Fig. 5B). The correct mass for Ltn� was detected in vat 4 (double producer) at
weeks 0 and 4 (Fig. 5B). Lacticin activity was confirmed when fractions 23 and 37 were
positioned beside each other in the agar well diffusion assays.

Vat 5 (nisin and plantaricin) was found to contain the nisin mass at weeks 0 and 4,
although the correct mass was found in fraction 22 at week 0 and in fraction 23 at week
4 (Fig. 5C). This is presumably due to slight variations in the times that the peptide
eluted from the high-performance liquid chromatography (HPLC) column. These frac-
tions exhibited antimicrobial activity against the indicator strain, but the zones were
smaller than previously observed. The plantaricin mass was not detected in vat 5 at
week 0, but a zone of inhibition against Listeria was observed for fraction 19. However,
the plantaricin mass was detected in vat 5 at week 4, and antimicrobial activity was
confirmed.

Vat 6 (lacticin and plantaricin) was shown to contain the correct Ltn� and plantaricin
masses at weeks 0 and 4 in fractions 37 and 19, respectively (Fig. 5D). Antimicrobial
activity was confirmed for fraction 19, although the zone was smaller at week 0 than at
week 4. In the case of lacticin, combining fractions 24 (Ltn�) and 37 confirmed
antimicrobial activity.

FIG 5 (Continued)
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Development of bacteriocin tolerance. The frequency of tolerance/resistance
development in L. innocua was assessed using 1,000 AU/ml of each bacteriocin. The
frequency of resistance against 1,000 AU/ml of nisin was calculated to be 6.56 � 10�4.
Resistance development could not be observed when Listeria was exposed to 1,000
AU/ml lacticin or 1,000 AU/ml nisin and lacticin. On the other hand, the frequencies of
resistance development against 320 AU/ml nisin or 320 AU/ml lacticin (representing
arbitrary concentrations in cheese) were much lower, at 4.9 � 10�1 and 3.02 � 10�1,
respectively. Simultaneous exposure to lacticin and nisin at 320 AU/ml decreased the
frequency of resistance to 3.18 � 10�2. However, bacteriocin-resistant colonies re-
mained sensitive to 1,000 AU/ml, indicating that Listeria cells were tolerant rather than
completely resistant.

DISCUSSION

In this study, an isogenic family of nisin and lacticin transconjugants was developed
with a view to better understand the impact of multiple bacteriocin production and
genetic load on starter culture functionality. Genotypic and phenotypic analyses,
including PCR, well diffusion assays, and CMS, confirmed the acquisition of lacticin
and/or nisin in each transconjugant.

FIG 5 (Continued)
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In agreement with previous findings (29) which revealed that pMRC01 imposes a
burden on lactococcal metabolism affecting growth and acidification rates, the pres-
ence of pMRC01 was shown to influence lactococcal acidification in the lacticin
transconjugant, as did the presence of the nisin transposon in the nisin transconjugant.
However, bacteriocin stacking resulted in the slowest acidification rates, but this can be
overcome with the addition of 0.1% yeast extract to the double producer. Yeast extract
presumably lessens the burden of plasmid and transposon acquisition, as it provides
amino acids along with purine and pyrimidine bases and inorganic constituents which
have been shown to stimulate lactococcal growth (30). We therefore suggest that the
double producer has potential to serve as a protective culture when used in conjunc-
tion with a suitable acidifier. Despite this, the lactose utilization phenotype in the
double producer, CSK3533, was found to be unstable in GM17, apparently due to the
loss of a large (�50-kb) plasmid likely involved in lactose utilization. Both the plasmid
instability and slower acidification profiles observed in the double producer (CSK3533)
may be attributed to the metabolic burden imposed by the presence of pMRC01 and

FIG 5 (Continued)
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the nisin transposon. In an effort to ease the metabolic load, it is possible that as the
energy demand of the cell increases and metabolites are exhausted, a reduction in
growth rate and perhaps the loss of nonessential plasmids may occur (29, 31). This is
supported by the fact that the addition of lactose to M17 broth maintains the lactose
utilization phenotype in the double producer.

Antimicrobial activity assays confirmed that coproduction of nisin and lacticin by
CSK3533 was as effective as its single-producing counterparts against most of the
indicator strains tested. This indicates that bacteriocin production is not affected by the
lower growth rate observed in the double producer. Furthermore, with the exception
of C. tyrobutyricum, the coproduction of the two potent bacteriocins did not result in
an increase in antimicrobial activity. Studies suggest that bacteriocin production and
subsequent inhibition may be influenced by the growth medium (32, 33). The multi-
bacteriocinogenic strain L. lactis INIA 415 was capable of producing the class I bacte-
riocin lacticin 481 in M17 broth only and produced nisin in milk only (32). Therefore, it
is possible that growth of CSK3533 under different conditions could result in higher
levels of nisin or lacticin being produced.

In terms of bacteriophage resistance, transconjugants were shown to be more
resistant to bacteriophage attack than the recipient strain, with superior resistance
properties observed in derivatives of pMRC01, which is known to harbor an abortive
infection mechanism (34).

Laboratory-scale cheese inoculated with Listeria was used to assess the efficacy of
single- and double-bacteriocin producers alone and in combination with the plantaricin
producer Lb. plantarum LMG P-26358 in situ. The latter strain was previously shown to
have a narrow spectrum of inhibition, inhibiting Listeria and enterococcal strains but
not clostridia, Escherichia coli, Bacillus species, Salmonella, or members of the LAB (18).
The strain proved to be an effective adjunct for controlling Listeria growth in a cheese
model (18). In the present study, CSK3594, CSK3281, and CSK3533 failed to inhibit L.
innocua by agar well diffusion assay; however, by the end of the ripening period, Listeria
numbers from cheeses prepared with these starters were significantly reduced com-
pared to those for the control, vat 1 (no bacteriocin). Interestingly, the double producer
combined with the plantaricin producer exhibited the greatest reduction in Listeria
numbers at week 0, a trend which continued to week 1, suggesting the effectiveness
of this combination for reducing the initial bacterial load. The inhibitory effect of this
combination was on the whole significantly better than using both single producers
with the plantaricin producer. This can be explained by the fact that the nisin-
producing transconjugant inhibits the lacticin transconjugant and vice versa, whereas
the double producer is immune to both bacteriocins. The combination of the lacticin
producer with Lb. plantarum LMG P-26358 also significantly reduced Listeria numbers
by week 1, and by week 4, Listeria could not be detected in this vat. Overall, the double
producer combined with the plantaricin producer, followed by the lacticin producer
combined with plantaricin, exhibited the most significant reductions in Listeria num-
bers over the ripening period.

In general, a similar inhibitory trend was observed among the single class I produc-
ers, the double producer, or the combined single producers, which were significantly
different from vat 1 at week 0 and week 4. While the double producer did not alter
Listeria numbers significantly compared to the single producers alone, a 10-fold reduc-
tion in the emergence of bacteriocin tolerance was observed when Listeria was exposed
to both nisin and lacticin, suggesting that bacteriocin stacking could be an effective
method to prevent pathogen growth in food applications. However, combining bac-
teriocins from different classes or subclasses is considered most effective for reducing
the emergence of resistance (35), which explains the increased antimicrobial efficacy for
vats containing the class I and class II bacteriocins in this study.

Interestingly, cheese prepared with nonbacteriocinogenic CSK2775 also resulted in
reduced Listeria numbers over the 4-week period, although to a lesser extent than the
bacteriocin-containing cheeses. Therefore, it is probable that bacterial competition
coupled with unfavorable conditions relating to cheese manufacture, including lactic
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acid and high salt concentrations, have provided a hurdle effect to cause the observed
reductions. Indeed, several intrinsic factors, including moisture content, acidity, and
competitive flora, are known to dictate pathogen survival in cheese (36, 37).

MALDI-TOF MS of cheeses from vats 4, 5, 6, and 7 indicated that nisin and lacticin
were present in the appropriate cheeses, implying that bacteriocin integrity was not
compromised in the cheese environment. The presence of plantaricin could not be
confirmed in vat 7 cheese (double producer and plantaricin) at week 4, but it was
present in vats 5 and 6 at both times, as expected. MALDI-TOF MS is not quantitative
and is also subject to preferential ionization in that some peptides ionize better than
others. The peptide content in a cheese increases during ripening due to the break-
down of casein, so a number of bacteriocin purification steps were performed to
increase the chances of detecting bacteriocin masses. Cheeses were passed through
C18 solid-phase extraction, columns and peptides were further separated using reverse-
phase HPLC (RP-HPLC). Each HPLC fraction potentially contains numerous peptides,
making it difficult to detect the bacteriocin masses which are present at low concen-
trations. Usually the bacteriocin mass and a concomitant zone of inhibition are taken as
proof of the presence of bacteriocin, but in the case of a cheese fraction, the presence
of a zone of inhibition alone may be taken as indicative of bacteriocin presence.

Natural isolates capable of producing multiple bacteriocins have been reported in
the literature (38–42). Most recently, L. lactis LMG2081 was shown to produce two
different classes of bacteriocins, a novel lantibiotic and the class IIb bacteriocin lacto-
coccin G (43). However, the ability to generate a multibacteriocin producer from an
already-established culture through food-grade enabling technologies has several
benefits. First, the technological properties of the culture are known. The number of
cultures required to produce multiple bacteriocins is reduced. The risk of bacteriocin
inhibition is removed, since the multibacteriocin-producing starter will also harbor the
genetic machinery for bacteriocin immunity. As conjugation is a natural process, the
resulting transconjugants do not fall under current European regulations governing
the use of genetically modified microorganisms (44, 45). Therefore, transconjugants can
be used in food applications in a manner similar to that for the recipient strain (46).
While the double bacteriocin producer generated in this study proved to be a slower
acidifier than the recipient strain, it has potential to serve as a protective culture.
However, studies generating multiple bacteriocin producers have been rare (13).
This can most likely be attributed to the complex biosynthetic process required for
bacteriocin production and secretion. Indeed, previous attempts to construct nisin-
lacticin transconjugants were unsuccessful, which was often attributed to the incom-
patibility of bacteriocin modification machinery or bacteriocin sensitivity (13, 34).
Traditionally, the discovery of technologically valuable industrial strains has focused on
large-scale screening strategies from a variety of sources (47). However, the successful
transfer of lacticin and nisin to commercial starter cultures as reported in this study may
provide additional avenues for the development of multihurdle protective cultures
using food-grade methods.

MATERIALS AND METHODS
Bacterial strains and media. The bacterial strains used in this study are listed in Tables 1 and 3. L.

lactis strains were routinely propagated at 30°C in M17 medium (Difco Laboratories, Detroit, MI, USA)
supplemented with 0.5% (wt/vol) lactose (LM17) or glucose (GM17). Lb. plantarum was grown in MRS
medium (48) (Difco Laboratories) at 30°C. L. innocua was routinely propagated in GM17 broth at 37°C
containing 500 �g/ml streptomycin (Sigma-Aldrich, Ireland). Other media used in this study include
brain heart infusion (BHI) broth (Oxoid Ltd., Basingstoke, Hampshire, England) and reinforced
clostridial medium (RCM) (Merck, Darmstadt, Germany). All strains were stored in 50% glycerol at
�20°C.

Strain construction and analytical tests. (i) Strain construction. The conjugation method of
Coakley et al. (34) was used with slight modifications to generate lacticin transconjugants. Inocula (2%)
of both donor and recipient were grown for 4 h in GM17 broth at 30°C. After the growth period, 1 ml
of recipient and 1 ml of donor were harvested by centrifugation (16,000 � g for 1 min) and rinsed twice
with GM17 broth. After the final rinse, each strain was resuspended in 50 �l of GM17 broth. The
concentrated recipient and donor (20�) were then mixed with each other at ratios of 1:1, 2:1, and
20:1. Each mixture was spotted onto the center of a GM17 agar plate and incubated for 18 h at 30°C.
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The following day, spots were harvested in 1 ml of maximum recovery diluent (MRD) (Oxoid) and
serially diluted before plating on LIA containing lacticin (400 AU/ml) as described previously (34).
Following 48 h of incubation at 30°C, the lacticin-containing LIA plates were examined for lactose-
positive colonies (yellow) against a background of lactose-negative colonies (white), and lactose-
positive colonies were selected and grown in LM17 broth for further analysis.

Nisin transconjugants were generated according to the method of Gireesh et al. (49) with modifi-
cations. Inocula of the donor (1.5%) and recipient (2%) were grown for 4 h in GM17 broth at 30°C. The
donor and recipient were then mixed at ratios of 1:10 and 1:100 in the presence of 400 �g/ml
�-chymotrypsin (Sigma-Aldrich). The cells were collected onto membrane filters (0.45-�m pore size;
Merck, Millipore, Darmstadt, Germany), after which the filters were placed on GM17 agar plates (cell side
down). Following 18 h of incubation at 30°C, cells were harvested from the filter and added to 10%
reconstituted skim milk (RSM) containing 400 AU/ml nisin (Sigma-Aldrich) and incubated at 30°C for 24
to 48 h. Clotted samples were serially diluted and plated on LIA, and following 48 h of incubation at 30°C,
yellow colonies were selected for further analysis.

(ii) Bacteriocin production and immunity. Bacteriocin production and immunity was assessed by
performing the agar well diffusion assay as described by Ryan et al. (50). Indicator organisms are listed
in Table 1. Bacteriocin sensitivity was scored according to the diameter of the zone of inhibition
surrounding the well which contained cell-free supernatant from the bacteriocin producer. The concen-
tration of bacteriocin produced by the double producer was measured by agar well diffusion assay using
a serial 2-fold dilution of the filtered culture supernatant, and bacteriocin activity was calculated as the
inverse of the last dilution that gave a definite zone of clearance after overnight incubation, where AU
were expressed per ml.

(iii) CMS. CMS was performed according to the method described by Field et al. (51).
(iv) PCR scan. Genomic DNA was extracted from 1.5 ml of 18-h cultures according to the method of

Hoffman and Winston (52) slightly modified as described previously (53). Primer pairs used to scan strains
for the presence of pMRC01 as well as the genes associated with nisin production are listed in Table 4.
PCR was performed in a Hybaid PCR express unit (Hybaid Ltd., Middlesex, UK) using MyTaq Red Mix
polymerase (Bioline Ltd., London, UK) according to the manufacturers’ specifications combined with an
annealing temperature of 55°C.

(v) PFGE. PFGE was performed as described by Mills et al. (53) using the restriction enzyme SmaI
(New England BioLabs, Hertfordshire, UK). DNA fragments were run on a CHEF-DR III pulsed-field system
(Bio-Rad Laboratories, Hercules, CA, USA) at 6 V/cm for 22 h with a 1- to 30-s linear ramp pulse time.
Molecular size markers (N0340S and N0350S) were purchased from New England BioLabs.

TABLE 3 Bacterial strains used in this study

Bacterial strain Relevant detail(s)
Relevant
phenotypea Source or reference

L. lactis HP Bacteriocin-sensitive indicator strain Ltn� Nis� TFRCb

L. lactis MG1363 (pMRC01) Donor strain harboring pMRC01, lacticin producer Lac� Ltn� Nis� TFRC
L. lactis CSK2583 Donor strain harboring Tn5276, nisin producer Lac� Nis� Ltn� CSK, The Netherlands
L. lactis CSK2775 Recipient strain Lac� Nis� Ltn� CSK, The Netherlands
L. lactis CSK3281 CSK2775 transconjugant, nisin producer Lac� Nis� This study
L. lactis CSK3594 CSK2775 transconjugant harboring pMRC01,

lacticin producer
Lac� Ltn� This study

L. lactis CSK3533 CSK3281 transconjugant harboring pMRC01,
nisin-lacticin double producer

Lac� Nis� Ltn� This study

Lb. plantarum LMG P-26358 Plantaricin 423 producer Pln� 18
L. lactis DPC4268 Starter culture for cheese manufacture Lac� TFRC
aLac, lactose utilization; Ltn, lacticin genetic determinants; Nis, nisin genetic determinants; Pln, plantaricin genetic determinants.
bTFRC, Teagasc Food Research Centre, Moorepark, Fermoy, County Cork, Ireland.

TABLE 4 Primer pairs used in this study

Primer Sequence Target gene(s) Size (bp)

27-F 5=-GGGGAACAATCTTACCTA orf27 326
27-R 5=-ATTATTTTTATTGCATTCTACTA
49-F 5=-CCAATACCCGCCAAAATAAAGT orf49 347
49-R 5=-CTAAGCGCAGAGGAAATACAACC
51-F 5=-TTCTCAAAATCATCAAAATCAAGT orf51 293
51-R 5=-GTACGAACAGGAGCGAAAAA
52-F 5=-CCTAAGTTGTCTATTCGTGTCCA orf52 210
52-R 5=-ATTAGGTGAGTGCTCTGATTTTTC
nisA-F 5=-CAAAAGATTTTAACTTGGATTTG nisA 163
nisA-R 5=-ACGTGAATACTACAATGACAAG
nisFG-F 5=-GGTTTAATTTCTGCAGATACTG nisFEG 1,573
nisFG-R 5=-GTAATTATCCAGATCATTGCTG
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(vi) Bacteriophage assays. Bacteriophages were propagated according to a method outlined
previously (54). Sensitivity to bacteriophage infection was performed by the double agar layer plaque
assay as described previously (34).

(vii) Characterization of acid production. Acid production was monitored in 10% RSM in the
presence and absence of 0.1% yeast extract according to the method of Harrington and Hill (55).

Laboratory-scale cheese manufacture. Cultures were grown from frozen stocks in their respective
media for 18 h (Table 1). The cultures were then inoculated at 1% (vol/vol) into 10% (wt/vol) RSM and
incubated for a further 18 h at 30°C. In the case of Lb. plantarum LMG P-26358, the culture was grown
in 10% RSM containing 0.1% (vol/vol) yeast extract and 0.2 g/liter MnSO44H2O as previously reported
(18).

One-liter vats of whole milk heated to 31°C were inoculated with the 18-h RSM cultures as follows:
vat 1, 0.75% (vol/vol) L. lactis DPC4268 and 0.75% (vol/vol) L. lactis CSK2775 (no bacteriocin); vat 2, 0.75%
(vol/vol) L. lactis DPC4268 and 0.75% (vol/vol) L. lactis CSK3281 (nisin producer); vat 3, 0.75% (vol/vol) L.
lactis DPC4268 and 0.75% (vol/vol) L. lactis CSK3594 (lacticin producer); vat 4, 0.75% (vol/vol) L. lactis
DPC4268 and 0.75% (vol/vol) L. lactis CSK3533 (nisin-lacticin double producer); vat 5, 0.75% (vol/vol) L.
lactis DPC4268, 0.5% (vol/vol) L. lactis CSK3281 (nisin producer), and 0.5% (vol/vol) Lb. plantarum LMG
P-26358 (plantaricin producer); vat 6, 0.75% (vol/vol) L. lactis DPC4268, 0.5% (vol/vol) L. lactis CSK3594
(lacticin producer), and 0.5% (vol/vol) Lb. plantarum LMG P-26358 (plantaricin producer); vat 7, 0.75%
(vol/vol) L. lactis DPC4268, 0.5% (vol/vol) L. lactis CSK3533 (nisin-lacticin double producer), and 0.5%
(vol/vol) Lb. plantarum LMG P-26358 (plantaricin producer); vat 8, 0.75% (vol/vol) L. lactis DPC4268,
0.5% (vol/vol) CSK3594 (lacticin producer), and 0.5% (vol/vol) CSK3281 (nisin producer); and vat 9, 0.75%
(vol/vol) L. lactis DPC4268, 0.5% (vol/vol) CSK3594 (lacticin producer), 0.5% (vol/vol) CSK3281 (nisin
producer), and 0.5% (vol/vol) Lb. plantarum LMG P-26358 (plantaricin producer).

A streptomycin-resistant derivative of L. innocua (DPC6578) grown for 18 h was added to each vat at
a level of 104 CFU/ml. Thirty minutes after inoculation, 150 international milk clotting units/ml Kalase
rennet (CSK Food Enrichment, The Netherlands) was added according to the manufacturer’s specifica-
tions and after a further 15 min, the curd was cut into cubes. Following a 10-min stirring step,
approximately 35% of the whey was removed, and the curd was stirred for a further 5 min. The
temperature was then elevated to 36°C over a 5-min period, and the curd was stirred for a further 20 min.
The curd was further drained and lightly pressed into molds for 20 min before pressing overnight. After
24 h, the cheeses were submerged in a brine bath (23% [wt/vol] NaCl, 0.22% [vol/vol] phosphoric acid,
0.1% [wt/vol] NaOH, 0.6% [wt/vol] CaCl2) at 10 to 12°C for 5 h, after which they were vacuum packed and
ripened at 7°C for 4 weeks. L. innocua DPC6578 was enumerated in each cheese on a weekly basis by
homogenizing 1 g of cheese in 2% sterile trisodium citrate and plating serial dilutions on selective
medium (GM17 agar with 500 �g/ml of streptomycin). The cheese trial was performed in triplicate, and
sampling for each trial was performed in duplicate.

Nisin (3,352 � 3 Da), lacticin (Ltn�) (2,847 � 4 Da), and plantaricin (3,928 � 3 Da) present within
cheese samples from vats 4, 5, 6, and 7 were verified by MALDI-TOF MS as described previously (18).
In the case of lacticin, the presence of the correct mass for Ltn� was indicative of lacticin, since Ltn�

can be difficult to detect in a complex fraction. All fractions were tested for antimicrobial activity by
agar well diffusion assays against the appropriate indicator strains (lacticin and nisin against L. lactis
HP and plantaricin against L. innocua), where mass and concomitant activity were indicative of
bacteriocin presence. Fractions expected to contain the lacticin peptides (fractions 23 and 24, Ltn�;
fraction 37, Ltn�) were combined or wells were positioned near each other to assess lacticin
activity.

Frequency of bacteriocin resistance/tolerance. To determine the frequency of bacteriocin resis-
tance/tolerance development in L. innocua, freshly prepared 18-h cultures were serially diluted in MRD
and spread plated on to GM17 or GM17 containing either 1,000 AU/ml or 320 AU/ml of the appropriate
bacteriocin or bacteriocin combination; the latter concentration represents the arbitrary in situ concen-
tration of the bacteriocins in the cheeses. Plates were incubated aerobically at 37°C for up to 48 h, at
which time the frequency of bacteriocin resistance/tolerance was calculated as described previously (56).
All experiments were performed in triplicate.

Statistical analysis. Listeria counts in laboratory-scale cheeses were statistically analyzed using
one-way analysis of variance (ANOVA). Post hoc multiple comparisons were done by Tukey’s test, and
differences were considered to be statistically significant at a P value of �0.05. Statistical tests were
performed using XLSTAT statistical software.
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