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Abstract Red grape musts from overripe grapes are
characterised by high pH and sugar concentration.
Corrections with organic acids are commonly used to
secure the alcoholic fermentation and improve the
organoleptic characteristics of the wine. In this study
we test an alternative biological acidification method
using the ability of Lactobacillus plantarum to
produce high concentrations of lactic acid. The time
course of sugars, organic acids and pH were measured.
Available sugars were consumed by L. plantarum
producing up to 8.3 g L™" of lactic acid. Lactic acid
changed the pH from 3.9 to 3.4 after 14 days post-
inoculation without yielding a relevant concentration
of acetic acid (0.34 g L_l).
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Introduction

Malolactic fermentation (MLF) is a secondary fer-
mentation that occurs spontaneously during or after
alcoholic fermentation (AF) in almost all red and some
white wines, leading to a deacidification and changes in
the flavour perception (Davis et al. 1985). It is carried
out by different kinds of lactic acid bacteria (LAB) in
which dicarboxilic L-malic acid turns into monocar-
boxilic L-lactic acid. Oenoccocus oeni is the bacterial
species mainly involved in MLF due to its ability to be
metabolically active at alow pH and in media with high
concentrations of ethanol (Bartowsky 2005).

Lactobacillus plantarum is another LAB capable of
performing MLF in wine and is one of the dominant
species of lactobacilli present in winemaking (Davis
et al. 1985). Due to the homofermentative metabolism
of sugars, this LAB produces primarily lactic acid
during consumption of hexoses, while no acetic acid is
produced. However, some acetic acid production can
occur with the consumption of pentoses. On the other
hand, the heterofermentative metabolism of O. oeni
does produce acetic acid from sugars (Breed et al.
1957). The ability of L. plantarum to produce high
concentrations of lactic acid from sugars is used in the
fermentation of products such as cucumber juice
(Passos et al. 1994) or lambic beer in order to achieve
low pH of the medium and decrease the concentration
of sugars, but has not till now been exploited for
acidification of grape musts.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10482-015-0602-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10482-015-0602-4&amp;domain=pdf

1470

Antonie van Leeuwenhoek (2015) 108:1469-1475

A successful MLF in wine is influenced by different
factors, among them the pH of the medium (Pan et al.
2011) and the interactions with other microorganisms
such as yeasts (Alexandre et al. 2004). The pH of the
juice to be fermented depends on the climate in which
the grapes grow and the time of harvest. Usually in hot
regions low acidity and a high pH are observed, which
affect such wine characteristics as taste and color, and
increases the risk of uncontrolled bacterial growth.
These hot regions also produce musts with high sugar
concentrations (Jackson and Lombard 1993), resulting
in high ethanol concentrations and possible stuck
fermentations (Bisson 1999). The low acidity prob-
lems can be corrected by the addition of organic acids
such as L-tartaric acid, which is microbiologically
stable, although it is partially lost by precipitation as
potassium tartrate and the cost of such a treatment is
expensive.

In order to test the use of L. plantarum as an
acidification method in grape musts two experiments
were designed. The objective of the first experiment
was to determine the kinetics of degradation of the
main organic acids in a high pH must inoculated with
L. plantarum and O. oeni. The obtained observations
helped to design the second experiment, in which high
pH grape musts were inoculated with L. plantarum
before yeasts in order to produce an acidification,
lowering pH and decreasing the sugar concentration.

Materials and methods
Microorganisms

Two strains of LAB were used, VP41 (Oenococcus
oeni) and V22 (Lactobacillus plantarum), and one
strain of yeast LAVLIN ECI1118 (Saccharomyces
cerevisiae). All these microorganisms are commer-
cially available in the Lallemand Catalogue.

Two kinds of nutritive sterile liquid media typical
for wine microorganisms were used (Iland et al. 2007),
YPD for yeasts and MRS (pH 5.5) for LAB (Difco,
USA). The microorganisms were initially cultured in
the appropriate liquid medium and then plated onto the
respective solid medium, after which single colonies
were selected. The selected colonies were cultured
again in liquid media and counted prior to treatment
inoculation using a Nebauer Improved chamber. The
treatments were inoculated with 1 x 10° CFU ml™".
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Fermentation conditions

In experiment “A” grapes from the variety Carménere
were used. The must was characterised by soluble
solids content of 22 Brix, a pH of 3.66, and total
acidity of 4.05 g L™" as tartaric acid. Soluble solids
content were corrected to 23.8 Brix with sucrose and
then malic acid to 4 g L™" using L-malic acid (Sigma
Aldrich, Switzerland). Must pH was corrected to 3.9
with NaOH. The experimental design consisted in five
treatments (in triplicates): the single inoculation of
EC1118 (S. cerevisiae), VP41 (O. oeni), V22 (L.
plantarum) and the simultaneous inoculation (same
time) of EC1118 (S. cerevisiae) with VP41 (O. oeni)
and EC1118 (8. cerevisiae) with V22 (L. plantarum).

For experiment “B” Carménére grapes were also
used. The must was characterised by soluble solids
content of 31 Brix a pH of 4.52, a total acidity of
334 g L™" as tartaric acid and a FAN content of
170 mg L™". Soluble solids content were initially
corrected to 23.1 Brix with purified water and then
1 g L™! of L-malic acid (Sigma Aldrich, Switzerland)
was added (final concentration of 3.3 g L) to assure
a high availability of malic acid for bacteria. The must
pH was corrected to 3.9 with H,SO,. The treatment (in
triplicate) consisted in the inoculation of V22 (L.
plantarum) alone before EC1118 (S. cerevisiae) to
achieve an acidification by L. plantarum using the
available sugars. After 10 days from the inoculation of
L. plantarum yeasts were inoculated to start the AF.

For the two experiments 250 ml of must were
transferred in 250 ml flasks and sterilized (120 °C for
15 min) to eliminate any possible effect caused by
other microorganisms already present in the must.
Then the flasks where inoculated with 1 x 10°
CFU ml™" of each microorganism according to the
treatments.

Samples of 4 ml were taken periodically and under
aseptic conditions transferred in 5 ml screw cap tubes
and frozen until analyzed.

Analytical methods

Total malic and lactic acid were analyzed by high
performance liquid chromatography (HPLC) using a
VARIAN metacarb 67H column. Separations were
carried out with a H,SO4 0.01 N mobile phase at a
flow rate of 0.8 ml min~' and a temperature of 35 °C.
UV detection of organic acids was carried out at
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210 nm. Samples to be analyzed by HPLC were
processed to eliminate polyphenols and carbohydrates
using methods previously described in literature
(Kerem et al. 2004; Zotou et al. 2004). To eliminate
polyphenols polyvinylpolypyrolidone PVPP (10 %)
(Laffort, France) was used, then samples were cen-
trifuged at 15,000 rpm for 6 min and the supernatant
was transferred to 2 ml tubes with 1 ml of purified
water and 67 pl of NaOH 1 M. The anionic exchange
columns of 3 ml (Bond Elut-SAX, VARIAN) were
used to eliminate carbohydrates. The columns were
activated with one volume of methanol (HPLC grade,
Merck) and washed with two volumes of purified
water. Then columns were filled with 1 ml of sample
and sugars were washed with 5 ml of purified water.
The organic acids were eluted by washing with 5 ml of
HCI 1 M. Finally, samples were filtered with PVDF
0.45 pum membranes (Millipore, Germany) and trans-
ferred to HPLC vials. Citric acid, acetic acid, p,L-lactic
acid, glucose and fructose were analyzed with enzy-
matic kits following manufacturer instructions (Mega-
zyme, Ireland; Roche, Germany).

Data representation and statistical analysis

GraphPad Prism v6.0 (GraphPad Software, La Jolla
California USA) was used for data representation and
JMP v7.0 (SAS Institute Inc., USA) for statistical
analysis. Statistical significance of differences
between averages of replicates in the two experiments
were evaluated performing one-way ANOVA at a
confidence level of p = 0.05 and a Tukey’s range test
when necessary.

Results and discussion

Experiment A: Organic acids degradation kinetics
in a high pH must

Malic and lactic acids

After 36 days malic acid was not completely con-
sumed in any of the five treatments (Fig. 1), with
higher concentrations of malic acid observed in
treatments with yeasts alone and yeasts combined
with L. plantarum.

For treatments inoculated with L. plantarum and
yeasts a final concentration of 1.29 g L™ of malic
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Fig. 1 Time course of malic and lactic acid during 36 days
since inoculation of must with V22 (Lactobacillus plantarum),
VP41 (Oenococcus oeni), EC1118 (Saccharomyces cerevisiae),
EC1118/V22 (S. cerevisiae and L. plantarum) and EC1118/
VP41 (S. cerevisiae and O. oeni). Data points represent the mean
from triplicates £+ SE

acid was observed, while in inoculates with only L.
plantarum almost all the malic acid was consumed,
with a final concentration of 0.45 g L' (Table 1).
These results could indicate that the activity of L.
plantarum was inhibited by the activity of yeasts.
Products released by yeasts have been previously
observed to inhibit LAB activity (Alexandre et al.
2004). For these reasons a suitable yeast-bacteria
combination for simultaneous inoculation is very
important in order to achieve a successful AF and
MLF. Previous studies show successful MLF after co-
inoculation with L. plantarum and yeasts (Fumi et al.
2010). However, under the conditions of this exper-
iment, L. plantarum is clearly more sensitive to
competition with yeasts, while successful MLF
occurred (final malic acid concentration of
0.12 g L") in inoculates which combined O. oeni
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Table 1 Organic acid concentration in wine after 36 days since inoculation

Lactic acid (g LY

Citric acid (mg L™ Acetic acid (g L™

Treatment Malic acid (g LY

L. plantarum 0.45¢ 13.30a
0. oeni 0.29cd 3.57b
S. cerevisiae 3.30a 0.55d
S. cerevisiaelO. oeni 0.12d 3.82b
S. cerevisiaelL. plantarum 1.29b 2.66¢

91.1b 0.32¢
24.4c 0.97a
184.0a 0.38¢c
23.7c 0.65b
182.1a 0.40c

Different letters indicate statistically significant differences (p < 0.05) among all values obtained for a specific parameter

with yeasts. These results are consistent with other
studies, where the use of O. oeni in co-inoculation lead
to satisfactory fermentations (Jussier et al. 2006; Pan
et al. 2011).

The treatments inoculated with yeasts alone con-
sumed 18 % of the initial malic acid concentration
(Fig. 1). This degradation is higher than what has been
reported by Redzepovic et al. (2003), where the strain
EC1118 degraded a maximum 8 % of the initial
concentration of malic acid. The low malic acid
consumption of S. cerevisiae in comparison with other
yeasts has been explained by its passive transport
system for malic acid, which enters the cells by a
simple diffusion mechanism (Salmon 1987).

The course of lactic acid concentration differed
largely between treatments, particularly in the treat-
ment inoculated with L. plantarum alone (Fig. 1). In
the five treatments lactic acid production began at
day 4. The production of lactic acid by L. plantarum
was clearly stronger than in the other treatments,
with 13 g L™" of lactic acid in day 36 (Table 1).
These large amounts of lactic acid are produced
mainly from sugars (du Toit et al. 2011); L.
plantarum consumes hexoses via the Embden—
Meyerhof pathway, producing primarily lactic acid
(Breed et al. 1957). This process also explains the
low concentration of acetic acid observed in this
treatment on day 36, compared to the treatment with
0. oeni alone (Table 1). On the other hand, when L.
plantarum was combined with yeasts this large
production of lactic did not take place. This could
be explained by yeast rapidly degrading sugars and
inhibiting L. plantarum. The production of lactic acid
from sugars is an interesting phenomenon, because of
its potential impact on pH of the medium, sugar
concentration of the must and alcohol contents of
wine (Passos et al. 1994).
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The p and L lactic acid isomers were measured to
identify the consumption of sugars by O oeni and L.
plantarum. From the literature we know that O. oeni
forms only p-lactic acid from sugars and only L-lactic
acid from malic acid but L. plantarum forms b,L-lactic
acid from sugars and only L-lactic acid from malic acid
(Breed et al. 1957).

The treatments with O. oeni alone showed no
significant production of bp-lactic acid in day 7
(Table 2), which indicates that under these conditions
there is a preference for consumption of malic acid
prior to sugars. In day 36 p-lactic acid is observed,
suggesting sugar consumption and possible acetic acid
formation (Table 1). The results confirm that O. oeni
degrades malic acid before consuming the available
sugars, explaining the successful results for O. oeni
and yeast co-inoculation without significant acetic
acid production.

In treatments with L. plantarum alone, the presence
of p and L-lactic acid was observed by day 7 (Table 2),
indicating a simultaneous consumption of sugars and
malic acid. A similar result was obtained when L.
plantarum was combined with yeasts (Table 2), by day
7 from the total of 2.23 g L' of L-lactic acid produced,
1.65 g L™" must derive from malic acid consumption,
assuming that one mol of L-malic acid consumed forms
one mol L-lactic acid. According to this observation,
the remaining lactic acid (0.58 g L™") should find its
origin in the consumption of sugars. However, in this
case the early degradation of sugars is safe as no acetic
acid is produced by L. plantarum from hexoses (du Toit
etal. 2011).

Citric and acetic acids

The treatments with L. plantarum consumed less citric
acid than ones with O. oeni and lower concentrations
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Table 2 b and L-Lactic

. St Day Treatment Lactic acid isomer concentration (g L")
acid concentration in wine
after 7 and 36 days since D L
inoculation
7 L. plantarum 3.19a 2.99a
0. oeni 0.03b 2.35b
S. cerevisiae 0.07b 0.54c
S. cerevisiaelO. oeni 0.13b 3.02a
S. cerevisiaelL. plantarum 0.14b 2.23b
36 L. plantarum 7.40a 6.00a
Different letters indicate 0. oeni o 1.28b 2.35¢
statistically differences S. cerevisiae 0.13d 0.13d
(p < 0.05) among all values S. cerevisiaelO. oeni 0.50c 3.10b
obtained for a specific S. cerevisiaelL. plantarum 0.18d 2.28¢c

isomer and day
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Fig. 2 Time course of citric acid in a sterile grape must
inoculated with V22 (Lactobacillus plantarum), VP41 (Oeno-
coccus oeni), EC1118 (Saccharomyces cerevisiae), EC1118/
V22 (S. cerevisiae and L. plantarum) and EC1118/VP41 (S.
cerevisiae and O. oeni). Time 0 represents the initial concen-
tration of citric acid of the must. Data points represent the mean
from duplicates = SE

of acetic acid were observed (Table 1). This low acetic
acid formation can be explained by the homofermen-
tative behavior of L. plantarum in relation to hexoses.
Consumption of citric acid was observed by day 7
(Fig. 2), indicating the ongoing simultaneous con-
sumption of sugars, citric and malic acid. Furthermore,
when L. plantarum was combined with yeasts no
consumption of citric acid was observed, showing that
the possible inhibition by yeasts over L. plantarum
affected not only the malic acid metabolism, but also
the consumption of citric acid. This low consumption
of citric acid makes L. plantarum a safer LAB than O.
oeni with regard to the acetic acid production.

On the other hand, treatments involving O. oeni
exhibited the highest citric acid degradation and acetic
acid formation (Table 1). MLF was almost finished
(<0.3 g L") by day 7 (Fig. 1) while no citric acid
consumption was observed (Fig. 2). This outcome
emphasizes the convenience of adding SO, after malic
acid consumption is finished, in order to avoid the
formation of acetic acid.

Experiment B: Acidification of grape must
by Lactobacillus plantarum

In order to obtain a consumption of sugars, malic acid
and production of high concentrations of lactic acid, L.
plantarum was inoculated alone before yeasts. The pH
of the must changed from 3.9 to 3.4 after 14 days from
inoculation with L. plantarum (Fig. 3a).

A similar inhibition effect to the previous experi-
ment was observed over L. plantarum activity. Four
days after the inoculation with yeasts, L. plantarum
stopped producing lactic acid, which was followed by
the consumption of sugars by yeasts (Fig. 3d). The
limited production of acetic acid during the first
10 days by L. plantarum (0.13 g L™") could be
explained by the consumption of pentoses (Ribereau-
Gayon et al. 2006) in combination with hexoses.
However, the main increase of acetic acid took place
with the beginning of the AF, ending with a very
acceptable final concentration of 0.47 g L™ (Fig. 3b).

On day 14 the maximum concentration of lactic acid
was observed (8.3 g LY (Fig. 3c), deriving from the
consumption of malic acid and sugars by L. plantarum.
Estimating that 1.95 g L™" of lactic acid originated

@ Springer
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Fig. 3 Time course of pH (a), acetic acid (b), malic and p,L-
lactic acid (c) and glucose and fructose (d) in a must inoculated
initially with V22 (Lactobacillus plantarum) and then with

from the consumption of malic acid (1 mol of malic
acid consumed forms 1 mol of lactic acid), it was
possible to approximately determine that 6.35 g L'
of sugars were consumed by L. plantarum. Considering
that 17 g of sugar produces 1 % alcohol in volume,
sugar degradation corresponding to a potential reduc-
tion of 0.37 % alcohol in volume was estimated.

This method could be used not only as a biological
acidification technique, but also as a potential way to
reduce alcohol in wines. Dequin et al. (1999) used
genetically modified strains of S. cerevisiae with the
LDH gene of Lactobacillus cassei to acidify grape
must, producing high concentrations of lactic acid
from sugars and obtaining the same effects in grape
musts as in this experiment. Nevertheless, use of
genetically modified yeasts is not yet accepted in
winemaking, while the use of bacteria is a viable
option for this application.

This experiment was designed to test the capability
of L. plantarum as a biological acidification method
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Time (d)

EC1118 (Saccharomyces cerevisiae). The arrow indicates the
time of inoculation with EC1118 (S. cerevisiae). Values are
means and SE

under sterile grape juice conditions and in small
volumes of 250 ml, which is not representative of real
winemaking conditions. Therefor if this method was to
be up-scaled to real winemaking conditions, the must
would be loaded with microorganisms, mainly yeasts
that would strongly affect the activity of L. plantarum.
Possible solutions to this problem should rely mostly
on the partial sterilization of the must prior to
inoculation with L. plantarum using the available
winery equipment such as cross flow filtration, cen-
trifugation or the addition of dymethildicarbonate
(DMDC). The inoculation with high concentrations of
L. plantarum may also provide more favorable con-
ditions for the biological acidification.

Conclusions

Even though in our first experiment inoculation with L.
plantarum brought the benefit of a low acetic acid
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production, this LAB was found to be highly sensitive
to the interaction with yeasts. The outcomes of the
second experiment support the possibility of using L.
plantarum for acidification, providing a potential
solution for musts with high pH and high sugar
concentration. However, the interactions of L. plan-
tarum with other microorganisms present in grape
musts need to be investigated by conducting experi-
ments under real conditions of winemaking. It is
important to understand whether L. plantarum would
be able to lower the pH before being inhibited by the
interaction with the indigenous microbes, and to
assure the quality of the wines obtained after the
acidification with lactic acid deriving from the
fermentation of sugars in the grape must.

In conclusion, it is clear that more research with L.
plantarum is needed before it can be used as a starter
culture for biological acidification in standard wine-
making. This alternative tool should be seen as a
potential solution for some recurrent problems of
winemaking and, therefore, further investigated by the
wine research community.
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