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Growth and bacteriocin production by Enterococcus faecium
DPC1146 in batch and continuous culture
E Parente, C Brienza, A Ricciardi and G Addario

Dipartimento di Biologia, Difesa e Biotecnologie Agro-Forestali, Università della Basilicata, 85100 Potenza, Italy

Production of the bacteriocin enterocin 1146 (E1146) by Enterococcus faecium DPC1146 was studied in batch and
continuous fermentation. Growth was strongly inhibited by lactic acid. In batch fermentations maximum E1146
activity (2.8 MBU L −1) was obtained in 9 h with 20 g L −1 glucose. Increase in initial glucose concentration did not lead
to a proportional increase in E1146 activity. A simple linear model was found to be adequate to explain the relation-
ship between specific bacteriocin production rate and specific growth rate in batch fermentations with initial glucose
concentration higher than 20 g L −1. Maximum bacteriocin activity (2.9–3.2 MBU L −1) was obtained in continuous fer-
mentations at dilution rates between 0.12 and 0.17 h −1 and specific bacteriocin production rate increased linearly
with dilution rate.
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Introduction translational modification has also been pointed out for the
lantibiotics pediocin AcH [21,26] and lactocin S [11].Several strains of lactic acid bacteria produce proteins or Enterocin 1146 (E1146) is a bacteriocin produced byprotein complexes (bacteriocins) which inhibit spoilage and
Enterococcus faeciumDPC1146 which is active againstpathogenic microorganisms and are therefore potentially
Listeria monocytogenes[17]. In previous works we exam-useful as natural food preservatives [8,12]. To this end, theyined the influence of media components [16,19] and pHcan be produced eitherin situ by starter bacteria or in a [18] on E1146 production. E1146 production was growth-fermenter and added to the food. Bacteriocin production inassociated and strongly influenced by pH in batch fermen-batch and continuous culture has been studied by severaltations: a kinetic model was tentatively proposed and opti-authors. Bacteriocin production usually shows primarymal production of E1146 and pH 5.5 was explained by ametabolite kinetics [2,7,18,20,26], starting as soon as cellhigher bacteriocin yield per unit biomass (YE/X) and a lowergrowth begins and ceasing at or immediately before the endadsorption/degradation constant (k) [18]. The objective ofof cell growth. A decrease in bacteriocin activity may fol- this work was to evaluate the effect of growth rate onlow as a result of bacteriocin degradation by specific orenterocin 1146 production in batch and continuous culture.non-specific proteases [2,6] or adsorption to the producer

cells [18,20]. Any factor increasing cell growth increases
bacteriocin production. Therefore, higher bacteriocin pro-

Materials and methodsduction is obtained in rich media [16,26] and when pH is
controlled [2,7,26]. The latter has a strong influence notMicrobial strains and growth mediaonly on bacteriocin production but also on adsorption/

Enterococcus faeciumDPC1146 (the producer of enterocindegradation [10,18,20]. 1146) andListeria innocuaBL86/26 (the indicator strain)Although bacteriocin production is growth-associated,were kindly provided by Dr T Cogan, National Dairy Pro-the relationship between growth rate and bacteriocin pro-ducts Research Centre, Fermoy, Co Cork, Eire. Both strainsduction rate is not straightforward. In the production of were maintained as frozen (−40°C) stocks in 25% glycerol.bavaricin MN byLactobacillus bavaricusMN in batch and Working cultures were stored at 4°C and were obtained atcontinuous culture, pH has a more important role thanmonthly intervals from frozen stocks by growinggrowth rate [7]. In continuous culture [10], nisin production
E. faeciumDPC1146 in M17 broth+ 0.5% glucose at 37°Cis tightly regulated and influenced by cell-adhered nisin. Infor 16 h andL. innocuaBL86/26 in tryptone soya broth+batch fermentations, nisin production [2] was found to be0.6% yeast extract at 30°C for 16 h.affected by carbon source regulation. Moreover, while the The basal medium for bacteriocin production [19] hadpre-nisin gene was expressed throughout cell growth, latethe following composition (g L−1): peptone soya neutralisedincrease in nisin activity was attributed to the expression6; yeast extract 5; KH2PO4 1; Tween 80 (Sigma Chemicalof genes related to post-translational modification andCo, Chicago, IL, USA) 2; MgSO4·7H2O 0.25; MnSO4·H2Osecretion [2]. The importance of factors affecting post-0.05; pH 4.5. Five levels of glucose (S0 = 5, 10, 20, 25 and
30 g L−1) were tested in different fermentations. The
medium was sterilized at 121°C for 15 min and its pH was

Correspondence: Dr E Parente, Dipartimento di Biologia, Difesa e Biotec-adjusted to 5.5 with NaOH immediately before inoculation.nologie Agro-Forestali, Universita` della Basilicata, Via Anzio 10, Palazzo
For inoculum growth 10 g L−1 glucose were used, KH2PO4Auletta, 85100 Potenza, Italy
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(Sigma) and the pH was adjusted to 6.8 with HCl beforeStatistics

Linear and non-linear regressions were carried out usingsterilization.
All bacteriological media and ingredients were obtained Systat 5.2.1 for Macintosh [23]. Continuous lines on graphs

were obtained by linear smoothing or by Distancefrom Oxoid (Unipath, Basingstoke, UK). Unless otherwise
indicated, chemicals were obtained from BDH Ltd, Weighted Least Square Smoothing (DWLS) [24], as appli-

cable.Poole, UK.

ResultsFermentation procedures
A 2.5-L (working volume) stirred tank reactor (Applikon, Batch fermentations

Five batch fermentations were carried out to evaluate theSchiedam, Netherlands) equipped with two 6-bladed Rush-
ton turbines, and instrumentation for measurement and con- effect of initial glucose concentration (S0 = 5, 10, 20, 25 or

30 g L−1) on the kinetics of growth and enterocin 1146trol of temperature (37°C), pH (5.5, by addition of NaOH)
and agitation speed (200 rpm) was used in batch fermen- (E1146) production. Maximum biomass concentration

(2.4 g L−1) was obtained with S0 = 20 g L−1. At highertations. The fermenter was filled to 2.35 L with the pro-
duction medium and inoculated with 0.15 L of a 16-h cul- initial glucose concentrations growth was slower and

biomass concentrations at the end of fermentation wereture of E. faeciumDPC1146.
Continuous fermentation runs were carried out in a 1-L lower (1.9 and 1.7 g L−1 at S0 = 25 and 30 g L−1,

respectively). The typical time course of a fermentation at(working volume) stirred tank reactor (Applikon, Schie-
dam, Netherlands), equipped with instrumentation for the S0 = 20 g L−1 is shown in Figure 1. E1146 production

started at the beginning of cell growth, slowed down at 5 h,measurement and control of temperature (37°C), pH (5.5,
by addition of NaOH) and agitation (magnetic stirrer reached a maximum (2.8 MBU L−1) at the end of cell

growth. A sharp decrease in E1146 concentration followed.MR2002, Heidolph Elektro GmbH & Co, Kelheim, Ger-
many, 500 rpm). The basal medium with 20 g L−1 glucose E1146 production at 5–30 g L−1 glucose is compared in

Figure 2. At S0 = 5 and 10 g L−1, maximum E1146 titre was(which resulted in a measured glucose content of
21.67± 0.27 g L−1, because of the high carbohydrate con- obtained before the end of growth (not shown) and was

followed by a decrease in activity which was faster attent of peptone soya neutralized) was used for all fermen-
tations. The fermenter was inoculated with 5% (v/v) of a S0 = 5 g L−1. Bacteriocin production was slower but more

prolonged at S0 = 20 and 25 g L−1: maximum E114616-h culture and the fermentation was carried out batchwise
for 8 h before continuous feeding of the substrate was activity was reached at the end of growth and was followed

by a sharp decrease. Bacteriocin production was evenstarted. The volume was kept constant at 0.8 L using a peri-
staltic pump (model 502S, Watson Marlow, Falmouth, slower at S0 = 30 g L−1, and no decrease in bacteriocin

activity was observed.UK). Medium flow rate was measured several times during
each cycle: the coefficient of variation of the measurements The experimental data for cell dry weight, lactic acid and

substrate concentration were smoothed using a generalizedranged from 0.5 to 4.8% (average 1.4%). Sampling was
started after at least five culture volumes were passed logistic model [3]:
through the vessel. Thereafter, to ensure that the culture
had reached a steady state, the optical density of the culture Ci = K/[1 + exp(a0+a1·t+a2·t2+a3·t3+a4t4)] (1)
was measured at 600 nm by using a spectrophotometer
(DU65 Beckman Instruments, Fullerton, CA, USA) on five
samples taken from the medium outlet at 20-min intervals.
If the OD values of five subsequent samples were stable
and did not reveal any statistically significant trend, three
other samples were taken at 30-min intervals and used
for analyses.

Analytical methods
Culture samples (10 ml) were centrifuged (3150× g, 10
min) in preweighed centrifuge tubes. The pellet was washed
with distilled water, recentrifuged and dried at 105°C for
24 h for cell dry weight measurement. The supernatant was
filter-sterilized through HV membranes (0.45mm pore size,
Millipore, Bedford, MA, USA) and stored at−20°C until
needed. Glucose andl-lactic acid concentrations were mea-
sured using enzymatic test combination kits (Boehringer
Mannheim, Mannheim, Germany). E1146 activity was

Figure 1 Kinetics of growth of E. faeciumDPC1146 (s, X, cell drymeasured in triplicate using a photometric method [15] and
weight, g L−1), lactic acid production (g, P, g L−1), glucose consumptionexpressed as MBU L−1 (106 BU L−1; one Bacteriocin Unit (h, S, g L−1), and enterocin 1146 production (d, E, MBU L−1 = 106

is the amount of bacteriocin needed to obtain a 50% inhi-Bacteriocin Units L−1) in a medium containing 20 g glucose L−1 during
batch fermentation at 37°C and pH 5.5.bition of the indicator strain).
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1/m = 1/mmax + [1/(KPm·mmax)]·P (5)

A plot of 1/m versusP is shown in Figure 3. A strong
deviation from linearity is observed at lactic acid concen-
trations higher than 8 g L−1. Lower values ofm were asso-
ciated to higher concentrations of P and S (which are plot-
ted with different symbols in Figure 3). As suggested by
Cachon and Divie`s [1], estimates ofmmax (1.85 h−1) and
KPm (1.1 g L−1) can be obtained from Eqn 5 by taking only
the linear portion of Figure 3.

In batch culture, the relationship between specific growth
rate and specific lactic acid production rate can be described
by the Luedeking–Piret [9] type model:

p = YP/X·m + mP (6)

where YP/X and mP are constants related to growth-associa-
ted and non-growth associated lactic acid production. A lin-
ear relationship was found betweenm and p (not shown),
and the following estimates of the constants were obtained:
YP/X = 3.8+ 0.2 g g−1 and mP = 0.5± 0.1 h−1 (adj r2 = 0.91).

Figure 2 Kinetics of enterocin 1146 (E, MBU L−1 = 106 Bacteriocin
Equation 1 cannot be used to smooth the data for bacteri-Units L−1) production byE. faeciumDPC1146 during batch fermentation

ocin production which follow a non-monotonous kinetics.at 37°C and pH 5.5 in a medium containing 5 (s), 10 (g), 20 (h), 25
(d) or 30 (G) g L−1 glucose. A rough estimate of bacteriocin production rate (rE, MBU

L−1 h−1) at time t can be obtained as follows:
whereCi is cell dry weight (X), lactic acid (P) or glucose
(S) concentration, K is a constant which was arbitrarily set rE = (E2−E1)/(t2−t1) (7)
to 1.2 times the maximum value ofCi, ai are parameters
of the equation (estimated by non-linear regression) andt where t2 and t1 are the sampling times immediately before

and after timet andE2 andE1 are the corresponding bacteri-is the time in h. With this procedure the difference between
calculated and experimental data was on average 1.4%. Cell ocin concentrations. Maximum bacteriocin production rates

were 1.0, 1.1, 0.7, 0.7 and 0.5 MBU L−1 h−1 at S0 = 5, 10,growth rate (rx), lactic acid production rate (rp) and sub-
strate consumption rate (rs) were calculated by taking the 20, 25 and 30 g L−1 glucose, respectively. Average bacteri-

ocin production rates (calculated witht1 = 0 and t2 corre-first derivative of Eqn 1:

−dCi/dt = −Ci·(1−Ci/K)·(a1+2a2·t+3a3·t2+4a4·t3) (2)

Specific rates (specific growth rate,m; specific lactic acid
production rate,p ; specific glucose consumption rate,n)
were estimated by dividing the rates obtained from Eqn 2
by the smoothed values of the cell dry weight calculated
with Eqn 1.

The estimated values form were strongly affected by
lactic acid concentration. Inhibition of growth of lactic acid
bacteria by lactic acid has been described as non-competi-
tive by several authors [1,13,22]. Therefore, the relation-
ship between specific growth rate and instantaneous glu-
cose (S) and lactic acid (P) concentration can be described
by the following equation:

m = mmax·[S/(KSm+S)]·[KPm/(KPm+P)] (3)

wheremmax is the maximum specific growth rate, KSm is the
substrate saturation constant and KPm the non-competitive
inhibition constant. In batch culture, where S is much
higher than KSm (values of KSm close to 0.2 g L−1 have been
calculated for enterococci [13,14]), Eqn 3 simplifies to:

Figure 3 Relationship between lactic acid concentration (P) and the
reciprocal of specific growth rate (1/m) during batch fermentation at 37°Cm = mmax·[KPm/(KPm+P)] (4) and pH 5.5. Different plot symbols were used for different instantaneous
glucose concentrations (S, g L−1): S # 5 (s), 5 , S # 7.5 (g),
7.5, S # 10 (h), 10, S # 12.5 (d), 12.5, S # 15 (G), S. 15 (j).which can be rearranged as follows:
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sponding to the time at whichE was maximum) were 0.6, Eqn 9;YE/X = 2.0± 0.2, k= 0.18± 0.07, r.m.s.= 0.100,

adjustedr2 = 0.86 for Eqn 10). In both instances, similar0.6, 0.4, 0.2 and 0.2 MBU L−1 h−1 at S0 = 5, 10, 20, 25 and
30 g L−1 glucose, respectively. estimates forYE/X are obtained. Moreover, since Eqn 9 does

not provide a significantly better fit, the simpler modelSpecific bacteriocin production rates (e, MBU g−1 h−1)
were obtained by dividingrE by the smoothed values ofX described by Eqn 10 should be preferred.
calculated using Eqn 1. A plot ofe as a function ofm is
shown in Figure 4. The plot markedly deviated from lin- Continuous fermentations

Steady state biomass, glucose, lactic acid and enterocinearity for fermentations with S0 = 5 and 10 g L−1 glucose.
In previous works [18,20] we proposed the following model 1146 concentrations as a function of dilution rate during

continuous fermentation are shown in Figure 5. Biomassto explain the relationship between bacteriocin production
rate (rE) and cell growth rate (rX): concentration fell from 1.45± 0.1 to 0.9± 0.03 (mean±

standard error) as D increased from 0.10 to 0.60 h−1.
Residual glucose concentration was never lower thanrE = YE/X·r

X
− k·X·E (8)

1.9 g L−1 and a maximum lactic acid concentration of
18.2 g L−1 was obtained at the lowest dilution rate. Thewhere X (g L−1) and E (MBU L−1) are concentrations of
highest bacteriocin titre (3.2± 0.07 MBU L−1) wasbiomass and E1146, respectively,YE/X the bacteriocin yield
observed at D= 0.14 h−1.per unit biomass (MBU g−1) and k (g−1 h−1) an

In continuous fermentations specific lactic acid pro-adsorption/degradation constant. By dividing both members
duction rate (p, h−1), specific glucose consumption rate (n,of Eqn 8 byX, the following relationship is obtained:
h−1) and specific E1146 production rate (e, MBU g−1 h−1)
were calculated as follows:e = YE/X·m − k·E (9)

p = P·D/X (11)If bacteriocin adsorption/degradation is assumed to be a
function of cell concentration only, Eqn 9 becomes: n = (SF − S)·D/X (12)

e = E·D/X (13)e = YE/X·m − k (10)

where D is the dilution rate (h−1), and P, X, S (g L−1), EA poor fit was obtained when the parameters of either
(MBU L−1) are the steady state concentrations of lacticEqn 9 or Eqn 10 were estimated by linear regression using
acid, biomass, glucose and E1146, respectively, while SFestimated values ofm and e and experimental values of
is the glucose concentration in the feed medium.E (YE/X = 1.9± 0.2, k= 0.17± 0.07, residual mean square,

The relationships betweenp, n, e and D (=m) are shownr.m.s.= 0.395, adj r2 = 0.76 for Eqn 9;YE/X = 2.1± 0.2,
in Figure 6. The data were not sufficient to obtain accuratek = 0.32± 0.11, r.m.s.= 0.337, adjr2 = 0.72 for Eqn 10).
estimates of the constants of Eqns 4–6. However, by usingHowever, if only cases withe . 0 were taken into account,
the value ofmmax estimated for batch fermentations, a valuea significantly better fit was obtained (YE/X = 1.9± 0.1,
of KPm = 1.4± 0.15 was estimated by non-linear regressionk = 0.09± 0.04, r.m.s.= 0.118, adjusted r2 = 0.90 for
using Eqn 4. Estimates of YP/X (4.1± 0.5) and mP

Figure 5 Steady state values of biomass (s, as cell dry weight, X, g
L−1), lactic acid (g, P, g L−1), glucose (g, S, g L−1) and enterocin 1146Figure 4 Relationship between specific enterocin 1146 production rate

(e) and specific growth ratem during batch fermentation at 37°C and (d, E, MBU L−1 = 106 Bacteriocin Units L−1) as a function of dilution
rate (D, h−1) during continuous fermentation at 37°C and pH 5.5 withpH 5.5 in a medium containing 5 (s), 10 (g), 20 (h), 25 (d) or 30 (G)

g L−1 glucose. E. faeciumDPC1146.
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term in prolonged fermentations. Equation 10 allowed the
estimation of bacteriocin yield (YE/X) and adsorption/ degra-
dation constant (k) and provided a reasonable fit of experi-
mental data at specific bacteriocin production ratese . 0.
Assuming that the estimates of the parameters are correct,
e should become negative whenm becomes lower than
0.09 h−1: although this is in good agreement with the results
of fermentations at S0 $ 20 g L−1, it does not explain the
early decrease in bacteriocin activity which occurred in fer-
mentations at S0 = 5 or 10 g L−1 when m was still larger
than 0.35 h−1. In conclusion, Eqn 10 is not completely
adequate to explain the results obtained in batch fermen-
tations. Although difficulties in estimating the parameters
of the model may be due to the procedure used to calculate
the specific bacteriocin production rate, other factors in
addition to those included in the model may be important
in influencing bacteriocin production rate. Studies on the
effect of initial carbohydrate concentration on bacteriocin
production in batch fermentations are rare. In a study of
nisin production in batch fermentation [2], a pattern similar
to that observed in this work was found: highest nisin titreFigure 6 Specific lactic acid production rate (g, p, h−1), specific glucose
occurred at 40 g L−1 sucrose, while nisin yield decreased asconsumption rate (h, n, h−1) and specific enterocin 1146 production rate

(d, e, MBU g−1 h−1) as a function of dilution rate (D= m, h−1) during initial substrate concentration increased. This led the
continuous fermentation at 37°C and pH 5.5 withE. faeciumDPC1146. authors to postulate carbon-source regulation for nisin pro-

duction.
In continuous fermentations, the quantitative study of the(0.57± 0.16) which were not significantly different from

those calculated from batch fermentations were obtained by relationship between growth and bacteriocin is simplified
because bacteriocin production rate can be calculated in ausing Eqn 6. A linear relationship was found betweene and

m, as predicted by Eqn 10. However, although the estimated more direct way. Maximum E1146 activity was obtained
at dilution rates between 0.12 and 0.17 h−1. In this intervalvalue of YE/X (1.9± 0.2) was not significantly different

from that obtained from batch fermentations, the E1146 activity was slightly higher than that obtained in
batch fermentation. When the parameters of Eqn 10 wereadsorption/degradation constant k was not significantly dif-

ferent from 0. estimated from the data from continuous fermentations, a
value ofYE/X which was not significantly different from that
obtained in batch fermentations was obtained. Although theDiscussion value of the adsorption/degradation constant k was not sig-
nificantly different from 0, the experimental data foreGrowth and bacteriocin production were studied in batch

fermentations with initial glucose concentrations between tended to 0 asm decreased toward 0.05 h−1.
It is difficult to compare our data with those on other5 and 30 g L−1. Maximum cell dry weight and bacteriocin

activity were obtained with S0 = 20 g L−1. Growth appeared bacteriocins or lantibiotics produced by lactic acid bacteria.
Higher bacteriocin activities in continuous fermentationto be inhibited by lactic acid and possibly by glucose. Non-

competitive inhibition of growth by lactic acid has been compared to batch fermentation were obtained for bavaricin
MN [7] and for nisin [25]. During continuous fermentationreported by several authors [1,13,22] and concomitant sub-

strate and product inhibition kinetics has been reported for of APT broth [7], bavaricin MN activity remained constant
when D was varied between 0.058 and 0.205 h−1. Even ifLactobacillus delbrueckii [4]. However, E. faecium

DPC1146 appears to be extremely sensitive to inhibition a semiquantitative method was used for bacteriocin activity
and biomass was measured as CFU ml−1, when specific bac-by lactic acid (the estimated KPm was 1.1 g L−1, while

values quoted for lactococci [1,22] or enterococci [13,14] teriocin production rate is calculated, it increases from
0.06× 10−6 to 0.5× 10−6 AU CFU−1 h−1 asm increases fromare higher than 9 g L−1), and possibly to substrate inhi-

bition. 0.058 to 0.205 h−1 with a linear pattern, as observed from
E1146.In batch fermentations with glucose (5–25 g L−1) bacteri-

ocin titres reached a peak at or before the end of growth On the other hand, in continuous nisin production under
non-limiting lactose concentration [10], a strongly non-lin-and then decreased. At higher glucose concentrations

(30 g L−1) no decrease in bacteriocin titre was observed, but ear relationship was found between specific nisin pro-
duction rate and dilution rate, with a peak in both nisinthis may be due to the relatively short time used for incu-

bation, which was stopped at the end of growth. Maximum activity and specific production rate between D= 0.2 h−1

and D= 0.3 h−1 (the highest tested D was 0.4 h−1). Theand average bacteriocin production rates decreased as initial
glucose concentration increased. The lack of pro- authors explained their results on the basis of both carbon

source regulation and effect of growth rate, indicating thatportionality between maximum bacteriocin titre and initial
glucose concentration is in agreement with the predictions maximum specific production rate was obtained with a spe-

cific lactose consumption rate of 3.3 h−1. The occurrenceof Eqn 10, because of the increasing weight of the negative
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