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Predominance of malolactic fermentation over p-glucose utilization
in Lactobacillus plantarum and Lactobacillus curvatus wine strains
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SUMMARY

Two selected wine strains of the genus Lactobacillus (L. plantarum 197 and L. curvatus 783) were tested for their ability to complete malolactic fermentation
(MLF) in a synthetic medium (PBM-broth) supplemented with L-malic acid (7.5-74.6 mM) and p-glucose (5.5-55 mM). The 24 directed fermentation assays,
12 for each bacterial strain, were carried out at 20 °C and pH 3.5. MLF was completed (residual r-malic acid 0.2 mM) in eight days in 19 of the 24
fermentation assays, even in the presence of 74.6 mM L-malic acid or 55.5 mM p-glucose. b-Glucose utilization was generally simultaneous to MLF but was
completed (residual concentrations <0.2 mM) only in 6 of the 24 fermentation assays. These results support the use of these strains in directed MLF assays

at the very different r-malic acid and p-glucose concentrations tested.

INTRODUCTION

Malolactic fermentation (MLF) of wines consists of the
bacterial conversion of L-malic acid into vL-lactic acid and
carbon dioxide [4]. This fermentation usually takes place in
wine once alcoholic fermentation has been completed and
results in a biological deacidification of the wines [9]. As a
result of the cold and rainy weather in the vineyards in
Northwestern Spain, the grapes often do not ripen properly,
this resulting in grape juices and wines with high L-
malate concentrations (up to 60 mM) [2,6]. Additionally,
spontaneous or yeast-directed alcoholic fermentations are
occasionally incomplete in these wines, yielding sugar
(glucose + fructose) concentrations above 27 mM.

While members of the genera Leuconostoc or Pediococcus
are seldom isolated, species of the genus Lactobacillus have
been reported by us to lead to MLF in the wines from
Northwestern Spain [1,12]. Among these species, L. plan-
tarum and L. curvatus have a high isolation frequency and
play an important role in the . evelopment of spontaneous
MLF in these wines. Since our research has aimed at
industrial employment of selected strains of Lactobacillus
in wines that do not undergo spontaneous MLF (and
consequently, preserve wine typicity in the vineyards of our
region), it is necessary to evaluate the ability of selected
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wine strains to perform MLF over a wide range of L-malate
concentrations and at very different concentrations of sugar
present in the medium. With this aim, PBM-broth, a
previously described medium for lactobacilli [15,16], was
supplemented with L-malate and p-glucose (representing the
total sugar content) at different ratios, these being related
to the concentrations found in white wines of Albarifio
(Northwestern Spain) exactly at the end of alcoholic fermen-
tations. The conclusions derived from these experiments and
the enologic implications are discussed below.

MATERIALS AND METHODS

Microorganisms

Lactobacillus curvatus (strain 783) and Lactobacillus
plantarum (strain 197) wild strains belonged to the collection
at our laboratory and were originally isolated, respectively,
in spontaneous MLF and the slow period of alcoholic
fermentation in wines from Albarifio as described elsewhere
[12,15]. The strains were selected considering the following
parameters in MLF: a high L-malic acid fermentative rate,
completion of MLF under habitual wine conditions and a
low preduction of acetic acid [12].

Culture and fermentation conditions

MRS broth [3] was used for the maintenance of lactic
acid bacteria. The composition of the physiologic basal
medium (PBM-broth) for the fermentation assays was as
follows: peptone (Difco), 5 mg ml™!; p-glucose (Merck),
1 mg ml™!; ammonium sulfate (Merck), 2 mg ml™*; bipotass-



ium phosphate (Merck), 1.4 mg ml™!; monopotassium phos-
phate (Merck), 0.6 mg ml™?; citric acid (Sigma), 0.1 mg
ml~!; magnesium sulfate (Merck) 1M, 1 ul ml™!; sodium
chloride (Merck), 5 mg ml™; calcium chloride (Merck),
0.7 mg ml~! and manganese sulfate (Merck), 0.07 mg ml ..
The fermentation assays were carried out at 20 °C in tubes
containing 8 ml of PBM-broth, adequately supplemented
with L-malic acid (Sigma) and p-glucose (Merck), as described
in Table 1. Once supplementation of PBM-broth was
completed, the initial pH of all media were adjusted to 3.5
with 1 N HCI since this was considered the best value for
MLF in the lactic acid bacteria studied (data not shown)
and coincided with that described by other authors [2,8];
this pH value was close to that found in wines from Albarifio
at the beginning of MLF [14].

Inoculation and growth determination

Twelve PBM-broth assays were carried out for each strain
as described in Table 1. The initial bacterial density was
adjusted to 10° bacteria ml~* by counting in a Neubauer
chamber. The evolution of bacterial growth during the
fermentation assays was determined by measuring optical
density at 550 nm in a Beckman DU-40 spectrophotometer
and by direct counting as before. The assays were considered
to be completed after 8 days, when bacterial sedimentation
occurred, the concentrations of L-malate and p-glucose being
below 0.1 mM or very near to those determined at the
seventh day.

Analytical methods

For estimating L-malate, D-glucose and L-lactate concen-
trations, samples were collected under sterile conditions at
2, 4,7 and 8 (end of MLF) days after the beginning of the
experiment. Afterwards, they were filtered through 0.22 pm-
Millipore filters. Estimations of L-malate, D-glucose, and L-
lactate were carried out in duplicate using commercial
enzymatic kits (Boehringer-Mannheim).

RESULTS

MLF and p-glucose utilization at a low p-glucose concentration
(5.5 mM)

The main goal of these assays (a, b and ¢) was to study
the comparative evolution of MLF and p-glucose utilization
when this substrate was present in the medium at low
concentrations and in the presence of three different

TABLE 1
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concentrations of the substrate of MLF (L-malate); 5.5 mM
b-glucose is equivalent to the most frequent sugar concen-
tration at the end of complete spontaneous alcoholic
fermentations (0.1%) [15]). Both L. plantarum and L.
curvatus completed MLF within 48 h in the assays containing
7.5mM and 22.4 mM initial L-malate while MLF was
extended up to seven days in the assays with the highest
L-malate initial concentration (74.6 mM) (Table 2). Never-
theless, MLF was completed by both lactobacilli in all cases
and, in general, before all the p-glucose had been fermented.
Thus, a higher affinity of L. plantarum for L-malate than
for D-glucose was observed under these conditions.
p-Glucose utilization by L. plantarum was simultaneous to
MLF and was lower at a high concentration of L-malate
(74.6 mM) than at 7.5 mM or 22.4 mM L-malate (Table 3);
D-glucose utilization by L. curvatus was also continuous and
simultaneous to MLF. p-Glucose final concentrations were
below 0.1 mM in all cases.

MLF and p-glucose utilization at an intermediate D-glucose
concentration (22 mM)

After partially incomplete alcoholic fermentations, sugar
concentrations up to 0.4% (equivalent to 22 mM bp-glucose)
remain in wine. Our aim in these assays (d, e and f) was
to determine MLF and D-glucose utilization under such
conditions. MLF was predominant with regard to p-glucose
utilization in both lactobacilli during the first two days of
assay; MLF even seemed to be exclusive in L. plantarum
during this period of time since the p-glucose concentrations
remained unvaried or even increased (Tables 2 and 3), this
probably being due to a positive balance between b-glucose
utilization and a B-glucosidase activity of these strains elicited
at this p-glucose concentration (data not shown). After the
fifth day of assay the utilization of p-glucose by both
lactobacilli increased, and yielded final p-glucose concen-
trations between 3.8 and 18.3 mM (Table 3). MLF was
completed by L. curvatus only in the fermentation assays
with the highest L-malate concentrations (22.4 and 74.6 mM).
By contrast, rate of L-malate fermentation by L. plantarum
decreased after the second day of assay and MLF was
completed in only one assay (when the initial 1-malate
concentration was 7.5 mM) (Table 2). Therefore, an appar-
ently inverse relationship between p-glucose utilization and
MLF at these particular concentrations of both substrates
was observed: a higher L-malate fermentative rate was
paralleled by a lower utilization of p-glucose, this being more

Scheme of supplementation of PBM-broth with r-malic acid and D-glucose

Fermentation assay

a b c d e f g h 1 i k \
L-malic acid* 7.5 224 746 75 224 746 75 224 746 75 224 746
D-glucose™ 5.5 55 55 22 22 22 388 388 388 555 555 555

*Concentrations expressed as millimolar (mM).
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TABLE 2

Malolactic fermentation by L. plantarum 197 and L. curvatus 783

Initial p-glucose 7.5 mM 22 mM 38.8 mM 55.5 mM
assay a b c d e f g h i j k 1
Residual L-malate (mM)

L. plantarum 197
Initial 75 224 74.6 7.5 224 746 75 224 746 75 224 746
2 days 0.2 0.5 29.8 2.1 134 4438 0.1 1.1 283 0.1 0.3 403
5 days 0.1 0.1 1.8 0.8 13.5 439 0.1 03 216 <0.1 0.1 254
7 days <0.1 0.1 0.3 0.2 72 441 <01 0.1 04 <01 <01 04
Final (8 days) <0.1 0.1 0.1 <0.1 69 440 <01 <01 02 <01 <0.1 0.2

L. curvatus 783
Initial 7.5 224 74.6 7.5 2.4 746 75 224 746 7.5 224 746
2 days 0.3 2.4 51.5 57 0.2 0.3 05 142 0.2 5.6 158 734
5 days 0.1 0.2 6.2 39 <01 0.1 <0.1 109 <0.1 3.9 6.0 576
7 days <0.1 0.1 0.4 39 <01 <01 <01 113 <0.1 0.3 03 57.8
Final (8 days) <0.1 0.1 <0.1 39 <01 <01 <0.1 11.2 <01 <01 <01 576

TABLE 3

p-Glucose fermentation by L. plantarum 197 and L. curvatus 783

Initial 1-malate 7.5 mM 22.4 mM 74.6 mM

assay a d g j b e h k ¢ f i 1

Residual p-glucose (mMj}

L. plantarum
Initial 5.5 22 388 555 5.5 22 38.8 555 5.5 22 388 555
2 days 05 257 287 380 06 251 246 336 1.9 247 222 446
5 days 01 213 225 182 02 252 109 226 1.7 250 179 401
7 days <0.1 92 121 231 <01 131 4.5 7.7 0.1 42 133 214
Final (8 days) <0.1 88 122 220 <01 125 4.1 65 <01 38 127 201

L. curvatus
Initial 5.5 22 388 355 5.5 22 388 555 5.5 22 388 555
2 days 43 158 192 341 21 202 312 347 20 242 281 204
5 days 04 150 125 352 04 185 27.7 173 05 247 188 225
7 days <0.1 130 4.7 154 0.1 62 292 188 <01 186 140 243
Final (8 days) <0.1 125 43 148 <01 57 284 190 <01 183 134 245

important when the L-malate fermentative rate decreased and
MLF was extended in time.

MLF and p-glucose utilization at a moderately high D-glucose
concentration (38.8 mM)

Incomplete spontaneous alcoholic fermentations often
yield sugar concentrations up to 0.7 mM (equivalent to
38.8 mM p-glucose) and therefore a study was made of the
effect of this p-glucose concentration on MLF at different
L-malate bioavailabilities (assays g, h and i).

Simultaneous utilization of r-malate and p-glucose by L.
plantarum and L. curvatus was observed until MLF ceased
{Tables 2 and 3). When MLF was completed before the

fifth day of assay, additional D-glucose utilization by both
lactobacilli was observed until the seventh day, when bacterial
sedimentation occurred (Table 3). In the case of L.
plantarum, MLF was extended beyond the third day when
the initial L-malate bioavailability was 74.6 mM; the final D-
glucose concentrations left by L. plantarum were between
4.1 and 12.7 mM (Table 3). Wide fluctuations in the D-
glucose utilization were observed for L. curvatus as the
initial bicavailability of 1-malate varied (Table 3). Thus, the
highest utilization of p-glucose corresponded to the assay
with the lowest initial concentration of rL-malate (7.5 mM)
and final p-glucose concentrations between 4.3 and 28.4 mM
were achieved, as can be observed in Table 3. MLF was



completed within 48 h by L. curvatus except in the assay
with 22.4 mM vr-malate, in which MLF was extended until
the eighth day and was not completed (Table 2). In contrast
to the assays with 22 mM p-glucose, the two assays in which
MLF was completed by L. curvatus within the first two days
coincided with the highest p-glucose utilization rates.

MLF and p-glucose utilization at a high p-glucose concen-
tration (55.5 mM)

Sometimes, very incomplete spontaneous alcoholic fer-
mentations occur, yielding residual sugar concentrations up
to 1% {equivalent to 55.5 mM b-glucose). Therefore, MLF
and D-glucose utilization by wine lactobacilli were evaluated
under such conditions (assays j, k and 1). In a similar way
to the results found at 5.5 mM and 38.8 mM initial p-glucose
concentrations, MLF was carried out by L. plantarum at a
high rate (Table 2), this being simultaneous to D-glucose
utilization (Table 3). In this sense, MLF was completed by
this strain at any initial concentration of 1-malate. p-Glucose
utilization by L. plantarum was continuous during the eight
days of the assays and yielded final concentrations between
6.5 and 22 mM (Table 3).

A significant D-glucose utilization by L. curvatus was
observed within the first 48 h but decreased after that
moment, thus yielding final p-glucose concentrations between
14.8 and 24.5 mM (Table 3). MLF was found to be unfavored
in L. curvatus in the presence of 74.6 mM initial L-
malate (more than 70% of the initial L-malate remained
unfermented) but was completed in the assays with 7.5
and 22.4 mM initial L-malate (Table 2). This r-malate
fermentative behavior was quite different from that shown
by L. plantarum, although similar patterns of p-glucose
utilization were observed for both strains (Table 3).

DISCUSSION

The development of MLF, either spontaneously or
induced by the addition of a selected pure culture, is greatly
affected by L-malic acid and sugar concentrations available
in the wine at the end of the alcoholic fermentation [11].
In the present work, MLF was completed by both lactobacilli
in almost all the fermentation assays, even in the presence of
74.6 mM L-malic acid and very different sugar concentrations
(5.5-55 mM p-glucose). Other authors have described the
relationship between the utilization of residual wine sugars
by malolactic bacteria and the growth of these strains [10,
13]. The results reported in this work show that, in general,
MLF was simultaneous to p-glucose utilization, the latter
probably being aimed at fulfilling the energetic requirements
of L. plantarum and L. curvatus while MLF was being
carried out. According to this, significant decreases in D-
glucose utilization were generally observed when MLF
decreased or was completed. p-Glucose was completely
utilized by L. plantarum and L. curvatus only at the 5.5 mM
initial concentration but partially at the other initial p-
glucose concentrations (22, 38.8 and 55.5 mM). p-Glucose
utilization was in general simultaneous to MLF, the latter
being more intense; further p-glucose utilization was observed
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until the seventh day, even when all the L-malic acid had
been fermented. Nevertheless, D-glucose utilization was
frequently lower than 70% of that observed initially. Except
for the fermentation assays with 22 mM initial p-glucose, a
direct relationship between MLF and bp-glucose utilization
was observed. L-lactate estimations (data not shown) con-
firmed the predictions of the MLF profiles based on the
evolution of L-malic acid: the highest L-lactate yields were
generally related to the highest L-malic acid fermentative
rates, thus suggesting that utilization of r-malic acid was via
malolactic enzyme rather than malic enzyme (which is
glucose repressed). Determinations of the evolution of pH
during fermentations evidenced no pH increase higher than
0.3 units, which suggests that this physico-chemical parameter
implies a secondary effect in utilization of the sugar.
Additionally, the MLF profile at pH 3.5 was similar to that
observed at pH 3.9, as has been observed previously at our
laboratory [2].

Unlike what has been described by other authors for
Leuconostoc oenos [5], a diauxic growth pattern that could
be related to an alternative utilization of rL-malic acid and
D-glucose was not observed, even in the assays (22 mM b-
glucose) where apparent alternation was achieved. Plate
bioassays evidenced D-glucose-regulated B-glucosidase
activity in both L. plantarum and L. curvatus wine strains
(data not shown) which might explain the results found at
22 mM initial D-glucose concentration: B-glucosidase was
found to be active in these strains when D-glucose was below
27 mM. This might suggest that D-glucose was being utilized
since the first day of assay, as in the rest of assays, although
D-glucose concentrations apparently did not decrease due to
D-glucose-generating P-glucosidase activity. In fact, the
presence of terpenic B-glucosides in musts and wines has
been described by other authors [7].

Fermentation assays in the presence of ethanol concen-
trations similar to those found in the wines of Northwestern
Spain (12% v/v) have previously been carried out at our
laboratory and evidenced no significant delay in MLF and
disclosed a final fermentative balance higher than 80% of
that found at 9% (v/v) ethanol, this being equivalent to the
control assay in the absence of ethanol [2].

This work opens the way to the industrial employment
of L. plantarum and L. curvatus wine strains described in
this work since MLF was generally completed at the very
different concentrations of L-malic acid and p-glucose tested.
The fact that these strains were previously selected as
exhibiting other optimum enologic properties [2,12] as well
as their excellent adaptation to the musts of the vineyards
of Northwestern Spain (much more than that observed for
Leuconostoc spp., as derived from the isolation frequencies
in spontaneous fermentations) [12] underlines their potential
industrial application.
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