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Abstract

The production of nisin by batch culture of Lactococcus lactis ATCC 11454
in MRS broth (pH 6.5), as treated in 30 assays, that were set up by a fractional
factorial design of two levels (2*-1), was improved. The minimum and maxi-
mum concentrations of sucrose (5.0-12.5 g/L), asparagine (7.5-75 g/L),
potassium phosphate (6.0-18.0 g/L), and Tween-80 (1.0-6.6 g/L) were
added to MRS broth. The best nisin activities ranged from 1.5 x 10* to 1.8 x
10* arbitrary units (AU)/mL for the maximum levels of sucrose, asparagine,
and monobasic potassium phosphate, and for the minimum concentration of
Tween-80. The best following proportions between nutrients were adopted
as optimum for maximum specific nisin productivity of about 6.0 mg/mg of
dry cell weight (related to 2.5 mg of pure nisin preparation with a specific
activity of 1.0x10°AU/mL):C/N=0.17,C/P=0.69,N/P=4.17 (C =sucrose,
N = asparagine, P = phosphate, T = Tween-80).

Index Entries: Nisin; nutrient balance; Lactococcus lactis; Lactobacillus sake;
batch fermentation.

Introduction

Nisin is a type A bacteriocin, whose chemical structure was originally
described more than 30 yr ago (1), and its bacterial inhibitory activity has
been known for more than 50 yr (2). There are two naturally occurring nisin
variants, nisin A and nisin Z, which differ in a single amino acid residue at
position 27. Asparagine in nisin Z is replaced by histidine in nisin A (3,4).
Nisin Z appears to be slightly more diffusable in agar and more soluble in
neutral pH. The term nisin designates the mature, active bacteriocin, a
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monomeric pentacyclic molecule (3353 Daltons), soluble at pH 2.0 and
insoluble at pH 8.5 (5).

Nisin is a bacteriocin produced by Lactococcus lactis subspecies lactis
during the exponential phase of growth of the microorganism (6,7). Nisin
strongly inhibits the outgrowth of spores and the growth of a broad range
of Gram-positive microorganisms. The growth of a variety of Gram-nega-
tive bacteria can also be inhibited by nisin if the outer membrane is first
destabilized by EDTA (8).

The effect of nisin on the targeted bacteria is exerted in the cytoplasic
membrane. The main activity appears to be the formation of pores in the
bacterial membrane. Pore formation causes an increase in membrane per-
meability with a concomitant leakage of ions, adenosine triphosphate, and
amino acids, which, in turn, leads to the dissipation of the bacterial mem-
brane potential. The combined effect of energy depletion and the efflux of
essential compounds inhibits synthesis of macromolecules and results in
an ultimate cell death accompanied, in most cases, by cell lysis. Nisin action
against spores is caused by binding protein residues with sulfydryl groups
on the spore coats with resulting mechanical rupture (9). Because of the
broad spectrum of antibacterial activity, nisin is used as a preservative in
food industries and as a potential therapeutic agent. It can be successfully
used to increase the shelf life of processed cheese, dairy desserts, milk,
canned food, meat, fish, and alcoholic beverages (10). Nisin was approved
by the Food and Drug Administration in 1988 as Generally Recognized as
Safe (5), meeting the demands for natural foods with fewer chemical addi-
tives. The most promising and the most important group of natural inhibi-
tors is the bacteriocins, with a highly economic added value. Therefore, the
relevant nutritional factors for stimulating the growth of lactobacillus and
their simultaneous production of bacteriocins have been investigated.

Lactic acid bacteria are fastidious microorganisms and require a
medium containing nutrients, that enhance the growth and production of
bacteriocin (11,12). Several researchers have attempted to develop an
optimal medium for maximum production of bacteriocin, which is directly
related to the growth of lactobacilli (5,12). In addition, it was verified that
production stops completely when cells enter the stationary phase (7). The
synthetic Lactobacilli MRS medium, which are less complex than dairy
products, and consequently more reliable for reproducibility assays, have
been used to enable us to study the influence of added chemical compo-
nents and their associations on the production of nisin simultaneously with
the optimum growth of L. lactis.

It was verified that nisin yield was dependent on the concentrations of
different sugars (glucose, sucrose) in the culture medium (13). It was fur-
ther verified that xylose was a very efficient carbon source for nisin produc-
tion in the batch process with immobilized L. lactis in calcium alginate
beads (14). Moreover, sucrose, although a disaccharide, is rapidly used by
nisin-producing L. lactis subspecies lactis strains. Generally, the higher the
initial concentration of sucrose, the greater the increase in nisin production
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at the end of the exponential phase, and the lower the decrease in nisin titer
during prolonged fermentation. A genetic linkage exists between the
sucrose fermentation capacity and the ability to produce nisin (7).

Elli et al. (12) studied the influence of growth factors on the fermenta-
tion of the probiotic strain Lactococcus johnsonii NCC 533 in milk. They
verified that the supplementation of milk with four amino acids (pr-ala-
nine, DL-serine, DL-isoleucine, and L-cysteine), four nucleosides (adenosine,
guanosine, cytidine, and uridine), and one source of iron (ferrous sulfate)
strongly stimulated its growth. However, the L. johnsonii could grow in the
absence of those exogenous chemical substances. Lactobacilli’s growth can
also be improved by the addition of substances of undefined composition
such as yeast extract or peptones (15). Their positive influence could be
attributed to their nucleotide and amino acid contents. However, Ellis et al.
(12) verified that the amount of yeast extract as a medium supplement was
dependent on different suppliers.

It was further verified that asparagine is an interesting source of nitro-
gen since it is easily assimilated, inexpensive, and of recognized purity, as
distinct from the conventional sources of nitrogen, such as peptones and
yeast or meat extract, in which the composition of nitrogen or protein varies
from lot to lot in industrial production.

The effect of lowering the pH on cellular growth is partially owing to
the concentration of dissociated and nondissociated forms of lactic acid in
the broth. To avoid growth inhibition by the decrease in pH resulting from
the excess of lactic acid in solution, Shimizu et al. (16) worked with lactate
removal by mixed cultures. It was verified that supplementation of the
medium with a buffering system composed of acetate, citrate, and phos-
phate, for a pH ranging from 5.9 to 6.1, improved the growth of L. lactis, as
well as increased the yield of nisin (5,7). The presence of potassium
dihydrogen phosphate was suggested to be essential in the formulation of
a synthetic complex medium owing to its buffering agents characteristics,
as well as to be a source of potassium ions, which are necessary for cell
development.

Tween-80, a constituent in the Lactobacilli MRS medium, is com-
monly used as a dispersing agent in medium composition (17,18). Fur-
thermore, nisin tends to remain adsorbed in the cellular membrane owing
toits amphipathic nature. Therefore, dispersing agents might be of inter-
est for the promotion of its release from the cell membrane to the culture
medium and consequent increase in productivity, since it was verified
that nisin accumulation in membranes regulated prenisin synthesis in a
gene cluster (19).

The purpose of the present study was to optimize the growth param-
eters of L. lactis ATCC 11454 in order to improve its expression of nisin, in
a batch fermentation process at uncontrolled pH. The optimization of the
growth medium was investigated with the addition of sucrose as the car-
bon source, asparagine as the nitrogen source, potassium phosphate as the
buffering agent and Tween-80 as the dispersing agent.
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Material and Methods

Cultures and Inocula

The bacteria used were Lactococcus lactis (ATCC 11454) as the nisin-
producing strain, and Lactobacillus sake (ATCC 15521) as the sensitive
bacteria for the activity test of the expressed nisin, both stored at -80°C in
the Lactobacilli MRS (Difco, Detroit, MI) broth supplemented with 40%
glycerol. One hundred microliters of the frozen strains was inoculated
into 50 mL of the MRS broth and grown in a rotary shaker (100 rpm) (model
SR 12; Fanem, Brazil) for 24 h, at 30°C for the inoculum’s preparation. The
broth culture with L. sake was added to the 50 mL of Lactobacilli MRS
(Difco) agar for the detection of nisin by means of the agar diffusion method.
Five milliliters of the L. lactis inocula (optical density at 600 nm [ODy,]
=0.7), previously prepared, was homogenized in 50 mL of the MRS broth.
After being supplemented with the nutrients, flasks were shaken in a rota-
tory shaker (100 rpm at 30°C for 36 h) with 50 mL of the supplemented
medium and tests were then conducted.

The medium’s constitution for complex Lactobacilli MRS (Difco) broth
(10.0 g/L of peptone, 10.0 g/L of beef extract, 5.0 g/L of yeast extract,
20.0 g/L of dextrose, 1.0 g/L of Tween-80, 2.0 g/L of ammonium citrate,
5.0 g/L of sodium acetate 0.1 g/L of magnesium sulfate, 0.05 g/L of man-
ganese sulfate, 2.0 g/L of dibasic potassium phosphate) was supplemented
with a carbon source, sucrose (Merck); a nitrogen source, asparagine
(Merck); a buffering agent, monobasic potassium phosphate (Merck); and
adispersing agent, Tween-80 (Merck), from assays 1 to 8, group 1 (Table 1).

Experimental Design

The addition of the nutrients to the complex MRS medium was set up
by a fractional factorial 2¢“-" design, at two levels (-1 to +1), considering
group 1 (assays 1-8) and group 2 (assays 9-24), shown in Table 1. The
model was later extended to six central points, when the concentrations of
sucrose, asparagine, and monobasic potassium phosphate were codified
in the limits of (-1.68) to (+1.68), corresponding to assays 25-30. The maxi-
mum and minimum levels of concentrations employed in the assays of
groups 1,2 and 3, respectively, ranged as follows: for sucrose, from 2.0 to
5.0, from 5.0 to 12.5, and from 2.25 to 15 (g/L); for asparagine, from 1.5 to
15, from 7.5 to 75, and from 7.5 to 98 g/L; for potassium phosphate, from
3.0 to 6.0, from 6.0 to 18.0, and from 6.0 to 22.0 g/L, as shown in Table 1.
The supplemented concentration of Tween-80 added to the concentration
(1.0 g/L) in the MRS medium in assays 1-11 varied between 2.1 and 6.6 g /L.
For the other assays, the concentration of 1.0 g/L of Tween-80 was consid-
ered. For every batch fermentation assay, at uncontrolled pH, 12 Erlen-
meyer flasks (250 mL) containing 50 mL of the supplemented MRS medium
each were placed in a rotary shaker at a with controlled temperature of
30°C for 36 h (assays 1-11) and 48 h (assays 12-30). The pH measurements
were carried out in a potentiometer (model B 12; Procyon, Brazil).
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Table 1
Nutrients and Their Proportions Added to MRS Medium
Nutrients Added Proportion
Group Assay Sucrose Asparagine Phosphate Tween-80° C/N* C/P¢ N/P? T/P¢
(g/L)  (g/L) (g/L) (8/L)
1 1 2 1.5 3 2.1 1.33 0.67 050 0.70
1 2 5 1.5 3 6.6 333 1.67 050 2.20
1 3 2 15 3 6.6 0.13 0.67 5.00 2.20
1 4 5 15 3 2.1 033 1.67 5.00 0.70
1 5 2 1.5 6 6.6 1.33 033 025 1.10
1 6 5 1.5 6 21 333 0.83 025 035
1 7 2 15 6 21 0.13 033 250 0.35
1 8 5 15 6 6.6 0.33 0.83 250 1.10
2 9 12.5 75 18 6.6 0.17 0.69 4.17 0.37
2 10 12.5 75 6 21 0.17 2.08 12.50 0.35
2 11 12.5 75 18 2.1 0.17 0.69 417 0.12
2 12 5 7.5 6 1.0 0.67 0.83 125 0.17
2 13 12.5 7.5 6 1.0 1.67 208 125 0.17
2 14 5 75 6 1.0 0.07 0.83 1250 0.17
2 15 12.5 75 6 1.0 0.17 2.08 12.50 0.17
2 16 5 7.5 18 1.0 0.67 0.28 0.42 0.06
2 17 12.5 7.5 18 1.0 1.67 0.69 042 0.06
2 18 5 75 18 1.0 0.07 0.28 4.17 0.06
2 19 12.5 75 18 1.0 0.17 0.69 4.17 0.06
2 20 8.75 41.25 12 1.0 021 073 3.44 0.08
2 21 8.75 41.25 12 1.0 021 073 3.44 0.08
2 22 8.75 41.25 12 1.0 021 073 3.44 0.08
2 23 8.75 41.25 12 1.0 021 073 3.44 0.08
2 24 8.75 41.25 12 1.0 021 073 3.44 0.08
3 25 2.25 41.25 12 1.0 0.05 018 3.44 0.08
3 26 15 41.25 12 1.0 036 125 3.44 0.08
3 27 8.75 7.5 12 1.0 117 0.73 0.63 0.08
3 28 8.75 98 12 1.0 0.09 0.73 8.17 0.08
3 29 8.75 41.25 6 1.0 021 146 6.88 0.17
3 30 8.75 41.25 22 1.0 021 040 1.88 0.05

“Tween-80, added to the original medium concentration (MRS broth).

'C/N = sucrose/asparagine relation (w/w).
‘C/P = sucrose/phosphate relation (w/w).

‘N /P = asparagine/phosphate relation (w/w).
‘T /P = Tween-80/phosphate relation (w/w).

Assays

The cell biomass concentration, expressed in milligrams of dry cell
weight (DCW) per liter of broth, was attained by the ODyy,,, in a 1.0-cm
optical pathway quartz cuvetin aspectrophotometer (Incibras MS UV / VIS).
The ODyy,, readings were calibrated against a standard dried cell concen-
tration curve of L. lactis, which was obtained by the gravimetry method of
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the biomass (mg/L) held on the surface of a 0.22-um membrane (Millipore,
SP, Brazil). The equation for the calibration curve (R? = 0.998) was as fol-
lows: DCW (mg/L) = 0.012 + 1.4 X (ODygm)-

The final sucrose (g/L) concentrations in the broth were obtained at
the end of the assays. The Somogyi-Nelson (20) method was used following
acid hydrolysis (5 mL of 1.3 N HClI for 15 min at 70°C) for the sucrose (total
reducing sugars) analysis, and titration with 0.1 N HCI previously stan-
dardized for the lactic acid titer. The calibration curve (R*=0.998), express-
ing sucrose in total reducing sugars, was as follows: sucrose (mg/L) =
431.97 x (ODsypm) — 9.08.

The activity of the expressed nisin was evaluated by the agar diffu-
sion method. Ten milliliters of the inoculated MRS plus 1.5% agar with a
24-h culture (ODg,, = 0.6) of L. sake were placed on a sterile plate, so that,
after solidifying, small wells (approx 3.0 mm in diameter) were cut (21).
Fifty-microliter samples from the fermented L. lactis broth, previously
adjusted to pH 6.5 with 0.1 N NaOH, were put into the wells, and the
plates were incubated at 30°C for 24 h. Measurement of the diameter of
the growth inhibition zone, correlated to a concentration of standard nisin,
allowed the nisin concentration in the sample (arbitrary units per millili-
ter: [AU/mL]) to be estimated by the calibration curve (R* = 0.98), in
which the diameter of the inhibition zone was related to the decimal loga-
rithm of AU/mL: Diameter (cm) = 1.01 + 0.24 x log;, AU/mL. To set up
a calibration curve, a solution of Nisaplin (Aplin & Barrett, Sigma, St.
Louis, MO) containing 25,000 ug of nisin/g (at activity of 10°IU/g) was
dissolved ina 0.02 N HCI (plus 0.75% [w/v] NaCl) solution serial decimal
dilutions with a final pH adjusted to 3.0 prior to steam sterilization (121°C
for 15 min), and then adjusted to pH 6.5 and applied to the wells; the
inhibition zone was measured after plate incubation (30°C for 24 h). Before
each experiment, a stock solution of 250 pug of nisin/mL (10*IU/mL) was
prepared as a reference standard.

For assays 9-24, interactions among the four nutrients (variables)
added to the complex MRS medium on the activity of nisin expressed
during L. lactis growth were calculated to establish the best combination of
nutrients to improve nisin production. The main effects of the variables,
interaction coefficients (95%), correlation matrix for estimated parameters,
respective confidence intervals, significance levels (p < 0.05), and regres-
sion variance analysis (analysis of variance) (22) were calculated through
the SGWIN program (Statgraphics Plus for Windows version 1.4; Statisti-
cal Graphics, 1995). The four nutrient variables (x) considered in regression
analysis were taken by nondimensionable values over the same (-1) to (+1)
range. The maximum (+1) and minimum (-1) codified concentrations for
each independent variable were as follows:

x, = sucrose (5.0-12.5 g/L); x, = asparagine (7.5-75 g/L); x; = potassium
phosphate (6.0-18.0 g/L); x, = Tween-80 (1.0-6.6 g/L).

The intermediate levels in code units were given by the following equation:
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Codified variable (x,) =

(nutrient + concentration) — (maximum + minimum concentration)/2

(maximum — minimum concentration) /2

Results and Discussion

Nisin is continuously detected from the early growth of L. lactis to the
stationary phase. All the genes needed for nisin synthesis are transcribed
several hours before nisin can be detected in growth medium (5,6,7,23).

The microbial growth of L. lactis and nisin production kinetics (Table 2)
were examined in the supplemented MRS broth, with sucrose, asparagine,
potassium phosphate, and Tween-80 (Table 1) in a batch fermentation pro-
cess at uncontrolled pH.

Regarding group 1, for 2 g/L of sucrose, the maximum titer of nisin
reached was about 200 AU/mL, independent of phosphate, asparagine,
and Tween-80 concentrations (Table 2). By increasing the concentration of
sucrose to 5 g/L, the maximum titer of nisin varied from 298 to 7770 AU /mL,
the lowest activity of nisin corresponding to minimum concentrations of
asparagine and phosphate. For concentrations 10 times greater in relation
to asparagine (from 1.5 to 15 g/L), keeping minimum concentrations of
phosphate and Tween-80, the nisin titer rose 16 times (4.8 x 10° AU/mL,
assay 4), showing asparagine as a limiting factor in the consumption of
sucrose. For the maximum concentrations of all components added to the
complex MRS medium, the maximum nisin titer reached 7.8 x 10° AU /mL
(assay 8), raising nisin productivity from 33.40 to 53.96 mg/(L-h).

Amiali etal. (18) have obtained similar production of nisin Z (1.6 x 10*
to 2.5 x 10* IU/mL) has been obtained by, using yeast extract/ Tween-80-
supplemented whey permeates as a complex medium, with aeration con-
trol of the process.

A multiple linear regression was applied to the data related to the
decimallogarithm of the nisin activity (dependent variable) obtained at the
end of L. lactis growth periods set for assays 9-24. The regression analysis
attained a quadratic polynomial model (for the independent variables x;=
sucrose, X, = asparagine, x; = potassium phosphate, and x, = Tween-80):

log,, AU/mL =1.99 - 0.21x, + 1.80x; — 1.41x, + 0.23x,x, + 0.36x,x; + 1.47x;x,

Main equation is shown in Table 3.

The analysis of the statistical coefficients (annex 1), at the significance
level of p < 0.05, provided statistical significance to the polynomial models
and consistency to the estimated regression coefficients. Therefore, its
geometric interpretations, such as surface response graph (Fig. 1), for the
first-order equations are reliable, showing the tendency caused by the
independent variables. The influences of x,, x,, x;, and x, were nonlinear in
the decimal logarithm of nisin activity expressed in arbitrary units per
milliliter (log,, AU/mL). The individual contributions of phosphate (x;)

Applied Biochemistry and Biotechnology Vols. 98-100, 2002
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784 Penna and Moraes

LOG AU/mL=2.01 +2.16 x3 - 1.41 x4 +1.47 x3 * x4

Fig. 1. Surface response representing effects of phosphate (x,) and Tween-80 (x,) on
nisin production, keeping sucrose (x, = +1) and asparagine (x, = +1) at maximum
levels, for fitted model log, AU/mL =2.01 + 2.16x, - 1.41x, + 1.47x x,.

positively and Tween-80 (x,) negatively were similar in modulus,
and were, respectively, 8.5 and 6.7 times greater than the negative
individual influence of asparagine (x,) in log,, AU/mL. The positive
association of phosphate and Tween-80 (1.47x,x,) corresponded to
6.4 and 4.0 times, respectively, to the positive interactions between
sucrose/asparagine (0.23x,x,) and sucrose/phosphate (0.36x,x;). The
individual negative influence of Tween-80 (x,) may be neutralized by
the positive contribution of the phosphate (x;), by keeping x, =-1 and
x; = +1. The negative influence of asparagine (x,) can also be neutral-
ized by keeping x, = +1 and x;, = +1, in the interaction of sucrose/
asparagine (0.23x,x,). Furthermore, the nisin activity would depend
on the sucrose level and on the strong interaction between phosphate
and Tween-80. It was verified that the interactions between phos-
phate and Tween-80, sucrose and asparagine, and sucrose and phos-
phate contributed to the improvement in nisin activity, represented
by the surface response in Fig. 1.

The best interval of proportions between nutrients (C = sucrose, N =
asparagine, P = phosphate, T = Tween-80), which led to an improvement in
the nisin production, was also verified (Table 1). These proportions were
statistically evaluated by the polynomial model applied to the cases estab-
lished (Table 3). In the condition of sucrose and asparagine kept at maxi-
mum levels (x; = +1 and x, = +1), case 1, nisin activity was expressed by the
titted model, equation 1:

10g,, AU/mL = 2.01 + 2.16x, — 1.41x, + 1.47x,x,. (1)

Applied Biochemistry and Biotechnology Vols. 98-100, 2002
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For phosphate maintained at maximum level (x; = +1), independent of
Tween-80 being at maximum (x, = +1) or minimum (x, = -1) level, the
production of nisin reached its best activity between 4.10log,, AU/mL and
4.231og;, AU/mL. For these conditions, the proportions between the nutri-
ents were: C/N =0.17,C/P =0.69,and N/P =4.17, which were adopted as
optimum for maximum specific nisin productivity (calculated for 2.5 mg of
pure nisin preparation with a specific activity of 1.0 x 10° AU /mL) of about
6.0mg/mg of DCW. Assays 9, 11 and 19 confirmed this with nisin titers, of
(log,yAU/mL)4.22,4.18,and 4.27 (Table 2), respectively, although theratio
for T/P decreased from 0.37 to 0.06 (Table 1). For the minimum concentra-
tions of phosphate and Tween-80, the ratios of C/P (2.08) and N/P (12.50)
increased three timesinrelation to those adopted as optimum. This condition
indicated phosphate as a limiting factor, reducing nisin activity around two
log cycles (2.73 log,, AU/mL, Table 3, case 1), which is shown in assay 15,
with nisin activity at 2.60 log,, AU/mL (Table 2). By maintaining phosphate
(x; =-1) at the minimum concentration but Tween-80 at maximum concen-
tration, the presence of nisin was kept at the basal concentration during the
biomass growth, as occurred inassay 10 with a detection of 1.60log;, AU /mL
(Table 2), when the ratio T/P = 0.35 was twice that (T /P = 0.17) obtained for
assay 15 (Table 1). Even the relationships between the other nutrients were
the same for both assays 10 and 15. Lower T/P ratios showed a tendency to
improve the nisin activity. Therefore, the original amount of Tween-80 pre-
sented in the MRS medium was sufficient to support a good nisin activity in
relation to the phosphate concentration range (6-18 g/L) added.

Forboth sucrose (x; =—1) and asparagine (x,=-1) keptat the minimum
levels, corresponding to case 2 (Table 3), the nisin activity fitted model (2)
as follows was:

log,y AU/mL =243 + 1.44x; - 1.41x, + 1.47x5x,. (2)

Equivalence was observed regarding nisin activity, by holding phosphate
at minimum or maximum concentrations. However, Tween-80 should be
keptatthe minimum concentration when phosphate is also maintained at
minimum concentration. In these situations, nisin activity ranged from
3.81 to 3.94 log,, AU/mL, confirmed in Table 2, for assays 12 (3.89 log;,
AU/mL)and 16 (3.68 log;, AU/mL). In this case, the ratio C/N = 0.67 was
constant and four times greater than that (C/N = 0.17) adopted as opti-
mum, C/P=0.28 was 2.5 times lower than the optimum ratio (C/P =0.69),
and N/P = 0.42 was 10 times lower than the one selected (N/P = 4.17),
indicating that phosphate was excessive in relation to the other nutrients.
The inhibition of nisin production will occur by keeping phosphate at the
minimum level and Tween-80 at the maximum level, confirming the
dependence of phosphate on Tween-80. For sucrose and asparagine held
at minimum concentrations, the maximum specific nisin productivity
decreased to about 0.80 mg/mg of DCW (assays 12 and 16, Table 2).

By establishing the concentrations of sucrose at x;, = +1 and asparagine
atx, =-1, case 3 (Table 3), nisin activity was estimated by the fitted model (3):
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log,, AU = 1.97 + 2.16x, - 1.41x, + 1.47x,x, 3)

For phosphate at x; = +1, independent of Tween-80 concentration (x, =
*1), the estimated nisin activity was equally maximum, ranging from 4.06
to 4.19 log,, AU/mL, with a detected average of 1.0 x 10* AU/mL in assay
17 (Table 2). The nutrient proportion C/P = 0.69 remained equal to that of
case 1, while C/N =1.67 was 10 times greater and N /P = 0.42 was 10 times
lower than the ratios of case 1, adopted as optimum. For the conditions
carried out, it was verified that the proportion C/P was the most important
and determinant relationship of nisin-secreting cells during biomass
growth. Moreover, sucrose, the carbon source, was proved to be indispens-
able for cell development, originating in lactic acid, which, in turn, is neu-
tralized by phosphate, maintaining the medium at a favorable pH interval
(5.0-6.0) for the development of biomass and consequent production of
nisin. By holding phosphate and Tween-80 at minimum levels, the esti-
mated nisin titer decreased to 2.69 log,, AU/mL, confirmed by assay 13
providing 2.89 log,, AU/mL, for proportions of C/P =2.08 and N/P =1.25;
phosphate was insufficient to neutralize the excess sucrose, which was out
of balance in relation to asparagine. For phosphate at x; = -1 and Tween-80
x, = +1, nisin activity will not be detected.

Maintaining sucrose at x, = -1 and asparagine at x, = +1, case 4 (Table 3),
the maximum activity of nisin was estimated by the fitted model (4):

log AU = 1.55 + 1.44x, — 1.41x, + 1.47x,x, (4)

Activity ranged from 2.93 to 3.05log,, AU /mL, for phosphate at maximum
concentration. The nutrient ratios were C/N = 0.067, 10 times below the
optimum proportion adopted (case 1); C/P varied from 0.28 to 0.83 and
N/P from 4.17 to 12.50, reinforcing excess asparagine in relation to sucrose
and phosphate. For Tween-80 at x, = +1, although the ratios were main-
tained, nisin decreased from 2.92 log,, AU/mL (x,= +1) to a nondetectable
ratio. Assays 14 and 18 (Table 2) represented this deficiency in sucrose,
attaining 2.85and 2.93log,, AU/mL, respectively, and dropping maximum
specific nisin productivity to about 0.03 mg/mg of DCW.

Analysis of these cases (Table 3) showed that the proportions between
nutrients, which favorably contributed to the attainment of better values
of nisin, averaged 4.0 log,y AU/mL and were (1) C/N =0.17, C/P =0.69,
N/P=0.42;and (2)C/N=1.7,C/P=0.69,N/P=4.7. The C/P was constant
and there was a 10-fold variation between the other ratios. For these con-
ditions, high specific productivity over 22 AU/mg of DCW corresponding
to an average of 6.0 mg of nisin/mg of DCW, reinforced assays 09, 11, and
19 (Table 2). For proportions of nutrients in the interval between the opti-
mum values adopted, which were 0.17 < C/N < 1.7 and 0.42 <N/P < 4.16,
maintaining a narrower range of 0.69 < C/P < 0.83, the nisin titer ranged
from 2.6 to 3.9 log,, AU/mL for half the productivity of 3.0 mg of nisin/mg
of DCW, as shown in assays 25-30. The results showed the importance of
the addition of nutrients to the medium and in proportions, that led to
setting the best batch fermentation conditions at uncontrolled pH.
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Nisin production clearly parallels that of biomass, thus showing pri-
mary metabolite kinetics (7,14). For sucrose and asparagine at maximum
concentrations (Table 1), assays 4, 9, 11, and 19, nisin activity was already
detectable after 12 h of growth (AU/mL: 4.81, 1.98,7.77, and 6.41, respec-
tively), increasing about 2 log;,AU after 24 h growth (AU/mL: 2.98 x 10,
3.61x10%7.06x10%1.14x10% respectively). At the end of the exponential
phase at maximum specific rates of 0.054, 0.016 (36 h of growth, assays 4
and 9), and 0.018 h™* (48 h of growth, assays 11 and 19), the highest titers
(AU/mL) of 4.81 x 103, 1.67 x 104, 1.52 x 10%, 1.84 x 10* were attained,
respectively, equivalent to a biomass (mg of DCW/L) of 684.3, 647.9,
670.7, 648.0, respectively, although the arbitrary nisin productivity was
133.6 AU/(L-h) for assay 4 and three times greater for assays 9 (464.48 AU/
[L-h]), 11 (422.46 AU/[L-h]), and 19 (383.86 AU/[L-h]) (Table 2).

The maximum specific nisin productivity (calculated for 2.5 mg of
pure nisin preparation with a specific activity of 1.0 x 10° AU/mL) attained
approx 1.76, 6.46, 5.67, and 5.87 mg of nisin/mg of DCW, respectively, for
assays 4, 9, 11 and 19, while the conversion of sucrose in lactic acid was
higher for assay 4 (Y, = 37.10%), decreasing to 21.23, 22.89, and 14.83%
without interfering with the pH of the medium (Table 2), indicating that
sucrose was in excess even though at a concentration of 5 g/L. The lower
consumption of sucrose, with optimum nisin expression, was ensured by
the ratio of C/N of 0.17 (Table 1). Therefore, the estimated concentration of
asparagine of 29 g/L corresponding to 5 g/L of sucrose (assay 4) would
attain an average titer of 4.0 log,, AU/mL. Furthermore, the relation of
nutrients satisfied every condition established, indicating that sucrose at
5 g/L and asparagine at 29 g/L would be correlated to sucrose at 12.5 g/L
and asparagine at 75 g/L, for C/N = 0.17. Thus, the relations of nutrients
adopted (C/N =0.17, C/P =0.69, N/P = 4.17) as reference led to the opti-
mum specific nisin productivity of 6.56, 5.67, and 5.87 (mg of nisin/mg of
DCW) for assays 9,11, and 19.

There is strong evidence of positive correlation between maximum
specific nisin production and biomass formation by L. lactis, which depends
on the balance of the nutrients present in the growth medium.

Nomenclature

Parameters

AU/L = arbitrary units of nisin per liter of broth.
AU/mg of DWC = specific nisin titer.
AU/mL = arbitrary units of nisin per milliliter of broth.

mg of DCW/L = milligrams of dried cell weight per liter of broth.

mg of nisin/L = 25 mg of nisin equivalent to 10° AU of nisin/g of
Nisaplin (Sigma). The AU/mL obtained was con-
verted to milligram of nisin per liter of cultured broth
as a result of this equivalence.

mg of nisin/L = pure nisin estimated for total growth period.
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mg of nisin/(L-h) = medium productivity of pure nisin for total
growth period.
mg of nisin/mg of DWC = maximum specific nisin activity.
Y,,, = conversion factor of sucrose in lactic acid.
uX = exponential growth rate (h™).

Annex 1

Main equation:
log,, AU/mL =1.99 —0.21x, + 1.80x; — 1.41x, + 0.23x,x, + 0.36x,x; + 1.47x,x,.

Independent variables:
X, = sucrose; x, = asparagine; x; = potassium phosphate; x, = Tween-80.

Statistical Coefficients

p < 0.05 significance level
n = 16 observations
p = 7 coefficients

R?= 0.96 multiple determination for (n -1) = 15 df

R*= 0936 (df=p-1=6)

SE = 0.18 standard error (df =p -1 =6)

Model Student’s £ 5,5 > (2.45
Model F,,, (37.74) > Fi i (095, p—1=6;n—p=9)=3.37

Acknowledgments

We thank biologist Irene A. Machoshvili and Dr. Maria Elena Santos
Taqueda for their personal assistance, and Dr. Rogério Meneghini for his
orientations. This study was made possible by financial support provided
by Brazilian Committees for the Scientific and Technology Research
(Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico and
Fundacdo de Amparo a Pesquisa do Estado de Sao Paulo).

References

1. Gross, E. and Morell, J. L. (1971), ]. Am. Chem. Soc. 93, 4634—-4635.

2. Immonen, T.(1999), Dissertationes Biocentri Viikki Universitatis Helsingiensis, Helsinki,
Finland.

3. Graeffe, T., Rintala, H., Paulin, L., and Saris, P. E. ]. (1991), Nisin and Novel Antibiotics,
ESCOM Science Publishers, Leiden, The Netherlands, pp. 260—268.

4. Mulders]. W., Boerrigter, L. ].; Rollema, H. S.; Siezen, R. J., and de Vos, W. M. (1991),
Eur. J. Biochem. 201, 581-584.

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

6. Buchman, G. W.; Banerjee, S., and Hansen, J. N. (1988), J. Biol. Chem. 263,

16,260-16,266.

De Vuyst, L and Vandamme, E. J. (1992), ]. Gen. Microbiol. 138, 571-578.

Stevens, K. A., Sheldon, B. W., Klapes, N. A., and Klaenhammer, T. R. (1991), . Food

Prot. 55, 7763-7766.

9. Morris, S. L., Walsh, R. C., and Hansen, J. N. (1984), ]. Biol. Chem. 259, 13,590-13,594.

SSEN

Applied Biochemistry and Biotechnology Vols. 98-100, 2002



L. lactis in Nisin Production 789

10.
11.
12.
13.
14.
15.
16.

17.
18.

19.
20.
21.
22.

23.

Delves-Broughton J., Blackburn, P., Evans, R. J., and Hugenholtz, J. (1996), Antonie
van Leeuwenhoek 69, 193-202.

De Ruyter, P. G. G. A,, Kuipers, O. P., Beerthuyzen, M. M., van Alen-Boerrigter, I.,
and de Vos, W. M. (1996), |. Bacteriol. 178, 3434—3439.

Elli, M., Zink, R., Reniero, R., and Morelli, L. (1999), Int. Dairy J. 9, 507-513.
Kim,W.S., Hall,R.].,and Dunn, N. W. (1997), Appl. Microbiol. Biotechnol. 48,449 —-453.
Sonomoto, K., Chinachoti, N., Endo, N., and Ishizaki, A. (2000), J. Mol. Catalysis B:
Enzymatic 10: 325-334.

Cocaign-Bousquet, M., Loubiere, P., Matos,]., Goma, G., and Lindley, N. (1997), .
Appl. Microbiol. 82, 95-100.

Shimizu, H.,Mizuguchi, T., Tanaka, E., and Shioya, S. (1999), Appl. Environ. Microbiol.
65,3134-3141.

Bower, C. K., McGuire, J., and Daeschel, M. A. (1995), J. Ind. Microbiol. 15, 227-233.
Amiali, M. N., Lacroix, C., and Simard, R. E. (1998), World ]. Microbiol. Biotechnol. 14,
887-894.

De Vuyst, L. (1995), |. Appl. Bacteriol. 78, 28-33.

Somogyi, M. (1952), ]. Biol. Chem. 195, 19-23

Rogers, A. M. and Montville, T. J. (1991), Food Biotechnol. 5, 161-168.

Box, G. P., Hunter, W. G., and Hunter, J. S. (1978), Statistics for Experimenters, John
Wiley, NY.

Runar Ra, S. (1998), Dissertationes Biocentri Viikki Universitatis Helsingiensis, Helsinki,
Finland.

Applied Biochemistry and Biotechnology Vols. 98-100, 2002



