Lait 82 (2002) 281–288
© INRA, EDP Sciences, 2002
DOI: 10.1051/lait:2002010

281

Original article

Characterisation of lactic starters based
on acidification and reduction activities
Rémy CACHON*a, Sophie JEANSONb, Mazen ALDARFa, Charles DIVIESa

a Laboratoire

de microbiologie, UMR INRA, ENSBANA, Université de Bourgogne,
1 esplanade Erasme, 21000 Dijon, France
b Technologie et analyses laitières, INRA, BP 89, 39801 Poligny Cedex, France
(Received 26 March 2001; accepted 6 September 2001)

Abstract – The acidification and reduction activities of lactic starters have been followed by continuous measurement of the pH and the Eh during the course of milk fermentation. These measurements
allowed the calculation of the maximum acidification and reduction rates, and the time, pH and Eh at
which these values occurred. Nine strains of Lactococcus sp., 6 strains of Streptococcus thermophilus
and 5 strains of Lactobacillus helveticus were studied. In general, the maximum reduction rate of the
lactococci was six-fold higher than those of the streptococci and lactobacilli. On the other hand, the
streptococci and the lactobacilli acidified with a higher maximum acidifying rate than those of
lactococci. Consequently, it was observed that all the cultures with lactococci reached their final Eh
before the end of the lactic acid fermentation, while acidifications with the streptococci or the
lactobacilli finished before the end of the reduction phase. A principal components analysis clearly
differentiates the three species on the basis of their aptitudes for acidification and reduction. This new
approach might be used to select adequate starters for the manufacture of fermented dairy products.
Acidification / reduction / Lactococcus / Streptococcus thermophilus / Lactobacillus helveticus
Résumé – Caractérisation de levains lactiques sur la base de leurs activités acidifiantes et réductrices. Le suivi de l’acidification et de la réduction du lait par des levains lactiques a été réalisé par
l’enregistrement en continu du pH et du Eh. Les valeurs mesurées ont permis de calculer les vitesses
maximales d’acidification et de réduction, et le temps, le pH et le Eh auxquels ces maxima sont obtenus. L’étude a porté sur 9 souches de Lactococcus sp., 6 souches de Streptococcus thermophilus, et
5 souches de Lactobacillus helveticus. D’une manière générale, la vitesse maximale de réduction des
lactocoques était six fois plus grande que celle des streptocoques et des lactobacilles. Par contre, les
streptocoques et lactobacilles acidifiaient avec une vitesse maximale supérieure à celle des lactocoques. En conséquence, toutes les cultures avec les lactocoques atteignaient leur Eh final avant la fin de
la fermentation lactique, alors que l’acidification avec les streptocoques et les lactobacilles se
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terminait avant la fin de la phase de réduction. L’analyse en composante principale différencie clairement les 3 espèces sur la base de leurs aptitudes acidifiantes et réductrices. Ces nouveaux paramètres
pourraient être associés à ceux classiquement utilisés pour sélectionner les levains les plus adéquats
pour la fabrication de produits laitiers fermentés.
Acidification / réduction / Lactococcus / Streptococcus thermophilus / Lactobacillus helveticus

1. INTRODUCTION
The activity of lactic starters is of great
importance in the processes used for the
manufacture of fermented dairy products.
These micro-organisms interact with their
physico-chemical environment and alter its
characteristics in a very complex manner.
The oxido-reduction potential (Eh), as pH
or temperature, is an important parameter
of the physico-chemical environment. It
contributes to the microbial quality of fermented dairy products [4–6, 9, 14], and creates the conditions necessary for a balanced
flavour development [17, 18, 20]. It may
control redox reactions but also protects
flavour compounds from oxidation.
Kristoffersen et al. [17] related Eh changes
in cheese to active sulfhydryl groups, indicating a chemical relationship with flavour
changes. Sulphur containing compounds
may be produced by lactic acid bacteria
[10] and they participate in the creation of
the aroma in cheese [21]. Urbach [27] reviewed the contribution of both -SH groups
and Eh to the flavour of dairy products. The
author assumed that the low Eh value in
good quality cheeses is an indicator of anaerobic conditions required for the flavour
forming reactions.
The lactic starters are able to decrease
the Eh during milk fermentation [12, 16,
25], but while the kinetics of acidification
have been well studied, the kinetics of reduction have not yet been characterised.
There are several methods available, such
as pH or impedance measurements, to
study the kinetics of acidification by lactic
starters [3, 7, 8, 19, 22, 26]. The method of
Spinnler and Corrieu [26] involves the calculation of characteristic kinetic parame-

ters from the measurement of pH decrease
[1, 2, 11, 23, 28]. Picque et al. [23] observed
that among all the parameters that can be
calculated, the best parameters were the
maximum acidification rate (Vm), and the
time (Tm) and pH (pHm) at which Vm occurred.
In this study this method was adapted to
characterise both the acidification and the
reduction capacity of thermophilic lactic
starters (Lactobacillus helveticus and Streptococcus thermophilus) and mesophilic lactic starters (Lactococcus lactis ssp. lactis,
Lactococcus lactis ssp. lactis bv. diacetylactis
and Lactococcus lactis ssp. cremoris).
2. MATERIALS AND METHODS
2.1. Bacterial strains
Lactobacillus helveticus L116, L122,
L124, L72, L99, L54, Streptococcus
thermophilus S3, S18, S79, S107, S119,
Lactococcus lactis ssp. lactis SRTA2001,
SRTA2004 and SRTA2056 were isolated
during Comté cheese manufacture.
Lactococcus lactis ssp. lactis SL01, SL03,
SL04, Lactococcus lactis ssp. lactis bv.
diacetylactis SD17, SD18 and Lactococcus
lactis ssp. cremoris SC09 were obtained from
the ARILAIT collection. A stock cell suspension of each strain was kept frozen at –80 oC.
2.2. Media and culture conditions
Cells of the stock suspension were inoculated in 10 mL MRS lactose medium for
lactobacilli and lactococci, and in 10 mL
M17 lactose medium for streptococci. The
cultures were incubated overnight, and
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used to inoculate 100 mL of their respective
medium. The flasks were incubated in
static conditions, and the optical density at
575 nm was followed (Novaspec 4049,
LKB, Cambridge, UK). At an optical density of 1 unit, 1.4 mL of the culture was
used to inoculate 275 mL of milk. Sterile
skim milk (Candia, Lyon, France) was used
in order to avoid medium modifications
during the time of the study. The cultures
were conducted in triplicate in Erlenmeyer
flasks. The temperatures for pre-cultures
and cultures were 42 oC for lactobacilli and
streptococci, and 26 oC for lactococci.
2.3. Data acquisition and treatment
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tion rate (dpH/dt, pH unit/h) and the reduction rate (dEh/dt, mV/h). They allowed
determination of the maximum acidification rate (Vam, pH unit/h) and the maximum reduction rate (Vrm, mV/h), the time
at which these maximum rates occurred,
respectively Tam (h) and Trm (h), and the
pH and Eh at which these maximum rates
occurred, respectively pHam (pH unit),
Eham (mV) and pHrm (pH unit), Ehrm (mV).
The Eh values were dependent on pH according to the following equations:
Eh = Eo +

RT [ox][H+ ]m
ln
nI
[red]

Eh = Eo +

2.303RT
[ ox ] 2.303mRT
log
−
pH
nI
[ red ]
nI

A multi-channel pH-meter/redox-meter
Consort P507 (Bioblock Scientific, Ilkirsh,
France) was used to follow simultaneously
the pH and the measured oxido-reduction
potential (Em, mV) values of the milk.
Combined pH electrodes (Inlab 407,
Metler-Toledo SARL, Paris, France) and
redox electrodes (PT4805-DKK-S8/120,
Mettler-Toledo SARL, Paris, France) were
connected to the Consort P507. pH electrodes were standardised using two buffers
(pH 4.0 and pH 7.0) and cleaned, after each
run, using a pepsin/HCL solution (Poly
Labo, Paris, France). The redox electrodes
were polished with a fine alumina powder
(Aluminium oxyde, Prolabo, Lyon, France)
to restore the platinum surface [13]. In order to avoid interference caused by atmospheric oxygen on the redox measurement,
the cultures were carried out under static
conditions. It had previously been verified
that this method did not change the acidification profiles. Software, run on a PC, automatically registered the pH and the oxidoreduction potential (Em), and converted the
Em into Eh values, according to the standard electrode value (Er) at the temperature
of fermentation (Eh = Em + Er).

Eo is the standard redox potential (V), R is
the gas constant (8.31 J.K–1.mol–1), T is the
temperature (K), I is the Faraday constant
(96 485 C.mol–1), n and m are respectively
the number of electrons and protons involved in the redox reaction. If the reactants
are ionised, the dissociated protons must
also be taken into account in the Eh calculation. For a simple redox system, these
mathematical relations allow calculation of
the pH dependence of Eh. For milk medium, there are unknown redox systems,
therefore the relation between Eh and pH
must be experimentally determined [13]. For
the sterilised skim milk used in this study, we
measured an Eh variation of 38 mV/pH units
at 26 oC and 40 mV/pH units at 42 oC.
These coefficients allowed the calculation of
the Eh7 value, a redox potential which is corrected for pH:

The pH and Eh values of three different
experiments for each strain were mathematically treated to calculate the acidifica-

at 26 oC: Eh7 = Eh – 38 (7 – pH)
at 42 oC: Eh7 = Eh – 40 (7 – pH)

at 26 oC:

Eh ( mV) = Eo +

at 42 oC:

Eh ( mV) = Eo +

59
[ox] 59m
log
−
pH
n
[red]
n
62
[ox] 62 m
log
−
pH
n
[red]
n
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The measurement of dissolved oxygen
concentration during the course of milk
fermentation used oxygen sensors
(InPro6100/120/T/N, Metler-Toledo SARL,
Paris, France), and a BIOSTAT® Q multiple
fermentor unit (B. Braun Biotech International, Melsungen, Deutschland).
The values of Vam, Vrm, Tam, Trm, pHam
and pHrm were analysed using a Principal
Components Analysis (PCA). This statistical multivariate procedure and the variance
analysis were performed using the SAS
software [24].
3. RESULTS AND DISCUSSION
The evolution throughout time of pH,
Eh, Eh7, the acidification rate and the reduction rate are presented in Figure 1 for
lactococci, as an example. The initial pH
and Eh values were respectively 6.52 ± 0.07
and 233 ± 30 mV (n = 50), and the fermen-

tations were stopped at the end of the acidification step. The starter activity was observed 2–3 h after the milk was inoculated.
3.1. Acidification activity
Within each species the parameters Vam,
Tam, and pHam for protease positive strains
(prt+) showed a lower standard deviation
(Tab. I) than those calculated previously
[23]. The ratio between the maximum and
the minimum value of kinetic parameters,
within each species, ranged from 1.3 to 1.4
for Vam and from 1.4 to 1.6 for Tam, whereas
a ratio ranging from 2.2 to 3.9 for Vam and
from 1.4 to 4.2 for Tam, was obtained previously [23]. These differences may be explained by strain diversity within the same
species, and because a majority of strains in
the present study are adapted to the same
dairy process (the manufacture of Comté
cheese). In addition, for mesophilic bacteria previous results [23] summarised the

Figure 1. Typical curves
of pH (a), acidification
rate (b), Eh (c), Eh7 (c,
dashed lines), and reduction rates (d) of Lactococcus
sp. prt+ (T = 26 oC) in
sterilised skim milk.

Table I. Mean values of the kinetic parameters calculated from acidification and reduction rates of Lactococcus sp. prt+ (n = 9, T = 26 oC), Lactococcus sp.
prt– (n = 8, T = 26 oC), Streptococcus thermophilus (n = 5, T = 42 oC) and Lactobacillus helveticus (n = 6, T = 42 oC) in sterilised skim milk.
Vam
(pH unit/h)

Tam
(h)

pHam

Eham
(mV)

Vrm
(mH/h)

Trm
(h)

pHrm

Ehrm
(mV)

Lactococcus sp. (Prt+) (SD)
(grouping with n = 9)

4.43a (0.16) –0.38a (0.04) 7.8a (0.76) 5.27a (0.08) –144a (6) –316a (20) 3.04a (0.27) 6.42a (0.12) 0a (20)

Lactococcus sp. (Prt–) (SD)
(grouping with n = 8)

5.43b (0.08) –0.18b (0.03) 5.85b (0.72) 6.09b (0.17) –95a (62) –292a (105) 3.54a (0.80) 6.36a (0.13) 51a (67)

Streptococcus thermophilus (SD) 4.66c (0.10) –0.55c (0.06) 3.3c (0.4)
(grouping with n = 6)
Lactobacillus helveticus (SD)
(grouping with n = 5)
a, b, c

6.16b (0.05) 155b (15) –46b (5)

3.42d (0.09) –0.53c (0.04) 9.17d (1.03) 4.37c (0.1) 152b (4.6) –62b (3)

4.18a (1.26) 5.78b (0.26) 133b (19)
7.62b (1.05) 5.08c (0.06) 174c (7)
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Final pH

Results of Student-Newman-Keuls’ test at P < 0.05. Values in a given column with the same letter are not significantly different.
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data of several species, Lactococcus,
Leuconostoc and Lactobacillus, which may
increase standard deviation. Finally, we
observed, with protease negative variants
(prt–) of Lactococcus sp., a 53% and 25%
decrease for Vam and Tam, respectively, and
a 16% increase for pHam (Tab. I) compared
to prt+ strains. Therefore, if the difference
in proteolytic activity is not taken into account, the standard deviation may be significantly increased. Casalta et al. [2]
differentiated prot+ and prot– strains of
Lactococcus lactis. They calculated acidifying activities for the prt+ strains with a
CV of 10.6% (n = 12), which is very close
to the CV calculated in our study.
The Vam of lactococci prt+ represents approximately 69% of the Vam of thermophilic
starters. This observation is consistent with
previous studies [23], and may also be the
result of a suboptimal temperature of incubation for the lactococci. The Vam of
lactobacilli and streptococci were not statistically different, but they were obtained
earlier and at a much higher pH for streptococci than for lactobacilli (see values of Tam
and pHam) which is in agreement with previous studies [1, 23]. For the streptococci,
there are two different phases during pH decrease which may be related to the urease
activity in this species [15, 23, 26]. In general, the lower the pHam the better the milk
acidification, the final pH value being
10–30% lower than pHam. It may be assumed that when the culture reached pHam
the conditions were optimal for high metabolic activity together with a sufficient cell
density. The lactococci demonstrated a capacity to acidify milk statistically different
from streptococci, while Lactobacillus was
the strongest acidifying species.
3.2. Reduction activity
For lactococci, the acidification and reduction activities were clearly differentiated and distributed during the course of
milk fermentation (Fig. 1). The pH modi-

fied the kinetics of Eh decrease during the
course of milk fermentation (see Sect. 2).
The evolution through time of Eh7 explained the increase of Eh after 5 h of fermentation by an indirect pH effect. The
lactococci decreased Eh by 377 mV before
reaching their maximum acidification rate,
while for thermophilic strains the Eh decreased slowly (about 80 mV) and reached
Vam together with Vrm. For the latter mentioned bacteria, it may be assumed that related enzymatic activities were involved in
both acidification and reduction maximums. The Vrm of lactococci is five- to
seven-fold higher than those of
thermophilic starters which have similar
values of Vrm, even if the streptococci reduced before the lactobacilli. The higher reduction activity for lactococci than for
Streptococcus thermophilus and Lactobacillus
helveticus was conserved in the panel of
prt– strains, with the highest variability for
the latter. The dissolved oxygen concentration measured during the course of milk fermentation reached 0% after 4–5 h for
lactococci, while for thermophilic bacteria,
dissolved oxygen was still present at the
end of the acidification phase (13–14 h)
(data not shown). As a probable consequence, while for lactococci Eh decrease
stopped before 6 h, for Streptococcus
thermophilus and Lactobacillus helveticus
after the Vrm peak, a low but constant reduction activity was maintained and allowed
the acidification to finish before the end of
the reduction phase.
3.3. Multivariate factorial analysis
In order to study relationships between
the kinetics of acidification and reduction
of lactococci, streptococci and lactobacilli,
a principal components analysis was applied using the original variables Vam, Vrm,
Tam, Trm, pHam and pHrm (Fig. 2). There are
three distinct groups of strains corresponding to the three species: Streptococcus
thermophilus, Lactobacillus helveticus and
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Figure 2. Results of the
principal components analysis: loading plot and
score plot of the first two
components (axis 1 and
axis 2). Symbols: r Lactococcus sp. prt+, j Streptococcus thermophilus, m
Lactobacillus helveticus.

Lactococcus sp. Since the lactococci were
concentrated in quadrant III (negative values of axis 1), they are associated with an
acidification and a reduction activity at
high values of pH and low values of Eh. In
addition, while their reduction activity was
faster than those of streptococci and
lactobacilli, they acidified at a lower rate.
The streptococci were placed in quadrant I
while the lactobacilli were placed in quadrant II, thus these two species were mainly
differentiated by the time and the pH at
which they acidified and reduced the medium (axis 2).

4. CONCLUSION
The manufacture of high quality fermented products demands attention to all
the parameters that may affect starter culture metabolism and product characteristics. The method described in this study
allows quantification of the reduction activ-

ity of lactic starters in association with the
classical measurement of their acidification
activity. Eh modifications may participate
both in the microbial quality (non-development of spoilage micro-organisms, strain
equilibriums in mixed cultures, biological
activity of non-starter lactic acid bacteria),
and the sensorial quality (synthesis and/or
stability of aroma compounds) of cheeses
and fermented milks. The input of the reduction activity, in addition to acidification
activity, proteolysis products, aromatic
compounds or fermented carbohydrate profiles, may allow a good description of lactic
starters. It might be used to characterise
their technological properties and to propose adequate starters for the different processes in the dairy industry.
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