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Abstract

Nisin is a bacteriocin that inhibits the germination and growth of Gram-
positive bacteria. With nisin expression related to growth conditions of
Lactococcus lactis subsp. lactis, the effects of growth parameters, media com-
ponents, and incubation time were studied to optimize expression. L. lactis
ATCC 11454 was grown (100 rpm at 30°C for 36 h) in both M17 and MRS stan-
dard broth media (pH 6.0-7.0) supplemented with sucrose (1.0-12.5 g/L),
potassium phosphate (0.13 g/L), asparagine (0.5 g/L), and sucrose (0.24 g/L),
and diluted 1:1 with liquid nonfat milk. Liquid nonfat milk, undiluted, was
also used as another medium (9% total solids, pH 6.5). Nisin production was
assayed by agar diffusion using Lactobacillus sake ATCC 15521 (30°C for 24 h)
as the sensitive test organism. The titers of nisin expressed and released in
culture media were quantified and expressed in arbitrary units (AU/L of
medium) and converted into known concentrations of “standard nisin”
(Nisaplin®, g/L). The detection of nisin activity was <0.01 AU/L in M17 and
MRS broths, and 7.5 AU/L in M17 with 0.14% sucrose or 0.13% other sup-
plements, and the activity increased to 142.5 AU/L in M17 diluted with lig-
uid nonfat milk (1:1). The 25% milk added to either 25% M17 or 25% MRS
provided the highest levels of nisin assayed.

Index Entries: Nisin; Lactococcus lactis; growth conditions; skimmed milk;
Lactobacillus sake.

Introduction

Lantibiotics are small peptides characterized by the presence of an
unusual amino acid, lanthionine. Jung (1) defines lantibiotics as bacteriocins
produced by lactic acid bacteria that are divided into two subgroups, type A
and type B. Nisin, a type A bacteriocin, is a 34-residue monomeric penta-
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cyclic peptide (3.4 kDa). Initially isolated by Mattick and Hirsh (2), nisin is
produced during the exponential growth phase of the lactic acid bacteria,
Lactococcus lactis subsp. lactis (3,4).

Like all bacteriocins, nisin has been used as a natural food preservative
(3-6) and also in the preservation of pharmaceutical and dental products
(7,8). However, recent research has verified the potential use of nisin for ther-
apeutic purposes, particularly in the treatment of stomach ulcers and colon
infections for patients with immune deficiencies (9,10). Nisin strongly
inhibits the germination of spores and the growth of a broad range of
Gram-positive bacteria (5,6). The growth of a variety of Gram-negative
bacteria can also be inhibited by nisin if the outer membrane is first desta-
bilized by EDTA (11).

Nisin was approved by the Food and Drug Administration in 1988 as
Generally Recognized as Safe (12), satisfying the demands for natural
foods with less chemical additives. The most promising and the most
important group of natural inhibitors are the bacteriocins, with a high eco-
nomical added value. Commercial nisin is marketed as Nisaplin® and is
used in processed foods such as various cheese products, desserts,
sausages, bologna, pasteurized liquid egg, sauces, and other products.
Nisin is a safe, natural antimicrobial and is quite suitable for use in heat-
treated or low-pH food products (13).

Thomas et al. (14) investigated the efficacy of nisin in controlling the
growth of Bacillus and Clostridium spores, which survive cooking and
commonly grow in mashed potatoes. Wirjantoro et al. (15) investigated
the use of nisin in combination with reduced heat treatment for milk
(117°C for 2 s). Wandling et al. (16) evaluated the potential for altering the
survival of spores in thermally treated skimmed milk by supplementing
the milk with various concentrations of nisin. Vessoni Penna et al. (6) ver-
ified the influence of nisin on the kinetics of growth from B. cereus spores
germinated in milk formula. A notable property of nisin is that its solu-
bility and stability increase drastically with the lowering of pH. Nisin is
stable at pH 2.0 and, at this pH, can be autoclaved at 121°C for 15 min
without inactivation (17).

The production of nisin is growth associated because expression
occurs during the midexponential phase and increases until reaching a
maximum level at the end of the exponential phase or at the beginning
of the early stationary phase (18-22). Previous studies have shown that
nisin is expressed continuously from the initial stages of growth to the
stationary phase (3,4).

There is an extensive background of earlier work done to optimize
nisin expression in Lactococcus lactis, and many of these studies, have
described MRS and MI7 broth for optimal cellular growth and expression
(18,19,23-25).

The release of bacteriocin from the cells into the growth medium is
dependent on the pH (19,20). At pH <6.0, more than 80% of the nisin
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produced is released into the medium; at pH >6.0, most of the nisin is asso-
ciated with the cellular membrane, but not the cytoplasm (25).

As a culture medium, the high nutritive content of cow’s milk pro-
vides for excellent growth of L. lactis and for the cell’s release of nisin into
the medium. The cells ferment lactose to lactic acid, which causes a
decrease in the medium pH, enhancing the release of nisin from the cells
into the medium.

Cheigh et al. (23) studied growth parameters, such as the medium
components in MI7 broth, growth temperature, pH, and carbon source
concentrations that affected bacteriocin production by L. lactis subsp. lactis
A164. Chandrapatti and O’Sullivan (25) developed a rapid plate assay that
enabled the quantitative assessment of growth parameters in M17-based
media that influence nisin production by growing L. lactis directly on the
solid medium containing the test factor. This assay was used to assess the
influence of carbohydrates and salts on nisin production by L. lactis on a
per cell basis, and the data were subsequently substantiated with broth
cultures. Biwas et al. (17), Daba et al. (18), ten Brink et al. (22), MacGroarty
and Reid (26), Toba et al. (27) related that MRS is a better medium for cell
growth and bacteriocin expression. Different concentrations of nutritional
supplements such as sucrose, lactose, and glucose could be related to nisin
expression and release into the culture media by L. lactis (26,27). High con-
centrations of sucrose correlated to an increase in nisin expression at the
end of the stationary phase (4).

Vessoni Penna and Moraes (28) studied the influence of sucrose with
asparagine (7.5-75 g/L), potassium phosphate (6-18 g/L), and Tween-80
(1-6 g/L) added to MRS broth on nisin production by L. lactis. The formu-
lations that improved nisin expression by L. lactis indicated that 5 g/L of
sucrose with 29 g/L of asparagine in MRS was equivalent to the expres-
sion derived with a composition of 12.5 g/L of sucrose with 75 g /L of
asparagine in MRS.

In the present study, we used 0.14% (1.4 g/L) and 12.5% (125 g/L)
sucrose to determine whether these concentrations would result in the
same extent of nisin expression. We also examined the use of sucrose and
asparagine to determine the benefits of these supplements used simulta-
neously in media.

The utilization of synthetic MRS medium with or without sucrose,
asparagine, and potassium phosphate showed that the expression of nisin
is related to nutritional and growth factors, and that cellular growth and
nisin expression are concomitant, from fermentation time to the beginning
of stationary phase, about 36 h (28), the incubation used throughout this
work.

With nisin expression related to growth conditions of L. lactis subsp.
lactis ATCC 11454, the effects of culturing parameters, such as media com-
ponents, incubation time, number of culture transfers to fresh medium,
were evaluated to optimize the expression of nisin and release into media.
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Materials and Methods

Strains and media

The nisin-producing strain of L. lactis. ATCC 11454 and the nisin-sen-
sitive indicator strain of Lactobacillis sake ATCC 9221 were used. The cul-
tures were maintained at -80°C in MRS broth (Man Rugosa Shepeer-Bacto
Lactobacilli MRS broth; Difco, Detroit, MI) with 40% (v/v) glycerol.

The experiments were performed utilizing the following media, as
outlined in Tables 1 and 2:

1. Synthetic MRS broth (Difco) and M17 broth (Oxoid) at their standard
concentrations per the manufacturer’s recommendations.

2. MRS or M17 at half their standard concentrations (item 1) with 0.13%
of supplements: 0.035% sucrose, 0.018% potassium phosphate, and
0.075% asparagine.

3. Ml 7 at half the standard concentration (item 1) supplemented with
0.14% sucrose.

4. MI7 at the standard concentration supplemented with 12.5%
sucrose.

5. Skimmed milk (9.09% dry matter [DM], nonfat milk UHT; Premium,
Parmalat,SP, Brazil).

6. MRS or MI7 at 25% of their standard concentrations plus skimmed
milk (25% MRS + 25% milk and 25% M1 7 + 25% milk).

7. MRS or M7 at 17.36% of their standard concentrations plus 17.36%
of skimmed milk and with 0.13% of supplements: 0.035% sucrose,
0.018% potassium phosphate, and 0.075% asparagine.

8. MRS or MI7 at 17.86% of their standard concentrations plus 17.86%
of skimmed milk and supplemented with 0.14% sucrose.

Prior to use in defined experimental media, 100 pL of frozen glycerol
L. lactis stock cultures was grown in either MRS or M1 7 (“preinoculum”; 50
mL of broth in 250-mL flasks) and incubated in a rotary shaker (100 rpm) at
30°C for 36 h. From the preinoculum, 5-mL aliquots of the cell suspension
were transferred into 50 mL of each experimental medium in 250 mL flasks
and incubated for another 36 h (100 rpm of 30°C). Cultures were transferred
tive times (100 rpm at 30°C for 36 h) using 5-mL aliquots of broth culture for
each new volume of the respective medium, as shown in Tables 3 and 4.

After every 36-h incubation period, 30 mL of cell suspensions was
aseptically withdrawn from the flasks and tested for pH, cellular density,
colony number, and nisin concentrations. Every type of media examined
was performed in triplicate.

Measurement of pH

The pH was measured in 10 mL of suspension with an Accumet AR20
pH/mV/conductivity meter (Fisher, Fairview, NJ) calibrated with stan-
dard buffer solutions (Merck; pH 4.0, 7.0, 10.0) at 25°C.
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Measurement of Biomass Concentration

The cellular biomass concentration, expressed in milligrams of dried
cell weight (DCW) per liter of broth, was determined from the optical den-
sity (OD) at 660 nm (OD,) in a 1-cm path-length quartz cuvet in a spec-
trophotometer (Beckman DU-600). The OD,,, readings were calibrated
against a standard dried cellular concentration curve of L. lactis, which was
obtained by the gravimetric method of the biomass (mg/L) held on the
surface of a 0.22-pym membrane (Millipore). The equation for the calibra-
tion curve (R? = 0.998) was as follow: OD,, = 0.0145 + 0.0022 x DCW or
DCW (mg/L) =[(OD,,) + 0.0145)]/(0.0022).

Measurement of Colony Number

Culture populations were assayed by the plate count method,
expressed in colony-forming units (CFU) per milliliter of broth in Plate
Count Agar (Difco) at 30°C for 24 h. Cell numbers were related to the ref-
erence curve associating OD, ., to DCW (mg DCWL) of the same suspen-

sion, in which OD66O= 0.01 was equivalent to 10* CFU/mL.

Detection of Nisin Activity

For detection of nisin activity, the cell suspension was centrifuged at
12,000 for 10 min at 25°C, and the supernatant collected was filtered through
a 0.22 = pm membrane filter (Millipore). The titers of nisin expressed and
released in culture media were quantified and expressed in arbitrary units
(AU/L of medium) by the agar diffusion assay (6,28) utilizing L. sake as a sen-
sitive indicator microorganism. L. sake was grown in MRS broth and incu-
bated (100 rpm at 30°C for 24 h). A 1.5-mL aliquot of the suspension (OD,, =
0.7) was transferred and mixed with 250 mL of soft agar (MRS broth with
0.8% of bacteriologic-grade agar). Each 20 mL of inoculated medium was
transferred to Petri plates (100 mm). After the agar solidified, 3-mm wells
were cut out with a sterile metal pipe with a 5-mm total diameter.

From every medium, 50 = L of culture supernatant from centrifuged
L. lactis suspension was transferred into the wells on the surface of the
L. sake inoculated agar. For the milk-supplemented media, culture super-
natant, or with without a prior adjustment to pH 2.5 with 0.2 N HC1, was
transferred into the wells. The adjustment to pH 2.5 prior to centrifugation
was done to coagulate the milk, releasing nisin into a clear supernatant
(after centrifugation) to facilitate detection of nisin. This same pH adjustment
was done for solutions used for the standard nisin curve. L. sake growth
was not inhibited by nisin-free HC1 solution (pH 2.5) added to the wells,
confirming earlier studies (6,28).

The plates, without inversion, were incubated at 30°C for 24 hs. After
this period, inhibition halos, zones without L. sake growth, were measured
in four directions and the average diameters (+0.5 mm) of the halos related
to the arbitrary activities (AU /L) of nisin formed by the respective cultures,
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as determined from standard curves using purified nisin as the reference.
The relation between arbitrary units (AU /L) and international units (IU/L)
was determined by using Nisaplin (a commercial purified nisin prepara-
tion containing 25 mg of nisin/g of Nisaplin , corresponding to 10°1U/g of
Nisaplin Aplin & Barret Ltda, Beaminster, UK, distributed by Sigma). A
standard solution of nisin was prepared by dissolving 1 g of Nisaplin® in
10 mL of 0.02 N HCI with 0.75% (w/v) NaCl (pH 1.6-1.8). The solution was
autoclaved at 121°C for 15 min and stored at 4°C. Further dilutions of the
standard were made as necessary by diluting in 0.02 N HCI. With the stan-
dard curve, the concentrations of standard nisin (10°-10° AU /L) were relat-
ed by the diameter of the inhibition halo (H, mm), and the activity of nisin
from cells grown in the experimental media was determined and expressed
in arbitrary units per liter (10°~10°AU/L). Based on the calibration curves
between AU/L and IU/L, 1.09 £ 0.17 AU corresponded to 1.0 IU (40 IU =1 pg
of pure nisin A).

For every medium studied, the arbitrary units were calculated from
equations, as follows:

1. For the MRS and M17 broths, the relation was AU/L =
1(0(0-01847 x H + 08259).

2. For media containing milk, without adjusting the pH of the culture
supernatant, the relation between AU/L and inhibition halo (H,
mm) was AU/L - 10(0.2689 x H + 1.3893).

3. For media with the pH of the supernatant adjusted to 2.5, the rela-

tion between AU/L and inhibition halo (H, mm) was AU/L =
100478 x H +0.7388).

Using the standard solutions for calibration of nisin activity in all the
assays, 0.025 mg of nisin corresponded to 10°IU/ml. The activity of nisin
expressed in AU/L was converted for nisin in grams per liters through the
relation (3)

Nisin (g/L) = {20.0%5) 18(‘)%25)

In which z = AU/L. The concentration of nisin was expressed in grams
per liters, and in the production of nisin (g/[L-h]) related the formation of
nisin in grams per liter to a 36-h incubation period. The amount of nisin relat-
ed to cellular mass (DCW) gave specific production and productivity. The
specific production (mg/mg) is the ratio of nisin concentration (mg/L) and
the cellular mass (mg DCW /L). Productivity was expressed in milligrams of
nisin per milligram of DCW times hour as the ratio of the hourly milligrams
of nisin (mg/[L-h]) and cellular mass (mg DCW), for 36 h of incubation.

Results and Discussion

With the objective of studying the influence of medium components
on nisin expression, a strain of L. lactis was transferred five consecutive
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times after 36-h intervals of incubation with the same culture medium and
incubated under the same conditions. The media additives and incubation
times were derived from prior studies carried out in our laboratory. The
activity, productivity and specific production of nisin for media, with or
without milk, are presented in Tables 3-6. Tables 5 and 6 show activity,
productivity and specific production of nisin from every transfer after
incubating at 100 rpm and 30°C for 36 h when L. lactis cultures were trans-
ferred to fresh media: the collected supernatant was adjusted to pH 2.5
prior to detection of nisin. This pH adjustment was done to coagulate the
milk, releasing nisin into a clear supernatant (after centrifugation) to facil-
itate detection of nisin. This same pH adjustment was done for solutions
used for the standard nisin curve. L. sake growth was not inhibited by
nisin-free HC1 solution (pH 2.5) added to the wells.

Cheigh et al. (23) observed the highest nisin activity early in the sta-
tionary phase (20 h, 30°C) of L. lactis during batch fermentation in M17
broth (pH 6.0) with 3% lactose added. In fact, M17 broth with 3% lactose
resulted in an eight-fold greater nisin expression than either M17 supple-
mented with 0.5% glucose or in MRS broth. These investigation confirmed
low levels of nisin expression in both MRS and M17 broth, although these
media favored cellular growth, with similar results obtained in the present
study (107 - 10° CFU/mL). Chandrapatti and O’Sullivan (25) observed a
50% increment in nisin expression using sucrose as the carbon source in
M17 broth for L. lactis culturing, over two transfers. They observed that
glucose was the optimal carbon source tested, with glycerol the least suit-
able. They also verified that the incorporation of either sodium or potassi-
um phosphate into a synthetic medium did not improve nisin production
and release into the media.

The results of our study obtained in all assays demonstrated that sup-
plements, principally sucrose used with standard concentrations of MI7
and MRS (Tables 4 and 6), were essential for the expression and release of
nisin by L. lactis into the culture media. Sucrose at a concentration of 0.14%
in M17 (at 50% of the standard concentration; Table 4) directly enhanced
the expression of nisin and was shown to be the minimum concentration
necessary to improve nisin expression and release into media for all five
transfers. Therefore, nisin expression and release into the media was
greater with 0.14% sucrose added to M17 (50%) than with 12.5% sucrose
added (standard concentration; Table 4), in which nisin was barely
detectable at the first and second transfers, low for the third and fourth
transfers (< 0.1 g/L) then increasing 25-fold (0.3 g/L) in the fifth transfer.

The culture media with milk provided better conditions for L. lactis
growth and its concomitant expression of nisin, in relation to MRS and
M17 with or without 0.013% supplements or 0.14% sucrose (Tables 3
and 4).

Milk alone (9.09% DM) favored nisin expression and release into the
media for all five transfers, from 0.4 to 0.9 g/L, similar to that attained at
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the first transfer for both 25% MRS + 25% milk and 25% MI7 + 25% milk,
with the latter medium providing the highest nisin concentration, 3.6 g/L
after the fifth transfer. A dilution of these media to a 17.36% concentration
provided levels of nisin activity (0.1 g/L for 17.36% M17 +17.36% milk and
0.2 g/L for 17.36% MRS + 17.36% milk) five times lower than those detected
relative to 25% concentration for the media assayed (Table 3).

The preinoculum of L. lactis in MRS (media used prior to the first
transfer) stimulated the expression of nisin in “milk 1” media at the first
transfer. Using M17 as the preinoculum medium for “milk 2” cultures,
nisin was undetectable at the first transfer, although both “milk 1” and
“milk 2” favored nisin expression and release during the fourth and fifth
transfers, with nisin concentrations very similar for both milk media.

The successive transfer of cells into fresh media may provide condi-
tions for greater nisin production above the “ceiling concentration” as
noted by Kim et al. (29); the repeated dilutions may eliminate the inhibit-
ing effect of high nisin concentrations on the producing organism.

Adjusting the culture supernatant to a final pH of 2.5 did not improve
the detection of nisin throughout the assays; this pH adjustment decreased
the activity of nisin (Tables 5 and 6). In many assays (Table 4) even with no
adjustment of pH that was lower than 6.0, the detection of nisin activity was
not significant (p < 0.05) considering MRS and MI7 at standard concentration.

The values obtained with standard nisin solutions adjusted to pH 2.5
were lower than the standard nisin without this adjustment (calibration
curves); the values obtained for nisin in the samples with pH adjusted to
2.5 were lower than the results obtained from samples without the pH
adjustment.

These results demonstrate that, nisin production is not directly relat-
ed to cell number because lower cell populations provided higher nisin
concentrations. The 25% milk added to either 25% MI7 or 25% MRS pro-
vided the highest levels of nisin assayed.

Acknowledgments

We thank the Brazilian Committees for Scientific Technology
Research (CAPES, CNPq, and FAPESP) for financial support and biologist
Irene A. Machoshvili.

References

Jung, G. (1991), Angew. Chem. Int. Ed. Engl. 30, 1051-1192.

Mattick, A. T. R. and Hirsh, A. (1944), Lancet 2, 3-7.

Buchman, G. W., Banerjee, S., and Hansen, J. N. (1988), ]. BioL Chem. 263, 16,260-16,266.
De Vuyst and Vandamme, E. J. (1992), ]. Gen. Microbiol. 138, 571-578.

Ray, B. (1992), in Food Biopreservatives of Microbial Origin, Ray, B. and Daeschel, M. A.,
eds., CRC Press, Boca Raton, Fl, pp. 1-23.

6. Vessoni Penna, T. C, Moraes, D. A., and Fajardo, D. N. (2002), J. Food Protect. 65,
419-422.

SRS

Applied Biochemistry and Biotechnology Vol. 121-124, 2005



Nisin Production in Media with Skimmed Milk 637

—_

13.
14.

15.
16.
17.
18.
19.
20.
21.
22.
23.

24.

25

26.
27.
28.

29.

— o0 XN

Turner, S. R, Love, R. M. and Lyons, K. M. (2004), Int. Endocrinol. |. 37, 664—671.
Sears, P. M., Smith, B. S. and Stewart, W. K. (1992), ]. Dairy Sci. 75, 3185-3190.
Dubois,A.(1995),EID Dig. Dis. Div. 1(3), 79-88.

Sakamoto I., Igarashi, M., and Kimura, K. (2001), ]. Antimicrob. Chemother. 47, 709-710.
Stevens, K. A., Sheldon, B. W. Klapes, N. A., and Klaenhammer, T. R. (1991), ]. Food
Protect. 55,763-7766.

De Vuyst, L. and Vandamme, E. J. (1994), in Bacteriocins of Lactic Acid Bacteria, De Vuyst,
L. and Vandamme, E. ], eds., Chapman & Hall, Glasgow, pp. 1-12.

Thomas, L. V. and Delves-Broughton, J. (2001), Res. Adv. Food Sci. 2, 11-22.

Thomas, L. V., Ingram, R. E., Bevis, H. E., Davies, A., Milne, C. F,, and Delves-
Broughton, J. (2002), J. Food. Protect. 65 (10), 1580-1585.

Wirjantoro, T.I. lewis, M. J., Grandison, A. S., Williams, G. C., and Delves-Broughton,
J. (2001), J. Food Protect. 64(2), 213-219.

Wandling, L. R., Sheldon, B. W., and Foegeding, P. M. (1999), J. Food. Protect. 65(5),
492-498.

Biswas, S. R., Ray, P, Johnson, M. C., and Ray, B. (1991), J. Appl. Environ. Microbiol. 57,
1265-1267.

Daba, H., Lacroix, C., Huang, J., and Simard, R. E. (1993), Appl. Microbiol. Biotechnol 39,
166-173.

Parente, E., Ricciardi, A., and Addario, G. (1994), Appl. Microbiol. Biotechnol. 41,
388-394.

Parente, E. and Ricciardi, A. (1994), Lett. Appl. Microbiol. 19, 12-15.

Yang, R. and Ray, B. (1994), Food Microbiol. 11, 281-291.

ten Brink, B., Minekus, M., van der Vossen, J. M, Leer, R. J., and Huis in’t Veld, J. H.
(1994), J. Appl. Bacteriol. 77, 140-148.

Cheigh, C.-I., Choi, H.-J., Park, H., Kim, S.-B., Kook, M.-C Kim, T.-S., Hwang, J. K., and
Pyun, Y. R. (2002), J. Biotechnol, 95, 225-235.

Kim, W. S., Hall, R. J., and Dunn, N. W. (1997), Appl. Microbiol BiotechnoL 48, 449-453.
Chandrapatti, S. and O’Sullivan, D. J. (1998), J. Biotechnol. 63, 229-233.

MacGroary, J. A. and Reid, G. (1988), Can. ]. Microbiol. 39, 974-978.

Toba, T., Samant, S. K., Toshiota, E and Itoh, T. (1991), Lett. Appl. Microbiol. 13, 281-286.
Vessoni Penna, T.C. and Moraes, D. A. (2002), Appl. Biochem. Biotechnol. 98-100,
775-789.

Kim, W. S., Hall, R. J., and Dunn, N. W. (1998), Appl Microbiol Biotechnol. 50, 429-433.

Applied Biochemistry and Biotechnology Vol. 121-124, 2005





