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Abstract Nisin production of three bioengineered strains,
(LAC338, LAC339 and LAC340) with immunity (nisFEG)
and/or regulation (nisRK) genes of nisin biosynthesis on
plasmids in the Lactococcus lactis LL27 nisin producer,
was evaluated under pH-controlled and pH-uncontrolled
batch fermentations. Optimization studies showed that
fructose and yeast extract yielded the highest nisin activity.
The strains LAC338, LAC339, and LAC340 produced 24,
45, and 44% more nisin, respectively, than wild-type
L. lactis LL27 after 12-h incubation. However, sharp
decreases in the yield of nisin were observed at the late
phase of fermentation with LAC339 and LL27 in contrast
to LAC340 and LAC338 strains for which the high level of
nisin could be maintained longer. Obviously, increasing the
copy number of the regulation genes together with immu-
nity genes in the nisin producers retarded the loss of nisin
in the late phase of the fermentation.
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Introduction

Nisin is an antimicrobial peptide which belongs to the type I
lantibiotics and is produced by some strains of Lactococcus
lactis and Streptococcus uberis [6, 28]. Nisin has strong
antimicrobial activity against certain gram-positive bacteria.
It occurs naturally in various dairy products and has been
unwittingly consumed by humans without any ill effect.
Nisin is widely used as a preservative in the food industry and
has potential for use in health care products such as tooth-
paste and skin care products [10]. A cluster of 11 genes is
involved in the complex biosynthesis of nisin and trans-
criptionally arranged in two nisin inducible nisABTCIPRK
and nisFEG operons having, in addition, constitutive pro-
moters in front of nisl and nisR. The gene cluster include the
structural gene (nisA, or natural variants nisZ, nisQ, bacF and
nisU); genes involved in post-translational modifications
(nisB, nisC), transport (nisT) and extracellular precursor
processing (nisP); genes encoding immunity to the producer
strain (nisl, nisFEG); and the regulatory genes, which belong
to the class of two-component auto-regulatory system
consisting of a response regulator (nisR) and a histidine
kinase (nisK) [14, 23]. Nisin induces via signal transduction
through NisRK the expression of the biosynthesis genes and
the immunity system in which Nisl intercepts nisin and
NisFEG is an ABC transporter that expels nisin into the
medium [14, 21, 23]. In view of the widespread use of this
bacteriocin, an important factor to consider for its applica-
tion is the cost of nisin production. Therefore, many aspects
have been studied extensively in order to improve the pro-
duction rate and productivity [2, 6, 26].
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Genetic strategies offer an alternative approach to
enhance the production of nisin and other lantibiotics.
Overexpression of the nisin immunity genes from plasmids
transformed to the nisin producer improved the nisin
resistance of the producer strain and lead to a slight
improvement in the rate and level of nisin production [11].
Also in another study, provision of additional copies of the
regulatory (nisRK) and immunity (nisFEG) genes with high
copy number plasmid resulted in 1.5-1.7-fold greater
yields of nisin [4]. In Bacillus subtilis ATCC 6633, addi-
tional copies of subtilin self-protection (immunity) genes
spalFEG have been integrated into the genome of the
producer strain which enhanced the subtilin tolerance level
and concomitantly, the subtilin yield [8]. Furthermore, the
bioengineered derivatives of the lantibiotic lacticin 3147
were overproduced when additional copies of genes
encoding the biosynthetic/production machinery and the
regulator /tnR were present [5]. However, the enhancement
of the bacteriocin productions has been identified in the
overnight cultures in all of the studies mentioned above.
Consequently, whether these genetic manipulations could
be efficient in fermentation medium is far from clear.

It is well known that nisin production at fermentation
systems is influenced by many factors such as type and the
level of carbon, nitrogen and phosphate sources, pH and
temperature [2, 6, 7, 15, 20]. Moreover, nisin production is
also affected and limited by the challenging characteristics
such as produced metabolites, adsorption of nisin onto the
producer cells and enzymatic degradation by proteases [7].
On the other hand, nisin production abilities of the pro-
ducer strains can also differ [12]. Therefore, to date nisin
production ability of many L. lactis strains was enhanced
with optimization under several environmental conditions
[3, 6, 13, 15, 18].

The purpose of this study was to optimize the fermen-
tation conditions and to evaluate the effect of increasing
the copies of immunity and regulation genes on nisin
production. Results showed that increasing the copies of
immunity genes together with regulation genes has con-
siderable advantage on the late phase of fermentation,
whereas increasing regulation or immunity genes sepa-
rately could not maintain high production ability in the
strains.

Materials and methods
Bacterial strains, plasmids and growth conditions
Strains used in this study are described in Table 1. The

plasmid vector used in the cloning experiments was
pLEB124 [21] with an erm gene and P45 promoter
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followed by multiple restriction sites (Table 1). E. coli
strains were grown in Luria-Bertani broth at 37°C with
shaking whereas L. lactis strains were cultivated without
aeration at 30°C in MI17 broth containing 0.5% (w/v)
glucose (GM17), sucrose (SM17) or fructose (FM17).
When needed, media were supplemented with antibiotics in
the following concentrations: Erythromycin 200 pg ml™'
for E. coli and 5 ug ml~" for L. lactis.

DNA and RNA manipulations

Plasmid DNA was isolated from E. coli TG1 using the
EZNA spin plasmid preparation kit (Omega, USA) and
from L. lactis strains as described by O’Sullivan and
Klaenhammer [17]. Extraction of chromosomal DNA from
L. lactis LL27 was performed with EZNA bacterial DNA
extraction kit (Omega, USA). Restriction enzymes and
other DNA modifying enzymes from various sources were
used according to the manufacturer’s recommendations.
PCR fragments were purified with the EZNA purification
kit (Omega, USA). Standard molecular cloning techniques
were performed as described by Sambrook et al. [24].
Electro-transformation of L. lactis LL27 was performed
according to Holo and Nes [9]. For isolation of L. lactis
total RNA, EZNA RNeasy mini kit (Omega, USA) was
used according to the manufacturer’s procedure. The
RT-PCR reactions were done according to the Ra and Saris
[22] with using downstream and upstream primers given in
Table 1.

Influence of culture media on nisin production

To test the effect of carbon sources on nisin production by
L. lactis LL27 and bioengineered strains each carbon
source (glucose, sucrose, lactose, fructose, and maltose)
was added to M17 broth (Oxoid) at 0.5% level. To deter-
mine the influence of different nitrogen sources on nisin
production, each nitrogen source (yeast extract, beef
extract, tryptone, casein hydrolysate, malt extract and soy
peptone) was added to a Basal Medium at 1.0% level. The
Basal Medium (BM) (fructose, 5 g L', ascorbic acid,
0.5 g L™'; MgSO,, 0.25 g L™'; disodium hydrogen phos-
phate, 19 g L") was based on M17 medium in which all
nitrogen sources (soytone, 5 g L™'; beef extract, 5 g L™";
yeast extract, 2.5 g L™'; tryptone, 5 g L") were elimi-
nated. In experiments to determine the influence of
phosphate concentration, different concentrations of diso-
dium hydrogen phosphate (Merck) were used in the
modified Basal Medium (mBM), which was including
10 g L' yeast extract additionally to BM composition.
Each trial was carried out in flask culture at 30°C for 12 h
with 100-rpm agitation.
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Table 1 Strains, plasmids and oligonucleotide primers used in this study

Strains, plasmids or primers Relevant properties Reference
Strains

Escherichia coli TG1 Transformation host [24]
Lactococcus lactis LL27 Wild-type nisin A producer [1]

L. lactis LAC338 LL27 carrying plasmid pLEB672, Erm" This study
L. lactis LAC339 LL27 carrying plasmid pLEB673, Erm" This study
L. lactis LAC340 LL27 carrying plasmid pLEB674, Erm" This study
Micrococcus luteus NCIBM8166 Nisin sensitive indicator [26]
Plasmids

pLEB124 4.5 kb, gram-positive cloning vector, Erm" [21]
pLEB672 6.5 kb, Erm’, including nisFEG genes This study
pLEB673 6.2 kb, Erm", including nisRK genes This study
pLEB674 9.6 kb, Erm’", including nisRKFEG genes This study
Primers

NisF-fw- HindIII AGATACAAGCTTGGGCCCTAAAGTGAGGAAATATAATGCAGGTA This study
NisG-rw-Sall AGATTCGTCGACTTCCCGGGAGGTTAAAATGCACTTTATATGTCTATC This study
NisR-fw-HindIIl TATCATAAGCTTAATCGGAGGTAAAGTGGTGTATA This study
NisK-rw-Apal AGATAGGGCCCTTCAGAAACAAAAAAAGTAATCCTTAGA This study
NisG-rw-Apal AGATTCGGGCCCAGGTTAAAATGCACTTTATATGTCTATC This study
P45-RT-PCR-Up TAGAATAGTGAAAAAAATTAACTTAAGT This study
NisR-RT-PCR-Down AATATAGTCATCCCCACCAATA This study
NisF-RT-PCR-Down AATATAGTCATCCCCACCAATA This study

Primers were designed from the sequences with the GeneBank accession numbers X68307 and U17255. Restriction enzyme sites used for

cloning of the amplified fragments are underlined

Effect of temperature and pH on nisin production

The temperature effect on nisin production was determined
in flasks containing mBM, (fructose, 5 g | yeast extract,
10 g L' ascorbic acid, 0.5 g L MgSO,, 025 g L_l;
disodium hydrogen phosphate, 19 g L™') which was
maintained at different temperatures (25, 30 and 37°C) after
12 h. The influence of pH on the level of nisin production
was studied in a 3-L fermentor (Minifors, Switzerland). An
overnight culture was inoculated at 1% level into 1.5 L of
mBM. The fermentor was operated with slow agitation
(100 rpm) at 30°C without aeration. The pH of the culture
broth was adjusted initially to predetermined values (pH
5.5, 6.0, 6.5) and maintained constantly during fermentation
by automatic addition of 5-M NaOH solution. The 20 ml of
samples were aseptically withdrawn from the fermentor at
1-h intervals and tested for cell density, pH, and nisin
activity. All cultivations were performed in triplicate.

Nisin production at pH-controlled batch fermentation

A 1.5-L (working volume) stirred bioreactor (Minifors,
Switzerland) equipped with instrumentation for measure-
ment and control of temperature (30°C), pH (6.0, by
addition of NaOH) and agitation speed (100 rpm) was used

in batch fermentations. The fermenter was filled to 1.5 L
with the fermentation medium (FM) (fructose, 10 g L
yeast extract, 30 g L~": ascorbic acid, 0.5 g L MgSOy,
0.25 g L™'; disodium hydrogen phosphate, 25 g L™') and
inoculated with 1% of a 16-h L. lactis cultures grown in
FM at 30°C. At each interval 20-ml samples were with-
drawn from the fermentor to determine the nisin activity,
cell mass, and consumed fructose amount.

The stability of the recombinant plasmids during the
fermentation was analyzed by measuring the proportion of
erythromycin colonies obtained from samples. Twenty
colonies from the FM17 agar plates of each sample were
inoculated onto FM17 agar containing also 5 pg ml™'
erythromycin. The stability of recombinant plasmids was
calculated by comparing the number of cells growing on
the erythromycin including FM17 agar plates to the num-
ber of colonies initially inoculated.

Analytical methods

For the determination of culture turbidity, culture broths
were appropriately diluted with fresh medium and the
optical densities were measured at 600 nm using a spectro-
photometer (Shimadzu UV1601, Japan). The uncultured
media were used as blank. For cell dry weight (CDW)
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determination, microcentrifuge tubes were weight-stabi-
lized by heating at 70°C. Portions of culture were
dispensed into six weight-stabilized tubes, with 1.5 ml in
each and centrifuged at 12,000 rpm for 15 min; the
supernatant was removed and the cells were then washed
twice with demineralized water, and dried in an oven at
70°C for 24 h. Finally, microcentrifuge tubes containing
dry cells were weighted and the CDW calculated.

Nisin titer was measured by the method of Tramer and
Fowler [27]. The samples were adjusted to pH 2.0 using a
10-M HCI solution, heated in boiling water bath for 10 min
and cooled to room temperature, then centrifuged at
8,000 rpm for 10 min. The supernatant was appropriately
diluted with 0.02-M HCI and the assay was performed
using the agar diffusion method with indicator strain
M. luteus NCIBM 8166. A standard curve (50-600 Inter-
national Units ml™") was plotted using a stock solution of
10,000 TU ml~! nisin (Sigma; nisin content 2.5% w/w).
Assays were performed triplicate and average results are
shown. p-glucose/p-fructose assay kit (Megazyme, Ireland)
was used to assay the residual fructose in the spent medium
at pH-controlled batch fermentation.

Statistical analysis

Student’s ¢ test and one-way analysis of variance
(ANOVA) along with the Tukey and Hsu MCB (multiple
comparisons with the best) comparisons were carried out
using the MINITAB 14.0 (Minitab Inc. State College, PA)

Fig 1 The plasmid profiles (a) a
and RT-PCR analysis of
transcripts initiated from P45
promoter (b) of L. lactis LL27
and bioengineered strains. / L.
lactis LL27 wild type, 2 empty
electroporated L. lactis LL27, 3 R

LAC338

bioengineered strain, 4 purified 3 kb
recombinant plasmid, 5 L. lactis
LAC341, 6 vector plasmid 1 kb

pLEB124, M 1-kb molecular
marker (Fermentas). The
transcripts, involving
transcription region of P45
promoter and the part of the
following cloned first gene
(nisF or nisR) were targeted in
the RT-PCR. Negative control
LL27 did not give any relevant
band at the expected sizes

LAC338
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LAC339

1000 bp
500 bp
200 bp

to determine the differences of the nisin production of each
bioengineered and control strains.

Results and discussion

Generation of strains with increased nisin regulation
and immunity genes

Three different recombinant strains were generated
harboring not only immunity and regulation genes inde-
pendently, but also immunity and regulation genes together,
to enhance the ability of nisin production of L. lactis LL27.
Immunity (nisFEG), regulation (nisRK) and immunity/
regulation (nisRKFEG) fragments which were 2.5, 2.3 and
5.1 kb in size, respectively, were amplified with the primers
pairs  NisF-fw-HindlIl/NisG-rw-Sall,  NisR-fw-HindIIl/
NisK-rw-Apal and NisR-fw-HindIIl/NisG-rw-Apal, respec-
tively (Table 1), and cloned downstream of the constitutive
lactococcal promoter P45 present in the shuttle vector
pLEB124. NisFEG and nisRK genes were cloned without
the nisF and nisR promoters. However, the fragment con-
taining nisRKFEG had the native nisF promoter between
the nisRK and nisFEG genes. The resulting plasmids
pLEB672, pLEB673 and pLEB674 were transformed into
L. lactis LL27 yielding strains LAC338, LAC339, and
LAC340. Comparison of the plasmid profile of these strains
with LL27 showed that they had an extra plasmid with a
size corresponding to the transformed (Fig. 1a). Successful
amplification by RT-PCR using transcripts from strains

LAC339 LAC340

LAC340

529 bp
273 bp
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LAC338, LAC339, and LAC340 as template and a primer
pair (one in P45 and the other in the target gene) showed
that the nisRK, nisFEG, and nisRKFEG genes in the plas-
mids were successfully transcribed excluding the nisFEG
genes in pLEB674 due to the native nisF promoter located
downstream of the nisK terminator (Fig. 1b).

Strains LL27 and LAC341 produced 520 (%114)
U ml_l, whereas LAC338, LAC339 and LAC340 pro-
duced 650 (£78), 750 (£72) and 745 (£89) IU ml~" nisin
per CDW (mg ml™"), respectively, suggesting that addi-
tional nisRK, nisFEG and nisRKFEG transcription from the
plasmids improved significantly (P < 0.01) the nisin pro-
duction ability of wild-type LL27 by 20, 44, and 43%. This
observation correlates with recent results showing that
increased expression of lantibiotic immunity and regulation
genes is accompanied with increased lantibiotic productiv-
ity [4, 5, 8, 11]. However, there are no studies showing
results on lantibiotic production when expression of regu-
lation and immunity genes are increased together in the host
nisin producer. In this respect LAC340 is novel, as it most
probably overexpresses the nisRK and nisFEG genes due to
an increasing copy number of these regulation and immunity
genes.

The effect of culture media on nisin production of LL27
and bioengineered strains

Maximum nisin production was obtained by using fructose
followed by sucrose, glucose, maltose, and lactose,
respectively (Fig. 2a). Increasing the copy number of
immunity and regulation genes in the producer strains did
not affect the sugar fermentation ability. For all bioengi-
neered strains, lactose yielded the smallest increase in nisin
production compared to the other carbon sources. Carbon
source selection has been reported as critical control step in
nisin production because of its effects on the cell growth
and nisin biosynthesis [3, 6, 15]. For example, sucrose and
lactose were determined as an efficient carbon source for
nisin production in strains L. lactis NIZO 22186 [20],
L. lactis ATCC11454 [19] and L. lactis A164 [3], while
xylose was the most efficient carbon source in strain
L. lactis 10-1 [15]. Our results indicated that fructose is the
most efficient carbon source in nisin production of LL27.

Different concentrations of fructose (0.5, 1, 1.5, 2, and
3%) were used to determine which fructose concentration
yields the highest concentration of nisin at the end of the
fermentation. One percent of fructose resulted in the highest
nisin production (P < 0.05) in all strains and slight decrea-
ses were obtained above this concentration (Table 2a). The
cell mass of strains at 1% of fructose concentration was
higher than any of the other concentrations. The low pH of
the spent medium (in average pH 4.25) for all strains indi-
cated that reduction in nisin production is probably because

a4 1800 - mmmm Control
[ Glucose
I Lactose
1500 1 [ Sucrose
N Fructose
[ Maltose —
. 1200
—
g
2 900
£
£
600 1
300
o0
LL27 LAC338 LAC339 LAC340
l’) I Control
[ Yeast Extract
1600 - mmm Beef Extract
[ Tryptone
EE Casein Hydrolysate
[ Malt Extract
EEm Soy Peptone
1200 -
-
L}
.}
€
2 800 -
£
2
=
400 -
0

LL27 LAC338

LAC339 LAC340

Fig 2 Effect of different carbon (a) and nitrogen sources (b) on nisin
production by L. lactis LL27 and bioengineered strains. LAC338:
extra nisFEG genes on plasmid, LAC339: extra nisRK genes on
plasmid, LAC340: extra nisRKFEG genes on plasmid. M17 and BM
were used as control mediums. Data are means of triplicates. Standard
errors were less than 5.0% of the means

of end-product inhibition of lactic acid. In addition, different
high initial sugar concentrations, e.g., more than 1% sucrose
and 3% glucose, at the uncontrolled fermentations have been
reported to cause catabolic suppression leading to lower
growth and nisin production [6, 15]. The limiting effect of
fructose on nisin production and cell growth at lower con-
centrations than glucose can be attributed to carbon type and
strain specificity.

The maximum nisin activity for all strains was obtained
by using yeast extract but all strains also produced nisin
efficiently from beef extract. However, casein hydrolysate
resulted in the lowest nisin activity among the tested nitro-
gen sources. Although recombinant strains produced more
nisin than wild-type LL27 in presence of all nitrogen sources
except casein hydrolysate and soy peptone, the highest
increase in nisin production was obtained with yeast extract
indicating that yeast extract is sufficient as a single nitrogen
source for the recombinant strains (Fig. 2b). Nisin producer
L. lactis strains require many organic and inorganic medium
components to grow and to produce nisin. Among the
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organic nitrogen sources, most likely yeast extract, beef
extract and tryptone have been considered to be of vital
importance because of their stimulation of cell growth [7].

The concentration of yeast extract induced the cell mass
and nisin production of all tested strains. The biomass of
wild-type LL27 and recombinant strains increased with
additional yeast extract. For all of the yeast extract con-
centrations, LAC340 had higher cell density than the
strains LAC338 and LAC339 (Table 2b). Nisin activities
of all strains increased as a function of yeast extract, but
after reaching the maximum activity additional yeast
extract did not result in considerable changes in the nisin
production. Therefore, while maximum nisin production
titer was at 3% of yeast concentration for LL27 and
LAC338 (1,480 and 1,550 IU ml™'), LAC339 and
LAC340 produced maximum nisin (1,900 TU ml™!) at 5
and 4%, respectively (Table 2b).

For all of the strains, increasing initial phosphate con-
centration from 1.9 to 3%, increased the cell growth and

nisin production rates. Higher initial concentrations of this
phosphate source drastically decreased both biomass and
produced nisin levels. The maximum nisin activity was
obtained at 2.5% of phosphate concentration for LL27,
LAC339, LAC340 and 3% for LAC338 which was not
found significantly different (P > 0.05) (Table 2c). These
results clearly indicate that cell yield and nisin production
levels are stimulated by added phosphate. However, dif-
ferences in nisin production for all used phosphate
concentrations could not be detected between recombinant
strains involving additional immunity and regulation genes
suggesting that phosphate might not have any regulatory
effect on nisin biosynthesis. On the other hand, it has been
suggested that the role of phosphate in the nisin fermen-
tation is due to its buffering capacity and stimulating
formation of ATP leading to high energy charge of the cells
[7]. However, phosphate could also have negative effects
depending on the counter ion present in the medium which
may cause cell lysis at higher concentrations [3, 7, 15].

Table 2 Effect of different fructose (a) yeast extract (b) and phosphate (c) concentrations on nisin production of L. lactis LL27 and bioengi-

neered strains

% Strains
LL27 LAC338 LAC339 LAC340
pH CDW Nisin pH CDW Nisin pH CDW Nisin pH CDW Nisin
(mgm™ JAUml™Y (mgml™") (U ml™") (mgml™")  (IU ml™") (mgml™") (AU ml™")

a

M17  6.65 020 70a 6.67 0.19 70a 6.65 0.19 80a 6.65 0.19 80a
0.5 522 1.86 1,170b 527 1.80 1,290b 523 1.80 1,520b 522 179 1,480b
1 482 230 1,330c 487 230 1,480c 485 232 1,900c 485 231 1,620c
15 425 228 1,330c 426 226 1,480c 426 226 1,850c 425 230 1,550b
2 424 228 1,330c 426 225 1,330b 427 223 1,760d 426 224 1,550b
3 425 225 1,270b 427 223 1,330b 428 222 1,160e 428 221 1,550b
b

BM  6.64 005 50a 6.61 0.08 50a 6.62  0.07 50a 6.61 0.07 50a

1 529 1.81 1,190b 529 1.74 1,290b 529 175 1,520b 531 178 1,460b
2 512 201 1,330¢ 514 198 1,480¢ 513 2.02 1,760c 5.13  2.00 1,620c
3 506 2.19 1,480d 5.08 2.10 1,550c 507 215 1,850c 506 215 1,620c
4 502 221 1,480d 503 211 1,480c 5.02 215 1,850c 503 220 1,900d
5 498 222 1,390d 499 215 1,550c 499 217 1,900c 498 223 1,850d
6 496 222 1,480d 497 220 1,550¢ 497 220 1,900¢ 497 223 1,850d
C

mBM 531 181 1,190a 535 1.73 1,290a 529 1.75 1,520a 531 1.76 1,480a
25 577 187 1,270b 578 1.76 1,290b 578 1.77 1,740b 577 178 1,620b
3 579 193 1,270b 579 1.86 1,380b 578 1.86 1,620b 577 1.86 1,620b
3.5 6.02 1.33 330c 6.04 1.11 360c 6.04 1.16 400c 6.03 1.16 600c

4 6.14  1.02 330¢c 6.14 093 360c 6.14 097 400c 6.12 097 400d
4.5 622 0.76 110d 623  0.65 150d 623 0.77 200d 623 0.76 360e

5 6.28 0.74 110d 632 0.63 150d 630 0.76 200d 632 0.76 200e

M17, BM, and mBM were used as controls. Data are means of triplicates. Different letters shown in the nisin production columns represent the
statistical significance (P < 0.05). Standard errors were less than 5.0% of the means
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The effect of cultivation temperatures on nisin
production of LL27 and bioengineered strains

The wild type and the recombinant strains showed similar
behaviors in terms of cell growth at each of the tested
temperatures. Cell growth of all strains was lower at 25
than at 30 and 37°C in which cells were able to grow to the
same level. However, the nisin activities obtained at 30°C
were higher (P < 0.05) than those at other temperatures
(data not shown) explaining why 30°C was chosen as
cultivation temperature for all other fermentations.

The effect of pH on the nisin production of LL27 and
bioengineered strains

To determine the optimal pH for optimal production of
nisin at LL.27 and recombinant strains, pH-controlled fer-
mentation was carried out at various pH values. Specific
nisin production of all strains was found similar until the
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Fig. 3 Specific nisin production of L. lactis LL27 and bioengineered
strains in mBM controlled at different pH values. a L. lactis LL27,
b L. lactis LAC338, ¢ L. lactis LAC339, d L. lactis LA C340. Line

12th hour of fermentation (P < 0.05). However, at the late
phase of the fermentation involving 18th and 24th hours,
significantly higher specific nisin production was deter-
mined at pH 6.0, where pH 5.5 yielded lower specific nisin
production than other two values (Fig 3a-d) (P < 0.05).
Additionally, high specific production was possible to be
maintained longer at pH 6.0 compared to pH 6.5 and 5.5.
All these results indicated that the optimal pH for nisin
production for all of the bioengineered strains is pH 6.0,
which is also optimal for LL27. Interestingly, the bioen-
gineered strains involving extra nisFEG genes showed less
decrease of specific nisin production during the last 15 h at
all tested pH values suggesting that the adhered nisin
molecules on the cells were potentially released by the high
activity of NisFEG proteins in those strains (Fig. 3b, d).
The optimal pH for nisin production has previously been
found to vary between pH 5.5 and 6.8 depending on the
strains of nisin producer and culture media [15, 16]. Nisin
Z production with L. lactis 10-1 was optimal at pH 6.0 in
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xylose media but at pH 5.5 in glucose media [15]. In this
study, pH 6.0 was found optimal for nisin production of
wild-type strain LL.27 and bioengineered strains.

Nisin production of bioengineered strains
at pH-controlled batch fermentation

Since the efficient type and level of carbon, nitrogen,
phosphate and incubation temperature and pH values were
determined for each strain, a pH-controlled batch fermen-
tations were carried out with optimum parameters without
erythromycin, in order to improve nisin production and to
observe the efficiency of the bioengineered strains. Fig-
ure 4 presents the nisin batch fermentation profile of LL27
and bioengineered strains. Exponential growth took place
during a period of about 3-6 h for all of the strains.
Maximum cell density was determined after 8 h for all
strains except LAC338 which reached its maximum at
10 h. At the remaining of fermentation after initial expo-
nential phase, a linear cell growth was observed in the
strains LL27, LAC338 and LAC340, whereas a slight
decrease was determined for LAC339. Ninety percent of
initial fructose concentration (10 g 17") was consumed by
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Fig 4 pH-controlled batch fermentation of L. lactis LL27 and
bioengineered strains in FM. a L. lactis LL27, b L. lactis LAC338,
¢ L. lactis LAC339, d L. lactis LAC340. Line with filled squares nisin
activity (IU ml™Y), line with open circles cell dry weight (CDW)
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both strains after 10 h of fermentation and it was lower
than the detectable value at 12 h (Fig. 4). Nisin production
appeared to parallel that of cell growth profile. Maximum
nisin activity was reached after 9 h for all strains except
LAC338 which was parallel to cell growth. LAC340
including additional immunity and regulation genes toge-
ther had the highest nisin activity (2,880 TU ml™") which
was followed by LAC339 (2,730 IU ml™'). LAC338
showed negligible increase in nisin production when
compared with wild-type LL27 (Fig. 4). After reaching the
maximum activity peak value, the flat maximum was
maintained about 4 or 5h and then sharp decreases
occurred with LAC339 and LL27 lowering the nisin titre.
When LAC340 and LAC338 were used in the batch fer-
mentation system, the level of nisin maintained high up to
24 h and thereafter gradually decreased. In earlier studies,
it has been reported that nisin is produced during the
growth phase and a more or less sharp decrease occurs in
activity at the end of growth [3, 6, 26]. The high nisin
activity of LAC340 did not decrease sharply indicating that
increasing the regulation and immunity genes together
prevented the dramatic decrease in nisin activity which
occurred with the other strains. It is likely that LanFEG
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decreases the quantity of cell-associated lantibiotic mole-
cules by their extrusion from the membrane into the
extracellular space [25], which would lead to an increase of
the extracellular lantibiotic concentration. In addition, the
potentially higher expression level of the NisFEG proteins
in the LAC340 strain increased the resistance level to nisin
(results not showed). This may lead to decreased cell lysis
resulting in less release of intracellular peptidases/prote-
ases and nisin degradation and therefore retarded loss of
nisin with LAC340. All of the bioengineered strains pro-
duced more nisin than control strain LL27 although the
selection marker of the recombinant plasmids erythro-
mycin was not used. Results showed that all recombinant
plasmids were stable from the beginning to end of fer-
mentations (<8% lost the plasmids, data not shown).

Conclusions

In this study nisin production of three strains, overpro-
ducing the immunity genes nisFEG, the two-component
regulatory genes nisRK or all of them, was studied and
optimized. Strain LAC340 (overexpression of the nisRK
and the nisFEG operon) improved nisin production ability
almost to the same level as LAC339 (overexpression of the
nisRK genes) However, LAC340 has significant advantage
in the fermentation system because it is able to maintain
high nisin activity in the late phase of the fermentation.
Therefore, L. lactis LAC340 may be a candidate for use in
industrial fermentation to achieve high nisin titers for non-
food usages. In addition, this strain can efficiently produce
nisin using fructose as carbon source. Fructose has not been
previously described as optimal for any nisin producer.
Fructose is one of the main carbon sources of fruit industry
byproduct which is expected to be a useful carbon source
for various kinds of fermentation. Therefore, using low cost
raw materials including significant amount of fructose
could reduce the cost of nisin production.

Acknowledgment This work was supported by the grant from
Ankara University, BIYEP program with the project entitled
“Enhancing of Nisin Production Ability in Lactococcus lactis subsp.
lactis”.

References

1. Akgelik O, Tukel C, Ozcengiz G, Akgelik M (2006) Character-
ization of bacteriocins from two Lactococcus lactis subsp. lactis
isolates. Mol Nutr Food Res 50:306-313. doi:10.1002/mnft.
200500172

2. Amiali MN, Lacroix C, Simard RE (1998) High nisin Z pro-
duction by Lactococcus lactis UL719 in whey permeate with
aeration. World J Microbiol Biotechnol 14:887-894. doi:10.1023/
A:1008863111274

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Cheigh CI, Choi HJ, Park H, Kim S, Kook M, Kim T, Hwang J,

Pyun YR (2002) Influence of growth conditions on the production
of a nisin-like bacteriocin by Lactococcus lactis subsp. lactis
A164 isolated from kimchi. J Biotechnol 95:225-235. doi:10.
1016/S0168-1656(02)00010-X

. Cheigh CI, Park H, Choi HJ, Pyun YR (2005) Enhanced nisin

production by increasing genes involved in nisin Z biosynthesis
in Lactococcus lactis subsp. lactis A164. Biotechnol Lett 27:155-
160. doi:10.1007/s10529-004-7661-3

. Cotter DP, Draper LA, Lawton EM, McAuliffe Hill C, Ross RP

(2006) Overproduction of wild-type bioengineered derivatives of
the lantibiotic lacticin 3147. Appl Environ Microbiol 72:4492—
4496. doi:10.1128/AEM.02543-05

. de Vuyst L, Vandamme EJ (1992) Influence of the carbon source

on nisin production in Lactococcus lactis subsp. lactis batch
fermentations. J Gen Microbiol 138:571-578

. de Vuyst L, Vandamme EJ (1993) Influence of the phosphorus

and nitrogen source on nisin production in Lactococcus lactis
subsp. lactis batch fermentations using a complex medium. Appl
Microbiol Biotechnol 40:17-22

. Heinzmann S, Entian KD, Stein T (2006) Engineering Bacillus

subtilis ATCC6633 for improved production of the lantibiotic
subtilin. Appl Microbiol Biotechnol 69:532-536. doi:10.1007/
$00253-005-0023-9

. Holo H, Nes IF (1989) High-frequency transformation by

electroporation, of Lactococcus lactis subsp. cremoris grown
with glycine in osmotically stabilized media. Appl Environ
Microbiol 55:3119-3123

Hurst A (1981) Nisin. In: Perlman D, Laskin Al (eds) Advances
in applied microbiology. Academic Press, New York, pp 85-103
Kim WS, Hall RJ, Dunn NW (1998) Improving nisin production
by increasing nisin immunity/resistance genes in the producer
organism Lactococcus lactis. Appl Microbiol Biotechnol 50:429—
433. doi:10.1007/s002530051316

Kim WS, Hall RJ, Dunn NW (1997) Host specificity of nisin
production by Lactococcus lactis. Biotechnol Lett 19:1235-1238.
doi:10.1023/A:1018450223732

Kim WS, Hall RJ, Dunn NW (1997) The effect of nisin con-
centration and nutrient depletion on nisin production of
Lactococcus lactis. Appl Microbiol Biotechnol 48:449-453. doi:
10.1007/s002530051078

Kuipers OP, Beerthuyzen MM, de Ruyter PGGA, Luesink EJ, de
Vos WM (1995) Autoregulation of nisin biosynthesis in Lacto-
coccus lactis by signal transduction. J Biol Chem 27:27299-
27304

Matsusaki H, Endo N, Sonomoto K, Ishizaki A (1996) Lantibiotic
nisin Z fermentative production by Lactococcus lactis 10-1:
relationship between production of the lantibiotic and lactate and
cell growth. Appl Microbiol Biotechnol 45:36—40. doi:10.1007/
5002530050645

Meghrous J, Huot E, Quittelier M, Petitdemange H (1992)
Regulation of nisin biosynthesis by continuous cultures and by
resting cells of Lactococcus lactis subsp. lactis. Res Microbiol
143:879-890. doi:10.1016/0923-2508(92)90075-Y

O’Sullivan DJ, Klaenhammer TR (1993) Rapid mini-prep isola-
tion of high-quality plasmid DNA from Lactococcus and
Lactobacillus spp. Appl Environ Microbiol 59:2730-2733
Papagianni M, Avramidis G, Filiousis G (2007) Investigating the
relationship between the specific glucose uptake rate and nisin
production in aerobic batch and fed-batch glucostat cultures of
Lactococcus lactis. Enzym Microb Technol 40:1557-1563. doi:
10.1016/j.enzmictec.2006.10.035

Penna VCT, Moraes DA (2002) Optimization of nisin production
by Lactococcus lactis. Appl Biochem Biotechnol 98:775-789.
doi:10.1385/ABAB:98-100:1-9:775

@ Springer


http://dx.doi.org/10.1002/mnfr.200500172
http://dx.doi.org/10.1002/mnfr.200500172
http://dx.doi.org/10.1023/A:1008863111274
http://dx.doi.org/10.1023/A:1008863111274
http://dx.doi.org/10.1016/S0168-1656(02)00010-X
http://dx.doi.org/10.1016/S0168-1656(02)00010-X
http://dx.doi.org/10.1007/s10529-004-7661-3
http://dx.doi.org/10.1128/AEM.02543-05
http://dx.doi.org/10.1007/s00253-005-0023-9
http://dx.doi.org/10.1007/s00253-005-0023-9
http://dx.doi.org/10.1007/s002530051316
http://dx.doi.org/10.1023/A:1018450223732
http://dx.doi.org/10.1007/s002530051078
http://dx.doi.org/10.1007/s002530050645
http://dx.doi.org/10.1007/s002530050645
http://dx.doi.org/10.1016/0923-2508(92)90075-Y
http://dx.doi.org/10.1016/j.enzmictec.2006.10.035
http://dx.doi.org/10.1385/ABAB:98-100:1-9:775

490

J Ind Microbiol Biotechnol (2009) 36:481-490

20. Pongtharangkul T, Demirci A (2006) Evaluation of culture
medium for nisin production in a repeated-batch biofilm reactor.
Biotechnol Prog 22:217-224. doi:10.1021/bp050295q

21. Qiao M, Immonen T, Koponen O, Saris PEJ (1995) The cellular
location and effect on nisin immunity of the Nisl protein from
Lactococcus lactis N8 expressed in Escherichia coli and L. lactis.
FEMS Microbiol Lett 131:75-80. doi:10.1111/j.1574-6968.1995.
tb07757.x

22. Ra R, Saris PEJ (1995) Characterization of procaryotic mRNAs
by RT/PCR. Biotechniques 18:792-795

23. Ra R, Qiao M, Immonen T, Pujana I, Saris PEJ (1996) Genes
responsible for nisin synthesis, regulation and immunity from a
regulon of two operons and are induced by nisin in Lactococcus
lactis N8. Microbiology 142:1282-1288

24. Sambrook J, Fritschi EF, Maniatis T (1989) Molecular cloning: a
laboratory manual, 2nd edn. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor

@ Springer

25.

26.

217.

28.

Stein T, Borchert S, Kiesau P, Heinzmann S, KlIob S, Klein C,
Helfrich M, Entian K-D (2002) Dual control of subtilin biosyn-
thesis and immunity in Bacillus subtilis. Mol Microbiol 44:403—
416. doi:10.1046/j.1365-2958.2002.02869.x

Tolonen M, Saris PEJ, Siika-aho M (2004) Production of nisin
with continuous adsorption to amberlite XAD-4 resin using
Lactococcus lactis N8 and L. lactis LAC48. Appl Microbiol
Biotechnol 63:659-665. doi:10.1007/s00253-003-1413-5

Tramer J, Fowler GG (1964) Estimation of nisin in foods. J Sci
Food Agric 15:522-528. doi:10.1002/jsfa.2740150802

Wirawan RE, Klesse NA, Jack RW, Tagg JR (2006) Molecular
characterization of a novel nisin variant produced by Strepto-
coccus uberis. Appl Environ Microbiol 72:1148-1156. doi:
10.1128/AEM.72.2.1148-1156.2006


http://dx.doi.org/10.1021/bp050295q
http://dx.doi.org/10.1111/j.1574-6968.1995.tb07757.x
http://dx.doi.org/10.1111/j.1574-6968.1995.tb07757.x
http://dx.doi.org/10.1046/j.1365-2958.2002.02869.x
http://dx.doi.org/10.1007/s00253-003-1413-5
http://dx.doi.org/10.1002/jsfa.2740150802
http://dx.doi.org/10.1128/AEM.72.2.1148-1156.2006

	Influence of growth conditions on the nisin production �of bioengineered Lactococcus lactis strains
	Abstract
	Introduction
	Materials and methods
	Bacterial strains, plasmids and growth conditions
	DNA and RNA manipulations
	Influence of culture media on nisin production
	Effect of temperature and pH on nisin production
	Nisin production at pH-controlled batch fermentation
	Analytical methods

	Statistical analysis
	Results and discussion
	Generation of strains with increased nisin regulation and immunity genes
	The effect of culture media on nisin production of LL27 and bioengineered strains
	The effect of cultivation temperatures on nisin production of LL27 and bioengineered strains
	The effect of pH on the nisin production of LL27 and bioengineered strains
	Nisin production of bioengineered strains �at pH-controlled batch fermentation

	Conclusions
	Acknowledgment
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


