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Abstract Lactococcus lactis subsp. lactis CRL 1584 iso-
lated from a bullfrog hatchery produces a bacteriocin that
inhibits both indigenous Citrobacter freundii (a Red-Leg
Syndrome related pathogen) and Lactobacillus plantarum,
and Listeria monocytogenes as well. Considering that pro-
biotics requires high cell densities and/or bacteriocin con-
centrations, the effect of the temperature on L. lactis growth
and bacteriocin production was evaluated to find the optimal
conditions. Thus, the growth rate was maximal at 36 °C,
whereas the highest biomass and bacteriocin activity was
achieved between 20 and 30 °C and 20-25 °C, respectively.
The bacteriocin synthesis was closely growth associated
reaching the maximal values at the end of the exponential
phase. Since bacteriocins co-production has been evidenced
in bacterial genera, a purification of the bacteriocin/s from
L. lactis culture supernatants was carried out. The active
fraction was purified by cationic-exchange chromatography
and then, a RP-HPLC was carried out. The purified sample
was a peptide with a 3353.05 Da, a molecular mass that
matches nisin Z, which turned out to be the only bacteriocin
produced by L. lactis CRL 1584. Nisin Z showed bacte-
ricidal effect on C. freundii and L. monocytogenes, which

P4 Sergio E. Pasteris
pasteris@fbqf.unt.edu.ar

Instituto Superior de Investigaciones Bioldgicas (INSIBIO),
CONICET-UNT, and Instituto de Biologia “Dr. Francisco
D. Barbieri”, Facultad de Bioquimica, Quimica y Farmacia,
UNT, Chacabuco 461, T4000ILI San Miguel de Tucuman,
Argentina

Istituto di Scienze dell’Alimentazione — CNR, Via Roma 64,
83100 Avellino, Italy

Centro de Referencia para Lactobacilos
(CERELA-CONICET), Chacabuco 145,
CP: T4000ILC San Miguel de Tucuman, Argentina

Published online: 27 September 2017

increased in the presence L-lactic acid + H,O,. This is the
first report on nisin Z production by L. lactis from a bullfrog
hatchery that resulted active on a Gram-negative pathogen.
This peptide has potential probiotic for raniculture and as
food biopreservative for bullfrog meat.

Keywords Lactococcus lactis - Raniculture -
Bacteriocin - Probiotics - Biopreservatives

Introduction

According to the its Generally Regarded As Safe (GRAS)
status (Reid et al. 2003), some lactic acid bacteria (LAB)
species are used as probiotics to be applied in different
ecological niches that include human (Reid et al. 2017),
and ectothermic animals such as fish (Ljubobratovic et al.
2017) and amphibians (Kueneman et al. 2016; Pereira et al.
2016). They are also used in the industrial manufacture of
fermented food products due to its potential to inhibit the
growth of the normal biota, food-spoilage and food-borne
pathogenic bacteria such as Listeria monocytogenes, Bacil-
lus cereus, Clostridium perfringens, C. difficile and Staphy-
lococcus aureus. The inhibitory activity was attributed to
a wide variety of metabolic end-products: organic acids,
hydrogen peroxide, bacteriocins (Le Lay et al. 2015; Uraipan
and Hongpattarakere 2015; Gutiérrez et al. 2016; Unlii et al.
2016), named postbiotics.

Postbiotics produced by LAB have been extensively stud-
ied as feed additive to achieve high productivity (Loh et al.
2014). Given the rising concerns regarding resistance of bac-
terial pathogens to antibiotics, the search for new and alter-
native antimicrobial compounds is of main interest. Bacteri-
ocins are ribosomally synthesized antimicrobial peptides of
bacterial origin that show heterogeneity in regards to activity
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spectrum, mode of action, molecular size and biochemical
properties. They are usually active against closely-related
species and have been grouped into four classes according
to their genetic and biochemical characteristics and mode of
action (Cui et al. 2012).

Bacteriocins produced by LAB attract considerable inter-
est as natural and nontoxic food preservatives and as thera-
peutics, whereas the bacteriocin-producing LAB are con-
sidered potential probiotics for food, human and veterinary
applications (Jiménez et al. 2015).

Among the LAB, L. lactis is a well-known species con-
sidered safe based on its use as starter culture for human and
animals fermented products. As a matter of fact, it is exten-
sively consumed by humans in a daily basis. Last but not
least, L. lactis has no relationship with any human infectious
process (Aratjo et al. 2015). Strains from this species were
reported to produce several bacteriocins including nisin A
and its natural variants Z, Q, U and F (de Kwaadsteniet et al.
2008; van Staden et al. 2012; Biscola et al. 2013; Lianou
and Samelis 2014; Aratjo et al. 2015; Samelis et al. 2014;
Sequeiros et al. 2015), lactococcins A, B, M and Z (Ishibashi
et al. 2015), lacticin LC14 and 481 (Lasta et al. 2012; Knerr
and van der Donk 2013; Tabanelli et al. 2014; Mirkovic et al.
2016) that were able to inhibit specific pathogenic bacteria
for human and animals. However, only nisin (commercially
available as Nisaplin) is currently approved as food additive
(Cotter et al. 2005) according to its GRAS status (EFSA
20006).

Lactococcus lactis subsp. lactis CRL 1584 is an indig-
enous strain isolated from an American bullfrog (Lithobates
catesbeianus) hatchery and was selected as a potential pro-
biotic for raniculture according to its beneficial properties
that include the growth inhibition of C. freundii (a Red Leg
Syndrome-RLS-related pathogen) and L. monocytogenes.
Interestingly, the bacteriocin/s present/s in the supernatants
of L. lactis subsp. lactis CRL 1584 had a synergistic inhibi-
tory effect on pathogens when combined with lactic acid
and hydrogen peroxide (Pasteris et al. 2011). Moreover, this
strain has interesting surface properties, technological char-
acteristics and it proved to be safe in both in vitro and in vivo
assays (Pasteris et al. 2009a, 2017; Montel Mendoza et al.
2013). The chemical characterization of the bacteriocin in
cell-free supernatants indicates that it has a proteinaceous
nature, polar moieties and heat stability. Its synthesis was
associated to the bacterial growth, the maximal production
(2100 AU/mL) being detected at the end of the exponential
phase at 37 °C. The bactericidal effect on L. monocytogenes
was associated to clumping of the cytoplasmic material,
increase of the periplasmic space and cell wall modification
(Pasteris et al. 2013).

Taken into account that a probiotic product must be
designed with high cell density, studies on bacterial growth
parameters and bacteriocin production were performed.
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Since bacteriocins co-production was previously reported
for L. lactis strains (Fernandez et al. 2004; Bravo et al. 2009;
Mirkovic et al. 2016), a careful purification is required to
ensure the kind and number of peptides synthetized by the
LAB strain. Finally, studies on the activity of the purified
bacteriocin on C. freundii, a Gram-negative responsible for
RLS outbreaks in bullfrog cultures, and L. monocytogenes,
a common spoilage bacteria of bullfrog meat, were carried
out.

Materials and methods
Bacterial strains and culture conditions

Lactococcus lactis subsp. lactis CRL 1584 was isolated from
an American bullfrog (Lithobates catesbeianus) hatchery
and selected according to its beneficial properties dem-
onstrated in both in vitro and in vivo tests (Pasteris et al.
2009a, 2011, 2017). The strain was grown in LAPTg broth
(in g/L: peptone, 15; yeast extract, 10; tryptone, 10; glucose,
10; tween 80, 1 mL) (Raibaud et al. 1963), pH 6.8, for 8 h
at 37 °C in a 5% CO,-enriched chamber (microaerophilia)
(Pasteris et al. 2013).

Both, Citrobacter freundii CFb, an RLS-related patho-
gen, and Lactobacillus plantarum CRL 1651 isolated from
raniculture (Pasteris et al. 2006, 2009a), as well as Listeria
monocytogenes Scott A were grown in Brain Heart infu-
sion broth, pH 6.9, for 7 h in microaerophilia (Pasteris
et al. 2013). The microorganisms were stored at —20 °C in
their specific growth media supplemented with 20% (v/v)
glycerol.

Growth of L. lactis CRL 1584 at different temperatures
and quantification of bacteriocin activity

Lactococcus lactis growth and bacteriocin production at dif-
ferent temperatures in LAPTg broth at pH 6.8 were evalu-
ated. Thus, 100 mL LAPTg was inoculated (1.5% v/v) with a
pre-adapted LAB culture and incubated at 15, 20, 25, 30 and
37 °C for 24 h in microaerophilia. At different time intervals,
samples were taken for growth parameters determinations:
optical density (OD at A=540 nm) every hour and number
of viable cells (CFU/mL) every 2 h. In the last case, serial
dilutions were plated on LAPTg agar (1.5% w/v) and incu-
bated for 24—48 h at 37 °C before cell count determinations.

Kinetics of bacteriocin production was followed accord-
ing to Pasteris et al. (2009a, b). Briefly, samples from L. lac-
tis CRL 1584 cultures were removed every 2 h, centrifuged
(3000xg, 10 min, 4 °C) and crude supernatants were stored
at 4 °C for 24 h. Then, soft BHI agar (0.7% w/v) plates were
inoculated with 1x 10° CFU/mL of L. monocytogenes or
Lb. plantarum. One milliliter of each supernatant fraction
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was adjusted to pH 6.5 with IM NaOH and 0.5 mL of each
fraction was supplemented with 0.5 mg/mL catalase (1 h
at 25 °C). These treatments avoid the inhibitory effect of
organic acids and H,0,, respectively. Then, 100 uL of each
treated fraction and the serial double-dilutions in neutralized
distilled water was seeded into holes of 10 mm diameter
and allowed to diffuse at room temperature. Then, plates
were incubated at 37 °C for 24 h. The antimicrobial titer
was defined as the reciprocal of the highest double dilution
that produced a clear zone of inhibition of 1 mm and was
expressed as arbitrary units per milliliter (AU/mL).

Finally, pH determinations of LAB supernatants were
carried out with a digital pHmeter (Altronix).

Purification of bacteriocin/s produced by L. lactis CRL
1584

Sample preparation

Six-hundred milliliters LAPTg broth were inoculated (1.5%
v/v) with the LAB strain and incubated for 7 h at 25 °C
in microerophilia. Cells were removed by centrifugation at
3100xg for 20 min at 4 °C and the first supernatant (FS)
was collected and filtered through a 0.45 pm pore-size mem-
brane. Proteins and peptides were precipitated with 40%
saturated ammonium sulfate. The pellets were harvested
(6100xg for 20 min at 4 °C) and the second supernatant
(SS) was precipitated with additional ammonium sulfate
up to 70% under continuous stirring for 12 h at 4 °C. The
third supernatant (TS) was obtained as indicated above and
stored at 4 °C for further analysis. The pellet obtained from
fractions 40 and 70% (P40 and P70%, respectively) were
dissolved in 12 mL neutralized distilled water and stored at
4 °C. Finally, residual bacteriocin activity was determined
in all fractions (FS, SS, TS, P40 and P70%) against L. mono-
cytogenes and Lb. plantarum strains.

Partial purification of P40% fractions by using cationic
exchange chromatography

P40% samples and SP Sepharose Fast Flow (GE Healthcare)
columns were used for the purification. As a first approach,
the optimal pH for the antimicrobial molecule/s- cationic-
exchange resin interaction was analyzed. Two columns con-
taining 2 mL SP-Sepharose were prepared. One of them was
equilibrated at pH 8.5 by using 20 mM Tris—HCI buffer and
the second one was equilibrated at pH 5.5 by using 20 mM
sodium acetate-acetic acid buffer. Afterward, P40% sam-
ples were diluted 20 times in the appropriate buffer, passed
through the respective column and eluted with 6 mL of 50,
100, 200, 300 and 500 mM NaCl-buffer. The collected sam-
ples were evaluated for bacteriocin/s activity by using Lb.

plantarum CRL 1651 as indicator strain. Elution was moni-
tored at A =220, 254 and 280 nm.

Large-scale purification of the bacteriocin/s

A 60-mL column containing 15 mL SP-Sepharose was
equilibrated with 10 mM acetic acid-sodium acetate buffer,
pH 5.5. P40% samples were diluted 20-times with the same
buffer and passed through the column. The SP-Sepharose
was then washed with 120 mL of 10 mM acetic acid-sodium
acetate buffer pH 5.5 and eluted with 50, 100, 200 and
300 mM NaCl-buffer. Bacteriocin/s activity was determined
in all samples. Column was regenerated by washing with
1 M NaCl.

Purification of the bacteriocin/s by RP-HPLC

The final purification step was carried out with a uBondapak
C,g (Waters) reverse phase HPLC column. Active sample
from the SP-Sepharose was injected and a non-lineal gra-
dient was performed between bi-distilled water 0.1% tri-
fluoroacetic acid (TFA) and methanol supplemented also
with 0.1% TFA. The flow rate was set at 0.5 mL/min and elu-
tion was followed at A =220 and 280 nm, collecting 500 uLL
fractions. Bacteriocin activity was determined in each frac-
tion as described above. Samples with antimicrobial activity
were stored at —20 °C for 12 h and later freeze-dried at a
condenser temperature of —50 °C at 110 militorr chamber
pressure (Heto-FD4freeze-dryer, Heto-Holten, Denmark)
for 24 h. Moreover, nisin was purified from the commercial
product (Sigma-Aldrich) by using the same procedure (data
not shown).

Evaluation of the purification process

To determine the purity degree of the samples, electropho-
resis in polyacrylamide gels was carried out. Active samples
were diluted with SDS-containing buffer, boiled 10 min and
electrophoresed at 160 V for 3 h. Then, gels were washed
with methanol/acetic acid/distilled water (40:10:50). After-
ward, one of the gels was washed with decreasing ethanol
concentrations (50, 30 and 10%) and finally washed with
plenty of sterile distilled water. A petri plate containing
7 mL BHI agar (1%) was prepared. Then, 10 mL BHI agar
(0.7%) containing ~ 10> CFU/mL of Lb. plantarum CRL
1651 (indicator strain) was poured onto the BHI agar and
left 10—15 min at room temperature. After that, the gel was
placed onto the petri plate, incubated at 37 °C for 24 h and
examined for inhibition zones (Acuiia et al. 2012). The other
gel that was maintained in methanol/acetic acid/distilled
water was stained with Coomassie Blue for 24 h, washed
four-times and kept in this solution for 24 h at 25 °C.
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Characterization of L. lactis CRL1584 bacteriocin/s by MS
analysis

The HPLC active fraction was lyophilized and dissolved in
100 uL of 0.1% TFA. Prior to MS analysis, a 10 uL aliquot
was further desalted by C18 Zip Tip® micro-columns (Mil-
lipore, Bedford, CA, USA). Matrix assisted laser desorp-
tion ionization-time of flight MALDI-TOF) MS assays with
sinapinic acid as the matrix were carried out on a Voyager
DE-Pro spectrometer (PerSeptive BioSystems, Framing-
ham, MA, USA) equipped with a N, laser (A\=337 nm). The
mass spectra were acquired in the reflector linear ion mode
using the Delayed Extraction (DE) technology. The instru-
ment operated at an accelerating voltage of 25 kV. External
calibration was carried out with commercial standards. Raw
data were processed with Data Explorer 4.0 software.

Mode of action of antagonistic metabolites produced
by L. lactis CRL 1584

To determine if nisin displayed a synergistic effect with
lactic acid and hydrogen peroxide on C. freundii and L.
monocytogenes, pathogenic cells were incubated with dif-
ferent combinations of purified bacteriocin and organic com-
pounds. Briefly, pathogens were grown as indicated above
and cells were collected by centrifugation (3000xg, 15 min
at 4 °C). Bacteria were washed twice and resuspended in
20 mL PBS solution pH 7.0. Then, the following assays were
performed, taken into consideration the end-concentrations
of lactic acid and hydrogen peroxide produced by this LAB
strain (Pasteris et al. 2011):

— 10° CFU/mL C. freundii or L. monocytogenes+480 AU/
mL nisin

— 10° CFU/mL C. freundii or L. monocytogenes +480 AU/
mL nisin+0.01 mM H,0,

— 10° CFU/mL C. freundii or L. monocytogenes +480 AU/
mL nisin+5 g/L L-lactic acid

— 10° CFU/mL C. freundii or L. monocytogenes +480 AU/
mL nisin+5 g/L L-lactic acid +0.01 mM H,0,

— 10° CFU/mL C. freundii or L. monocytogenes+0.01 mM
H,0,

— 103 CFU/mL C. freundii or L. monocytogenes+5 g/L
L-lactic acid

— 10° CFU/mL C. freundii or L. monocytogenes+5 g/L
L-lactic acid+0.01 mM H,0,.

— 10° CFU/mL C. freundii or L. monocytogenes (control)

The viability of the pathogens was evaluated every 2 h
during the first 12 h of incubation and then at 24 h. Serial
dilutions of each sample was performed and bacteria were
plated onto BHI 1% agar. Petri plates were incubated at
37 °C for 24-48 h before cell counts.
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In order to verify the synergistic effect of nisin with the
organic compounds produced by the LAB strain, the cited
assays were carried out with purified commercial nisin alone
and combined with L-lactic acid and H,0,.

All chemicals and enzymes used in this study were pur-
chased from Sigma-Aldrich Chemical Co., St. Louis, MO
(USA). LAPTg components were supplied by Laboratorios
Britania (Buenos Aires, Argentina), while BHI medium was
obtained from Merck Darmstadt, Germany.

Transmission electron microscopy (TEM)

Cells of C. freundii treated with 7.5 nM of nisin alone or
combined (L-lactic acid/hydrogen peroxide) obtained from
the above experimental conditions were harvested, sus-
pended in LAPTg broth supplemented with 3% glutaralde-
hyde (1:1 v/v) and incubated for 30 min at room tempera-
ture; then they were centrifuged at 3000xg at 4 °C for 5 min
and suspended in 3% glutaraldehyde. Finally, they were fixed
in osmium tetroxide and observed by TEM (Pasteris et al.
2011).

Results

Growth of L. lactis CRL 1584 at different temperatures
and quantification of bacteriocin activity

When the temperature of incubation of L. lactis CRL
1584 increased from 15 to 36 °C, the bacterial growth rate
increased as well, with maximal values (u=0.59 h™!) at
36 °C. Regarding bacteriocin production, there was a clear
correlation with the bacterial growth (Fig. 1), the highest
specific inhibitory activities (3.72 and 3.70 AU/107 cells)
being detected at the end of the exponential growth phase
at 20 and 25 °C, respectively (Table 1). Taken into account
that at 15 °C bacteriocin activity was low, the kinetics of
bacteriocin production was not evaluated at this temperature.
When L. lactis CRL 1584 was grown at 20 °C, the station-
ary phase was reached after 14 h. In these conditions, 3200
and 5300 AU/mL were detected by using L. monocytogenes
and Lb. plantarum, respectively. In this period of time, the
biomass increased by 3 log units (Fig. 1) and the pH of the
cultures decrease 2 units.

At 25 °C the LAB strain reached the stationary phase
after 8 h, the bacteriocin activity being 3800 and 6200 AU/
mL against L. monocytogenes and Lb. plantarum, respec-
tively. The biomass increased by 3.5 log units (Fig. 1) and
the pH values were similar to those of LAB cultures grown
at 20 °C.

Lactococcus lactis CRL 1584 grown at 30 °C showed
similar parameters to those observed at 25 °C, with
the exception of bacteriocin activity. Indeed, it was
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Fig. 1 Growth and bacteriocin production by L. lactis CRL 1584, (filled triangle) OD; (open square) AU/mL with Lb. plantarum; (filled circle)

AU/mL with L. monocytogenes

Table 1 Growth rate and specific bacteriocin production by L. lactis
CRL 1584 at different temperatures of incubation

Tem- Growth  Specific activity (AU/107 cells)

perature rate 5 -

°C) (h~") Middle . End of . Stationary phase
exponential ~ exponential
phase phase

15 0.111 1.04 0.92 0.60

20 0.241 1.54 3.72 0.55

25 0.368 2.58 3.70 1.50

30 0.531 1.02 1.80 0.40

36 0.591 1.60 0.90 0.60

significantly lower (2100 AU/mL) when using L. mono-
cytogenes as indicator strain (Fig. 1). Howerver, at 36 °C
the LAB strain produced 3300 and 2100 AU/mL bacteri-
ocin, measured with Lb. plantarum and L. monocytogenes,
respectively (Fig. 1). In these conditions, the biomass and
pH modifications were similar to 25 °C.

Based on the results, 25 °C was selected as the optimal
temperature for bacteriocin production.

Purification of bacteriocin/s produced by Lactococcus
lactis CRL 1584

The antimicrobial activities of 40 and 70% ammonium sul-
fate samples are shown in Fig. 2. As it can be seen, P40%
fractions turned out to have 3800 AU/mL when L. mono-
cytogenes was used as indicator strain. However, P70%
showed only a residual activity of about 1080 AU/mL.
Importantly, no activity was detected in both SS and TS
samples. All fractions were also tested against Lb. plan-
tarum CRL 1651. Using this strain as the sensitive micro-
organism, P40% fractions displayed 4920 AU/mL. Once
again, residual bacteriocin activity was observed in P70%
(2080 AU/mL) and SS (490 AU/mL) fractions (Fig. 2).
These results led us to pursue the bacteriocin/s purification
with the P40% fraction.

@ Springer
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Fig. 2 Bacteriocin activity 450
of fractions post-precipitation 401
of culture supernatants from 400
L. lactis CRL 1584 against
L. monocytogenes and Lb. 350
plantarum. Insert figure. CS
crude supernatant, N neutral- 300
ized supernatant; 1, 3, 4 and 6 P
represent the dilutions 1/2; 1/3; = 250
1/4 and 1/6 by using L. monocy- =
togenes as indicator strain ; 200

150

122
100
. 38 49,2
20,8
PS P40% SS P70% T8

u L. monocytogenes

Partial purification of P40% bacteriocin fractions

Samples from P40% fractions were partially purified
by using cationic-exchange chromatography. One milli-
liter samples were collected and purification was followed
spectrophotometrically (A =220, 254 and 280 nm). Based
on the antimicrobial tests, activity was only found in frac-
tions 22, 23 and 24, which were eluted with 100 mM NaCl
(Fig. 3a). Afterward, larger SP-Sepharose columns were
used in order to scale-up the bacteriocin purification. Frac-
tions eluted with 50, 200 and 300 mM NaCl-buffer did not
display any antimicrobial activity (Fig. 3b).

Fractions
o Lb. plantarum

Purification of the bacteriocin/s by RP-HPLC
and MALDI-TOF analysis

Samples obtained so far were separated by SDS-PAGE. As
observed in Fig. 4a, lane 1 (from crude supernatant), lane 3
(from P40%) and lane 4 (eluted with 100 mM NaCl-buffer)
showed antimicrobial activity. As expected, no activity
band was observed in the supernatant post ammonium sul-
fate precipitation (lane 2). Active fraction eluted from SP-
Sepharose was then subjected to RP-HPLC and a prominent
peak was observed at 34 min of elution, which turned out
to have a strong antimicrobial activity (Fig. 4b). Indeed, the
titer was 480 AU/mL when Lb. plantarum CRL 1651 was
used as indicator strain. Finally, it was submitted to mass

a Fractions: 22, 23, 24
0.06 - T - 500
a4
0,05 7%
- 250
£
£ 0.04 4
< ~200 Z
& Q
u 0.03 =
s 2 P - 150 3
8 & s
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Fig.3 Absorbance of fractions eluted from the cation exchange
column (a) and determination of the bacteriocin activity (b). (b) (1)
30 mL eluted by using 100 mM NaCl-buffer (2) 30 mL eluted by
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using 100 mM NaCl-buffer and (3) 60 mL eluted by using 100 mM
NaCl-buffer. 4, 5 and 6 samples eluted with 50, 200 and 300 mM
NaCl-buffer
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Fig. 4 Biological activity of the antimicrobial fractions (a) and purification of bacteriocin/s by RP-HPLC (b). (1) First supernatant, (2) second
supernatant, (3) precipitate 40%, (4) 100 mM NaCl-buffer. ¢ control, 37 number of fraction

spectrometry and MALDI-TOF unequivocally showed a sig-
nal of 3353.05 Da that matched nisin Z. However, no other
peptide could be found in this sample, strongly suggesting
that nisin would be the only bacteriocin produced by L. lac-
tis CRL 1584 (data not shown).

Moreover, the purification process of nisin from the com-
mercial product allowed getting a 15 nM nisin solution.

Mode of action of antagonistic metabolites produced
by L. lactis CRL 1584 against pathogenic bacteria

Studies on the effect of the purified bacteriocin alone or in
combination with lactic acid and hydrogen peroxide at their
physiological concentrations on the viability of C. freundii
y L. monocytogenes strains, were carried out.

When cells of C. freundii were treated with purified nisin
alone or combined (Fig. 5a), a reduction of cell viability

was observed with similar values in samples from Bac-
teriocin + Cells (B +C) and B + Hydrogen Peroxide + C
(B+HP+C) in which an ~2 log units drop was detected
after 24 h incubation. However, the highest reduction in
C. freundii viability was found when lactic acid was also
added: B +lactic acid+ C (B+LA +C) (3.5 log units) and
B+HP+LA+C (3 log units).

The effect of lactic acid and hydrogen peroxide alone and
combined on the viability of this bacterium was also deter-
mined. Therefore, in samples from C. freundi treated with
HP a diminution in cell viability (2.5 log units) was observed
at 8 h of co-incubation, being stronger in HP 4 C during the
first 4 h. For combined metabolites, a decrease in 3 log units
was detected during the first 10 h of co-incubation.

When the purified and lyophilized nisin Z individually
and combined with the LAB metabolites was added to L.
monocytogenes cell suspensions, a diminution in 1 log

as b s

5 5 -
24 ;3:-'44
>
g3 93

2 2.

1 T T T : 1

0 2 4 6 8 10 12 24 0 2 4 6 8 10 12 24
Time (h) Time (h)

Fig. 5 Effect of nisin alone and combined with lactic acid and hydro-
gen peroxide on pathogenic bacteria viability. (a) C. freundii. (b) L.
monocytogenes, (cross) control; (open diamond) Bacteriocin + cells;

(filled square) Bacteriocin+H,0,+cells; (filled triangle) bacte-
riocin+L-lactic acid+cells; (open circle) bacteriocin+L-lactic
acid +H,0, +cells
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«Fig. 6 Effect of commercial purified nisin on C. freundii cells. a
Inhibitory activity on C. freundii: (1) 15 nM nisin, (2) 7.5 nM nisin,
(3) 3.75 nM nisin. b Transmission Electronic Microscopy of C. freun-
dii cells (50,080). Scale bar: 200 nm. (B/) Control: EM outer mem-
brane, PG peptidoglycan, /M inner membrane, PE periplasmic space,
(B2) 7.5 nM nisin, (B3) 7.5 nM nisin+0.01 mM H,0,, (B4) 7.5 nM
nisin+5 g/L L-lactic acid. Rectangles show the main cell alteration
areas

unit of cell viability was observed at the end of the assay
in samples from B 4+ C and B + HP 4+ C. However, samples
containing lactic acid (B+LA +C and B+HP+LA +C),
showed a decrease of 3.5 log units after 24 h of co-incuba-
tion (Fig. 5b).

The assays of agar-well diffusion by using purified nisin
from the commercial product against C. freundii were car-
ried out. As shown in Fig. 6a, 7.5 nM nisin is enough to
inhibit the growth of the Gram-negative bacterium. More-
over, when cells of C. freundii were treated with 7.5 nM
nisin and their combinations with L-lactic acid or hydrogen
peroxide, killing curves were similar to those obtained by
using 480 AU/mL of nisin from L. lactis CRL 1584 (data
not shown).

The purified commercial nisin produced ultrastructural
changes on C. freundi (Fig. 6b). Therefore, when cells
were exposed to 7.5 nM nisin, invaginations along the
whole cellular surface were detected (Fig. 6B2); while with
nisin+H,0, or nisin 4 L-lactic acid, cytoplasm contractions,
enhancement of the periplasmic space and invaginations
along the cell wall were observed (Fig. 6B2, B3). It is inter-
esting to point out that C. freundii treated with H,O, or lactic
acid showed an enhancement of cellular size.

Discussion

Lactococcus lactis is a LAB used in the manufacture of
fermented dairy products such as milk and cheese (Dijk-
stra et al. 2014; De Angelis et al. 2015). This species has
been isolated from different ecological niches including
soils (Yanagida et al. 2008), plants (Ishibashi et al. 2015)
and intestine surface (Takanashi et al. 2014), suggesting its
adaptability to different environments. Moreover, L. lactis
strains were also isolated from the intestinal tract of both
freshwater and saltwater fishes (Itoi et al. 2009; Sequeiros
et al. 2010), although some strains were related to infectious
diseases in aquaculture (Wang et al. 2008; Chen et al. 2012).

Many L. lactis strains have been proposed as probiotics
in aquaculture based on their tolerance to the gastrointesti-
nal conditions (Takanashi et al. 2014), ability to adhere to
mucus, to colonize the gut (Sugimura et al. 2011; Lukic et al.
2012) and also to the immunostimulatory effect on fish spe-
cies (Pérez-Sanchez et al. 2011). Regarding their antagonist
activities, some strains were able to inhibit fish pathogens

by the action of organic acids (Hagi and Hoshino 2009) and
H,0, (Sugita et al. 2007). Interestingly, L. lactis TW34, iso-
lated from fish gastrointestinal tract (Sequeiros et al. 2010,
2015), and a strain isolated from olive flounder (Heo et al.
2012) were shown to produce bacteriocins. These strains
were able to control L. garvieae and Streptococcus iniae
responsible for lactococcosis and streptococcosis, respec-
tively in freshwater and saltwater fishes.

Lactococcus lactis subsp. lactis CRL 1584 is a native
strain from bullfrog hatchery that inhibits C. freundii, a
RLS-related pathogen, and L. monocytogenes Scott A by a
synergistic effect among lactic acid (5 g/1), hydrogen perox-
ide (0.01 mM) and bacteriocin (2100 AU/mL). These fea-
tures, combined with its hydrophilic properties, which would
favor the colonization of the intestinal mucus, support the
potential use of the LAB strain as a probiotic for American
bullfrog culture (Pasteris et al. 2009b, 2011, 2017).

In this work, we evaluated the growth parameters of L.
lactis CRL 1584 and the bacteriocin production. Moreover,
purification steps were carried out in order to know whether
or not other bacteriocins were co-produced. The analysis of
the activity against pathogenic bacteria was carried out to
evaluate its potential use in a probiotic product or as bio-
preservative for bullfrog meat.

The bacteriocin production was tightly associated to the
growth as reported in L. lactis TW34 (Sequeiros et al. 2010),
194-K (Ustiugova et al. 2012), Z11 (Enan et al. 2013) and
69 (Biscola et al. 2013). L. lactis CRL 1584, like the strains
studied by other authors, reached maximum values of bac-
teriocin activity at the end of the exponential growth phase
and then decreased. It is important to note that Lb. plan-
tarum was more sensitive than L. monocytogenes.

The highest bacteriocin concentration was detected when
L. lactis was incubated at 20 and 25 °C. Interestingly, the
lowest bacteriocin activity was detected at 36 °C. In all
cases, the secreted antimicrobial activity peaked at the end
of the exponential phase and then slowly decreased over time
during stationary phase. Thus, we may suggest that under the
incubation conditions used in this work, bacteriocin would
form aggregates as reported for pediocin N5p (Manca Nadra
et al. 1998), acidocin CH5 (Chumchalovi et al. 2004) and
a bacteriocin produced by L. lactis subsp. lactis LL171
(Kumari et al. 2012). Actually, it has been demonstrated
that bacteriocin activity increased when culture supernatants
were treated with non-ionic detergents, which might act as
dispersing agents that can release bacteriocin monomers
from the peptide aggregates (Diop et al. 2007).

In the case of L. lactis CRL 1584, purification was an
important requirement since previous studies indicated
that this strain would produce nisin Z and the culture
supernatants of the LAB strain inhibited C. freundii (Pas-
teris et al. 2011, 2013). However, nisin is well-known for
inhibiting only Gram-positive bacteria and is ineffective
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against Gram-negatives. Indeed, nisin can only act on
Gram-negative bacteria upon addition of chelating agents
(Delves-Broughton 2005). Thus, we assumed that there
were other bacteriocins that were being co-produced, as it
was previously demonstrated in L. lactis from sheep milk
(Bravo et al. 2009), Enterococcus faecium (Ibarguren et al.
2010) and Bacillus subtilis (Compaoré et al. 2013).

Under our experimental conditions, no bacteriocin co-
production could be detected which would indicates that
nisin inhibits C. freundii, a RLS-related pathogen respon-
sible for mass mortality in bullfrog hatchery (Pasteris et al.
2006). So, we decided to evaluate the mechanism of action
of the purified nisin (480 AU/mL) from L. lactis CRL
1544, individually or combined with the other antagonis-
tic metabolites produced by the LAB strain (Pasteris et al.
2011) on pathogenic bacteria. Thus, a bactericidal effect
on C. freundii and L. monocytogenes was demonstrated,
which increased when metabolic end-product were added,
being higher with lactic acid since acidic conditions
favored the nisin action (Tokarskyy and Marshall 2008).

The synergistic effect observed with pure nisin Z was
corroborated by using purified commercial nisin, which
displayed a similar activity against C. freundii, with and
without the physiological concentrations of L-lactic acid/
hydrogen peroxide produced by L. lactis. These results are
supported by the TEM evaluations that showed cytosolic
alterations in the presence of the organic compounds.

In conclusion, nisin can be an excellent alternative as
biopreservative of frog legs and carcasses and could be
used individually or combined with other bacteriocins as
proposed for the control of pathogens in milk (Arauz et al.
2009; Arqués et al. 2011). It could also be included in
the formulation of probiotic products for bullfrog breed-
ing to prevent epizootics associated with a Gram-negative
bacterium (C. freundii) and potentially in amphibians
endangered species to repopulate devastated environments.
Thus, this work contribute to the knowledge not only for
biotechnology but also for ecology.
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