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Abstract The aim of this study was to evaluate the effi-
ciency of malolactic fermentation in the production of red
and white wine from high-acid musts (up to 9.5 g/L malic
acid), typical for cool-climate European wine zones. Four
vinification scenarios were investigated: alcoholic fer-
mentation only, simultaneous malolactic and alcoholic
fermentation, malolactic fermentation induced at the end
of alcoholic fermentation, and spontaneous malolactic
fermentation. Our results, confirmed in three independent
wine seasons, indicate that the best results, expressed as
the greatest dynamics and efficiency in the deacidification,
were observed when alcoholic and malolactic fermentation
was simultaneous (83.97-94.84% reduction in malic acid).
A total reduction in malic acid in such acid musts was not
possible. In the co-inoculation scenario, fermentation time
was significantly reduced, there was no increase in volatile
acidity, and the lowest residual sugar concentrations were
noted. Advantageously, the timing of the malolactic bac-
teria inoculation had no effect on the metabolism of such
secondary metabolites as citric and acetic acids as well as
on the final ethanol and glycerol concentration. It was sug-
gest that co-inoculation of yeast and bacteria can be a very
useful technique in the process of cool-climate grape wine
production and also can be regarded as being applicable on
industrial scale specially for very high-acid grape must.
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Introduction

One method for improving the quality of wine and endow-
ing it with a specific character is malolactic fermentation
(MLF). This is a process of biological deacidification of
wine in which L-malic dicarboxylic acid is converted to
L-lactic monocarboxylic acid. This process involves decar-
boxylation leading to a low content of soft-tasting lactic
acid and CO, saturation [11, 12, 15, 21, 25, 41]. Besides
the main metabolic pathway aimed at reducing acidity, the
malolactic bacteria (MLB) engage in the syntheses of other
secondary metabolites that have beneficial effects on the
flavor and taste of wine (higher alcohols, aldehydes, esters)
[6, 10, 28, 35] and enhance its microbiological stability
(bacteriocin-like inhibitory substances) [38, 42].

The bioconversion of malic to lactic acid is a second-
ary fermentation which, under natural conditions, takes
place after completion of the alcoholic fermentation. The
difficult conditions in the environment of young wine
caused by high alcohol concentration, the presence of
SO,, low levels of nutrients, high acidity, and low tem-
perature can weaken or inhibit the activity of malolactic
bacteria [23, 24, 38]. Thus, in order to ensure complete
proper secondary fermentation, the must is inoculated
with selected bacterial preparations (such as Oenococcus
oeni) [9, 11, 15, 20]. In industrial winemaking practice,
the MLF process is also initiated after completion of alco-
holic fermentation (widely discussed in the literature).
The yeast cells lose their activity and undergo autolysis,
leading to the release of nutrients accumulated in them.
In this way, the young wine is enriched in vitamins,
amino acids, proteins, and polysaccharides, which should
stimulate bacterial growth [2, 4, 15, 20]. The most impor-
tant advantages of the sequential realization of these two
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types of fermentation are the elimination of adverse inter-
actions between bacteria and yeast and a reduction in the
risk of overproduction of undesirable metabolites, such
as acetic acid (related to a low concentration of residual
sugars), and other metabolites, like biogenic amines and
ethyl carbamate [3, 22, 26, 27, 32, 40]. However, prob-
lems with the proper initiation and control of the process
of wine production in the classical system have prompted
a search for new alternative methods of MLF induction.
The laboratory-scale studies carried out to date have
considered the effects of a range of inoculation timings.
The bacteria can be introduced together with the yeast
(co-inoculation), at the beginning of the alcoholic fer-
mentation, in the middle of the process, or at its end [1,
2, 14-19, 31, 37]. However, the results are inconsistent
and deal with the processing of grapes with significantly
lower concentrations of malic acid (1.6-6.5 g/L) than the
grapes used in our study (6.54-9.5 g/L). The acidity of
grape must and the concentration of malic acid in our
data are significantly higher than presented elsewhere in
the literature. No published data have been found so far
for vinification process of such high-acid grape musts.
Our work was performed in three winemaking seasons,
using one O. oeni strain (suited to low-pH must) and four
different cultivars of white and red grapes originating
from Polish vineyards, in the region of Central Europe
belonging to zone A—the coldest area in the European
Union winegrowing zones.

The aim of this study was: (1) to examine the course and
the efficiency of MLF in four variants of winemaking pro-
cess: alcoholic fermentation alone (AF), co-inoculation of
yeast and bacteria (COI), sequential inoculation (SEQI),
and spontaneous malolactic fermentation (SPONT); (2) to
investigate the influence of the tested variants on the basic
enological parameters affecting wine quality; (3) to select
the best scenario for vinification of grape cultivars charac-
terized by elevated levels of malic acid.

Materials and methods
Microorganisms

Commercially available preparates were chosen for vini-
fication process: yeast Saccharomyces cerevisiae (Lalvin
EC-118, Lallemand, USA) and bacteria O. oeni (Lalvin
VP41, Lallemand, USA). One O. oeni preparate (suited to
low-pH must) was used to avoid the additional factor (dif-
ferent microorganisms) influencing the course of malo-
lactic vinification process and the quality of the obtained
wines. The rehydration process was performed according
to product specification.

@ Springer

Grape musts and vinification process parameters

Two white (Chardonnay and Kerling) and two red (Rondo
and Pinot noir) grape varieties were chosen in three dif-
ferent wine seasons (2009, 2010, and 2012) for grape
wine production. The grapes were obtained from Mier-
zecin Vineyard in Poland. The vinification process was
conducted in 15-L glass containers as laboratory-scale
experiment.

Four different variants of vinification process were per-
formed: (1) AF—only alcoholic fermentation (as control),
(2) co-inoculation (COI)—as simultaneous inoculation
of yeast and bacteria, (3) sequential inoculation (SEQI)—
malolactic fermentation induced at the end of alcoholic
fermentation, and (4) spontaneous malolactic fermentation
(SPONT) without MLB inoculation.

The inoculation of yeast was done for all variants in the
first day of vinification. Malolactic bacteria inoculation was
dependent on the evaluated variant: in co-inoculation (in
the first day) and for sequential inoculation (after 7 days of
winemaking process). To avoid the MLF in the variant of
AF (alcoholic fermentation alone), an additional sulfitation
process was performed (after 1 month of vinification, 10 g
of K,S,0s/h L). Whereas spontaneous malolactic fermenta-
tion was performed without MLB inoculation, only com-
mon treatments for inducing this process were performed
(general lower sulfitation, microoxygenation, and bacteria
nutrient supplementation). The detailed schedule for all
variants is presented in Table 1.

Chemical analysis of musts and wines

The soluble solids in grape musts were measured by refrac-
tometer (°Bx). The value of pH was evaluated according to
OIV-MA-AS313-15, total acidity according to OIV-MA-
AS313-01, and volatile acidity according to OIV-MA-
AS313-02 [36]. The concentration of sugars (glucose and
fructose), organic acids (malic acid, lactic acid, and citric
acid), ethanol, and glycerol was established using HPLC
(Waters Alliance 2695 equipped with BioRad Aminex
HPX-87H column, 300 x 7.8 mm, and RI detector; elu-
ent: 1.5 m M H,SO,, flow rate: 0.4 mL/min, column temp.
50 °C, and detector temp. 45 °C).

Samples purposed for HPLC analysis were frozen. Next,
directly before analysis samples were defrosted, appropri-
ately diluted, and filtered with 0.45-um Millipore filters.

Statistical analysis

The presented data are mean values of three replica-
tions + SD. The significant differences between sam-
ples were analyzed using PQ Stat Software (Tukey test,
P <0.05).
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Table 1 Schedule of white and red wine production

AF COI SEQI SPONT

First day (temp. 20-22 °C)

White wine
Crushing and destemming, pressing  + + + +
Sulfitation (g K,S,0s/h L) 5 5 5 3
Yeast inoculation (30 g/h L) + + + +
Bacteria inoculation (1 g/h L)* - 4+ - —
Red wine
Crushing and destemming, + + + +
Sulfitation (g K,S,0s/h L) 5 5 5 3
Yeast inoculation (30 g/h L) +  + + +
Bacteria inoculation (1 g/h L)? -+ — —
After 7 days (temp. 20-22 °C)
White wine
Racking + + + +
Bacteria inoculation (1 g/h L) - = + -
Microoxygenation - - — +
Nutrient supplementation for - - — +
bacteria®
Red wine
Pressing + + + +
Bacteria inoculation (1 g/h L) - = + —
Microoxygenation - - — +
Nutrient supplementation for bacte- — — - +
ria**
After first month (temp. 15-17 °C)
Racking + + + +
Sulfitation (g K,S,05/h L) 10° - — —
After 3 months (temp. 7-10 °C)
Racking + + + +
Sulfitation (g K,S,05/h L) 3 3 3 3
After 6 months (temp. 7-10 °C)
Racking + + + +
Bottling + + + +

@ After 24 h of sulfitation
b Optimalo Plus (Lallemand, USA) 20 g/h L
¢ For inhibiting MLF in the variant of AF

Table 2 Characteristic of grape must used for vinification processes

Results and discussion
Characteristics of cool-climate grapes

The different climatic conditions determine very signifi-
cantly the chemical composition of fruits/grapes. Accord-
ing to wine production in European Union 21, wine-pro-
ducing countries are divided into zones depending on the
climate (average temperature, exposition on sun, humidity,
etc.). The north part of Europe (Poland, Germany, Czech
Republic, Belgium, and others) belongs to the zone A,
where the climatic conditions for vine growing are the most
difficult—these are cool-climate countries. Other zones
(from B, through CI, CII, CIlla, to CIIIb) include coun-
tries with different climatic conditions (coming from north
to south part, directing to warmer climate). This division
was made to regulate certain aspects of winemaking with
consideration to the climate influence on the grapes quality
[24, 33].

An important indicator of the maturity of grapes is the
ratio of glucose to fructose [38]. At a value of about 1:1,
the grapes have reached full physiological maturity. Unripe
grapes have higher glucose content, while overripe grapes
have a higher fructose levels. In our study, the grapes col-
lected in the 2010 season had not reached maturity, as they
showed a higher content of glucose, with a glucose-to-
fructose ratio of 1:0.88. In grapes from other winemaking
seasons, the ratio varied from 1:0.96 to 1:0.98, indicating
physiological and technological maturity (Table 2). The
sugar concentration of the 2010 grapes was also signifi-
cantly lower (20.5 £ 0.1°Bx) than in the 2009 and 2012
grapes (22-24 + 0.2°Bx) (Table 2).

The acidity of the studied grapes was typical of grapes
from cool-climate regions. However, it must be emphasized
that both the total acidity (9.38—-12.14 g/L) and the malic
acid concentration (6.54-9.5 g/L) were higher than other
grapes presented in the literature (Table 2) [1, 8, 14, 18, 19,
30, 34, 39, 43].

Chardonnay 2009 Pinot noir 2009 Kerling 2010 Pinot noir 2012 Rondo 2012
°Bx 22.5+0.1 24.0+0.2 20.5 £ 0.1 22.0£0.1 22.0+0.2
Sugars: glucose + fructose (g/L) 193.12 £ 2.11 203.54 +3.05 171.33 £ 2.54 185.47 £3.17 181.62+ 2.84
Glucose/fructose 1:0.98 1:0.96 1:0.88 1:0.97 1:0.96
pH 3.31 £ 0.03 3.64 £0.05 3.19 £ 0.03 3.41+£0.06 3.26 +0.07
Total acidity® (g/L) 11.64 £0.12 9.38 £ 0.09 12.14 £0.14 10.95 £0.23 11.52 £ 0.26
Malic acid (g/L) 8.14 £ 0.09 6.54 £ 0.07 9.5 +0.05 8.11 +0.14 7.83 £0.21
Citric acid (g/L) 0.33 £0.02 0.28 £ 0.02 0.41 £ 0.02 0.35 £0.02 0.31 £0.02

Values are the mean of triplicates + SD
% As tartaric acid (g/L)
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Impact of MLF on alcoholic fermentation

The production of grape wine was performed in labora-
tory scale (15 L of volume each fermentor) which need
to be taken into account when analyzing the results. The
wine made from the 2010 grapes had a lower final etha-
nol concentration (a mean value of 11.0-11.3% v/v) than
that made from grapes from the other seasons (with a mean
value of 12-13.3% v/v) (Table 3). In all the studied vinifi-
cation processes, no significant effect of MLF on the effi-
ciency of alcoholic fermentation was noted. The highest
dynamic of ethanol production was observed during first
week of vinification process (Table 3). After this time, the
ethanol concentration changed only very slightly. The final
concentrations of ethanol obtained in the vinification with
alcoholic fermentation only (AF) did not differ consider-
ably from those obtained in the other variants of the pro-
cess (COI, SEQI, and SPONT) (Table 3). This result con-
firms the observations of other authors who have reported

no disturbances to alcoholic fermentation when employing
similar bacterial inoculation variants [1, 14, 19, 30, 39, 43].
Although some authors have pointed to disturbances in
alcoholic fermentation attributed to the activity of malo-
lactic bacteria, these have concerned the viability of the
yeast—a reduction in their growth dynamics and metabolic
activity—with no significant influence on the final ethanol
content in wines [7, 34].

Besides ethanol and CO,, glycerol is also synthesized
during alcoholic fermentation. This is a product of the
reduction in dihydroxyacetone phosphate, and its level
has a crucial effect on the final quality of wine. The con-
centration of glycerol depends on the grape microflora,
the parameters of the vinification process, the type of
yeast, the sulfitation intensity, and the temperature [11,
12, 15, 21, 25]. No significant influence of an inoculated
secondary fermentation (COI and SEQI) on the final
content of glycerol in the studied wines was observed,
which agrees with the observations of Abrahamse and

Table 3 Concentration of

. .. . Ethanol (% v/v)
ethanol during vinification

process 4 days 1 week 2 weeks 1 month 3 months 6 months
Chardonnay 2009
AF 63+0.11* 1134027 1174029 11.9+0.17° 123 +£0.17*° 12.540.22°
COI 59+0.14° 11.5+£031* 11.84+021* 12.14£020° 12.1£0.15° 12.340.34°
SEQI 6.1+£0.08> 11.74£022*° 11.74£027° 11.940.16° 1224016 1244 0.19
SPONT 6.1 £0.09® 11.440.17° 11.64+0.19° 11.9+0.19®° 123 +0.15* 12.540.12°
Pinot noir 2009
AF 6.9+0.128  12.14£020° 12440.17° 1274022* 13.04£022* 13.340.11°
Col 6.6+0.16° 123+021* 1264007 12940.08" 13.1+£0.08 13.1 +0.19°
SEQI 6.7+0.11° 12.14£0.18 12440.19° 1274021* 13.0+£021* 13.0 +0.36°
SPONT 6.9 +£0.09° 12.14024* 12440.16° 128+0.17° 13.1+£0.17° 13.240.23°
Kerling 2010
AF 6.4+0.20* 104 +0.12* 10.6+£0.09* 109+£0.09* 11.2+£0.21* 11.2+£0.24°
(6(0) 6.6 £0.16* 10.5+0.14* 10.7£0.11* 109+0.11* 11.0£0.19* 11.0+0.26
SEQI 6.4+021* 104+0.11* 10.7+£0.13* 10.8+0.13* 11.0£0.17* 11.0+0.38"
SPONT 6.5+0.17* 104 £0.09° 10.7+0.08" 109+0.08* 11.2+0.20* 11.3 +0.22%
Pinot noir 2012
AF 6.7+£0.32* 11.1+0.22* 11.6£0.21* 11.9+0.23" 12.0£0.12* 12.1+0.14°
COI 6.4+021° 11.34£036° 1144026 11.8+0.17° 12.0+£0.16* 12.0 + 0.09*
SEQI 6.6+0.17* 11.3+0.28* 11.5+0.23* 11.8+£0.21* 12.1+£0.09* 12.1 £0.11°
SPONT 6.6 £0.13* 11.2+0.17* 11.5+0.16* 11.84+0.24* 12.0+0.10® 12.0+0.15*
Rondo 2012
AF 6.8 £0.22* 11.6+026* 11.9+£0.22* 12.0+0.09"° 122+0.16* 12.2+0.15
Col 6.7+£0.19* 11.7+0.19* 11.8+£0.24* 11.9+0.11* 12.0£0.19* 12.1 £0.09
SEQI 6.8£0.27" 11.8+0.31* 11.8+£0.18* 12.0+0.16° 12.0+0.24* 12.0+0.13?
SPONT 6.6+0.32* 11.6+0.34* 11.9+0.07" 12.0£0.09° 12.0+£0.13* 12.0£0.17*
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Denotes statistically significant differences (P < 0.05) between the different MLB inoculation sce-
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Bartowsky [1]. Glycerol is known to be a source of car-
bon for microorganisms living in wine—both acetic and
lactic acid bacteria can use glycerol for their metabolic
processes. This particularly applies to infected grapes
and musts, as well as to spontaneous processes [11, 12,
15, 25]. Similar observations were made in our study. A
significantly lower concentration of glycerol was found
in the wines obtained with spontaneous MLF (Table 4).
It can be supposed that it is a consequence of glycerol
consumption by native malolactic bacteria. However, to
certify this statement some additional parameters like
byproducts of microbial glycerol degradation need to be
investigated.

In all the wines we produced, the concentration of
residual sugars varied from 2.08 to 5.19 g/L (Table 4);

they can thus be classified as dry. The MLF process was
found to have a significant effect on the residual sugar
level: Significantly lower concentrations of residual sug-
ars were noted in the wines obtained by applying the
inoculated (simultaneous or sequential) MLF; this is a
great advantage of these MLF processes. The lower con-
centration of sugars enhances the microbiological stabil-
ity of the wine and protects it from microbiological syn-
thesis of undesirable metabolites that can contribute to
spoilage [34].

Course and yield of malolactic fermentation

The acidity of grapes and wine is determined by the con-
centration of tartaric and malic acid, considered together;

Table 4 Concentration of

alycerol, residual sugars, and Glycerol (g/L) Residual sugars (glucose + fructose) (g/L) Citric acid (g/L)
citric acid after 180 days of Chardonnay 2009
vinification AF 8.96 + 0.07° 5.11+0.12¢ 0.34 + 0.02
col 8.91 4 0.04 2.08 &+ 0.57° 0.33 + 0.01*
SEQI 8.97 & 0.06 2.57 +0.15° 0.34 + 0.02*
SPONT 8.59 &+ 0.07° 4.87 +£0.11° 0.24 + 0.03"
27.27%*
Pinot noir 2009
AF 9.67 +0.12 4.85 +0.16° 0.26 + 0.06
col 9.54 4+ 0.11° 2.17 %+ 0.05% 0.27 + 0.03
SEQI 9.55 4+ 0.06 2.39 4+ 0.08" 0.26 + 0.02*
SPONT 9.19 4+ 0.09" 3.94 4 0.14° 0.17 + 0.05°
39.28%*
Kerling 2010
AF 8.77 £ 0.12 4.74 £ 0.06° 0.39 + 0.04*
col 8.73 +£0.11° 2.13 % 0.09 0.41 + 0.03*
SEQI 8.75 & 0.06 2.44 + 0.10° 0.40 + 0.02*
SPONT 8.39 + 0.09° 4.08 + 0.06¢ 0.30 £ 0.03°
26.83%*
Pinot noir 2012
AF 8.89 4+ 0.11° 5.19 + 0.04¢ 0.33 +0.0.2°
col 8.91 £ 0.08" 3.14 +£0.11° 0.33 + 0.01*
SEQI 8.85 & 0.09° 3.81 £+ 0.14° 0.34 + 0.03*
SPONT 8.35 £ 0.07° 4.56 + 0.06° 0.22 £0.01°
37.14%*
Rondo 2012
AF 8.86 & 0.09° 4.47 +£0.08° 0.32 £ 0.02°
col 8.83 & 0.07° 3.27 +0.14% 0.30 + 0.02*
SEQI 8.89 & 0.10° 4.02 +0.09 0.30 + 0.01*
SPONT 8.25 4+ 0.08" 5.06 + 016¢ 0.20 + 0.01°
35.48%*

The data are the mean of triplicates = SD

* Denotes % of citric acid reduction for spontaneous MLF

@bed) Denotes statistically significant differences (P < 0.05) between the different MLB inoculation sce-

narios
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these make up 90% of the total content of organic acids in
wine. The concentration of tartaric acid does not signifi-
cantly change over the course of vinification, though it may
be slightly reduced as a consequence of the metabolism of
S. cerevisiae yeast and malolactic bacteria, and as a result
of tartaric acid salt precipitation (known as wine stone)
during cold stabilization [11, 12, 15, 21, 24, 25]. The con-
centration of malic acid can reach up to 10 g/L, especially
in grapes grown in cool-climate regions [33], but can be
reduced to zero in the MLF process. As a result of decar-
boxylation, 1 g of malic acid gives theoretically 0.67 g of
lactic acid and 0.33 g (165 mL) CO, [11, 15, 21, 23, 24].
The course of the bioconversion of malic into lactic
acid was evaluated for the studied variants of vinification
processes. The highest dynamics of the conversion were
observed in the Chardonnay 2009 (Fig. 1). The greatest
reduction in malic acid concentration, and thus the great-
est synthesis of lactic acid, was observed in the first month
of the process. After this, the parameters stabilized. For the
other types of the wines studied (Pinot noir, Rondo, and
Kerling) the dynamics of conversion were lower and the
process stabilized after 3 months of vinification (Figs. 1, 2).
The reduction in malic acid concentration with simulta-
neous biosynthesis of lactic acid was observed in each pro-
cess. Much lower yields of MLF were noted in the variants
with no bacterial inoculation (on average 19.03 and 31.17%
of the theoretical yield in the alcoholic fermentation and
spontaneous MLF variants, respectively) (Fig. 3). To ini-
tiate spontaneous MLF, the following specific treatments
were performed: lower sulfitation, microoxygenation, and

Fig.1 Changes in the con- 10
centrations of malic and lactic

acid under vinification of white 8
wines (Chardonnay 2009 and
Kerling 2010) with different
MLEF scenarios: only alco-
holic fermentation (AF, filled
diamond), co-inoculation of
yeast and bacteria (COL, filled 2
square), sequential inoculation:

bacteria after AF completion 0
(SEQYI, filled triangle), and

spontaneous MLF (SPONT,

filled circle)

malic acid (g/L)

(=]

30 60 90

malic acid (g/L)
[=)}

=}

30 60 90

time (days)
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supplementation of nutrients for bacteria (Table 1) [2,
16]. Unfortunately, these conditions were not sufficient to
obtain satisfactory results. The spontaneous MLF process
brought about an average reduction in malic acid concen-
tration by 39.95% (Fig. 3), a reduction in total acidity from
2.12 to 2.82 g/L as tartaric acid, and an increase in pH from
0.06 to 0.18 (Table 5).

Taking into account the effectiveness of deacidi-
fication of the applied vinification techniques, the
tested variants can be lined up in the following order:
COI > SEQI > SPONT > AF (Fig. 3). The highest dynam-
ics and yield of malic to lactic acid bioconversion were
observed during the simultaneous alcoholic and malolac-
tic fermentation. With co-inoculation, the reduction in the
concentration of malic acid varied from 83.97 to 94.84%,
and the yield varied from 71.48 to 85.32% of the theoreti-
cal value (Fig. 3). The same variant had the greatest reduc-
tion in total acidity (from 2.99 to 3.68 g/L) and the great-
est increase in pH (from 0.34 to 0.43) (Table 5). Likewise,
Munoz et al. [34] have reported a greater reduction in the
level of malic acid with simultaneous alcoholic and malo-
lactic fermentations than in the case of sequential bacteria
inoculation (in the middle and at the end of alcoholic fer-
mentation). Similar observations have also been made by
Jussier et al. [18] in the production of Chardonnay from
grapes grown in cool-climate regions. The initial malic acid
concentration did not influence the effectiveness of MLF
(P> 0.05).

Complete conversion of all malic acid was not
obtained in any of the wines studied in this work. The

Chardonnay 2009

lactic acid (g/L)

120 150 180

(=]

30 60 90 120 150 180
time (days)

Kerling 2010

lactic acid (g/L)

120 150 180

(=}

30 60 90 120 150 180
time (days)
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Fig. 2 Changes in the concen-
trations of malic and lactic acid
under vinification of red wines
(Pinot noir 2009 and 2012 and
Rondo 2012) with different
MLEF scenarios: only alco-
holic fermentation (AF, filled
diamond), co-inoculation of
yeast and bacteria (COI, filled
square), sequential inoculation:
bacteria after AF completion
(SEQL, filled triangle), and
spontaneous MLF (SPONT,
filled circle)

Fig. 3 Final reduction in malic
acid expressed in % (a) and

the % of MLF theoretical yield
(b) after 180 days of vinification
with different MLF scenarios:
only alcoholic fermentation
(AF, filled diamond), co-inoc-
ulation of yeast and bacteria
(COL, filled square), sequential
inoculation: bacteria after

AF completion (SEQL, filled
triangle), and spontaneous MLF
(SPONT, filled circle)

lowest final malic acid concentration (from 0.42 to
1.33 g/L) was reached in the variant with the simultane-
ous alcoholic and malolactic fermentations (Figs. 1, 2).
Tristezza et al. [39] have also reported that they did not
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obtain complete conversion of malic acid. A few authors
have described an almost complete reduction in malic
acid concentration, but it should be noted that, in these
studies, the initial concentration of malic acid was much
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Table 5 The pH, total, and volatile acidity of the final wines after 180 days of vinification

Wine pH Total acidity (g/L)* Volatile acidity (g/L)**
Final pH Increase in pH (final—initial) final Reduction (initial-final)
Chardonnay 2009
AF 3.36 & 0.03° 0.05 9.27 4+ 0.09° 2.37 0.73 4 0.05
col 3.65 £ 0.05 0.34 7.96 + 0.06 3.68 0.68 + 0.08"
SEQI 3.49 £ 0.08" 0.18 8.18 + 0.06° 3.46 0.71 & 0.03
SPONT 3.37 +0.02° 0.06 9.19 +£0.11° 2.45 0.84 + 0.06"
Pinot noir 2009
AF 3.70 £ 0.04¢ 0.06 7.66 £ 0.05¢ 1.72 0.45 £ 0.07°
Ccol 4,01 +0.03* 0.37 6.39 + 0.08% 2.99 0.52 + 0.09°
SEQI 3.92 4+ 0.01° 0.28 6.87 & 0.09° 251 0.36 & 0.04
SPONT 3.78 4+ 0.02° 0.14 7.26 +0.11° 2.12 0.68 + 0.05°
Kerling 2010
AF 3.28 +0.01¢ 0.09 9.44 4 0.05¢ 2.7 0.67 + 0.05°
col 3.58 +0.01° 0.39 8.67 & 0.08" 3.47 0.39 + 0.08"
SEQI 3.41 £0.03° 0.22 8.92 + 0.07° 3.22 0.48 + 0.06°
SPONT 3.35 4+ 0.03° 0.16 9.32 4+ 0.07° 2.82 0.76 & 0.04¢
Pinot noir 2012
AF 3.50 & 0.03¢ 0.09 8.88 & 0.13° 2.07 0.39 & 0.05°
Col 3.82 4 0.02° 0.41 7.44 + 0.07 3.51 0.42 + 0.07®
SEQI 3.77 4 0.01° 0.36 7.59 + 0.05° 3.36 0.45 4 0.03"
SPONT 3.55 4+ 0.02° 0.14 8.81 & 0.14° 2.14 0.63 + 0.04°
Rondo 2012
AF 3.31 +0.03¢ 0.05 8.99 £+ 0.11° 2.53 0.48 + 0.06
col 3.69 £ 0.04 0.43 7.79 £ 0.06 3.58 0.57 & 0.02°
SEQI 3.51 £ 0.02° 0.25 8.4 + 0.09° 3.12 0.55 + 0.04®
SPONT 3.44 4+ 0.02° 0.18 8.91 + 0.09° 2.61 0.69 + 0.02°

Values are the mean of triplicates == SD
* As tartaric acid (g/L)
** As acetic acid (g/L)

@bed) Denotes statistically significant differences (P < 0.05) between the different MLB inoculation scenarios

lower (ranging from 1.15 to 2.55 g/L) [1, 8, 14, 30, 43]
than in the musts studied here (Table 2).

Lactic acid is known for its antimicrobial activity, so
it can be expected that, in higher concentrations, it might
show an inhibitory effect also against MLB. Given this,
it can be assumed that the malolactic activity of O. oeni
may be inhibited above a certain lactic acid concentra-
tion. Thus, it can be postulated that in case of high-acid
musts, a total reduction in malic acid can be not possible.

Citric and acetic acid metabolism
Apart from malic acid, the concentrations of citric and ace-
tic acid also have a significant influence on the quality of

wine. In the MLF process, citric acid can be metabolized
to pyruvate, lactate, acetate, ethanol, and diacetyl. From the

@ Springer

perspective of wine quality, the bioconversion of citric acid
to acetic acid and diacetyl is particularly adverse. Acetic
acid concentrations are limited by strict quality standards,
and this acid is responsible for a vinegary aroma and taste,
which disqualifies the wine [25, 38]. Small concentrations
of diacetyl give pleasant, delicate notes of nuts, caramel,
and a pleasing buttery taste. However, in higher concen-
trations (above 1 mg/L), it is responsible for less pleasant
intensely buttery tones [11, 12, 15, 21, 23, 25, 28, 35]. The
metabolites are mainly produced by bacteria involved in
spontaneous MLF—namely Pediococcus, Lactobacillus,
and Leuconostoc. The O. oeni bacteria synthesize these
metabolites in trace and acceptable amounts, so the use of
the inoculation process with properly chosen starter cul-
tures seems satisfactory to protect the vinification process
and the resulting wine [11, 12, 15, 21, 25, 41].
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To date, the literature reports on citric acid metabolism
in the process of vinification are inconsistent and more
information is needed. Canas et al. [8] have demonstrated
that a significantly higher reduction in citric acid concen-
tration results upon sequential inoculation of malolactic
bacteria than with the co-inoculation method; however,
there was no considerable effect on volatile acidity. Zapa-
rolli et al. [43] did not report any effect of the timing of
inoculation with O. oeni on the concentration of citric acid.
In the wines they studied, the amount of citric acid did not
differ significantly from its concentration in the musts.
However, Abrahamse and Bartowsky [1], in a similar
study, noted full conversion of citric acid. The differences
between the results in the literature may indicate that cit-
ric acid metabolism depends on the strain of the bacteria
O. oeni involved in MLF and on the parameters of the pro-
cess (type of must, temperature, SO, concentration, time of
inoculation, amount of bacteria inoculated, etc.).

In our studies, a reduction in the amount of citric acid
was recorded only in the process of spontaneous MLF. In
this process, the reduction in the citric acid concentration
ranged from 26.8 to 39.3%. In the other variants of the
vinification process, the concentration of citric acid did not
change (Table 4). Heterofermentative bacteria of lactic fer-
mentation, including O. oeni, can also use hexose sugars to
produce D-lactic acid, CO,, and acetic acid [11, 29]. Some
authors have thus suggested that MLF can increase the vol-
atile acidity of wine to unacceptable levels, from the point
of view of both taste and standards [11, 15, 25].

It should be pointed out, however, that the increase in
volatile acidity caused by MLF has been observed mostly
as a result of spontaneous fermentations and the metabo-
lism of wild malolactic bacteria. Recently, an increasing
number of authors have reported small differences in the
acetic acid concentrations of wines produced using O. oeni
bacteria. Almost always, the level of acetic acid has been
below the admissible limit and did not affect the quality
and aroma of the wines [5, 18, 30, 34]. In our study, when
evaluating the effect of MLF on the final concentration of
acetic acid, the worst results were obtained for the spon-
taneous malolactic fermentation variant. Indeed, the vola-
tile acidity was significantly higher than for the other vari-
ants, but did not exceed 0.84 g/L (expressed as acetic acid)
(Table 5), which meets the standards for good-quality grape
wine. For the other wines, no distinct trend of changes was
seen in volatile acidity depending on the vinification tech-
nology used. With the control variant (AF only), the vola-
tile acidity did not exceed 0.73 g/L; with the simultaneous
AF and MLF (CQI) variant, it did not exceed 0.68 g/L; and
with the sequential inoculation (SEQI), the highest concen-
tration was 0.71 g/L (Table 5).

Abrahamse and Bartowsky [1] have also reported that
the timing of malolactic bacteria inoculation has no effect

on the volatile acidity of the wine, but the concentration of
acetic acid in the wine they studied was more than twice as
high as in the alcoholic fermentation variant (0.94-0.96 g/L
depending on inoculation time; 0.45 g/L. with no MLF).
Tristezza et al. [39] reported a significant reduction in vola-
tile acidity (0.30-0.31 g/L) as a result of simultaneous yeast
and bacteria inoculation, in comparison to sequential inoc-
ulation (0.49-0.51 g/L). A similar trend was noted by Knoll
et al. [19] in the vinification of cool-climate Riesling: for
the four MLF inoculation timings tested (24 h after yeast
inoculation and after 40, 60, and 100% of alcoholic fer-
mentation completion), the concentration of acetic acid in
the final wine increased from 0.61 to 0.77 g/L, respectively.
This insignificant increase in the concentration of ace-
tic acid in the wines produced with MLF may be not only
a result of the bacteria metabolism, but also of the yeast
metabolism. It has already been shown that, under stressful
conditions, yeast produces a higher amount of acetic acid
than under optimal conditions [13]. It is also highly prob-
able that the production of acetic acid during vinification
has a strain-dependent (for both yeast and bacteria) and
environment-dependent character [39].

Conclusions

Of the four malolactic bacteria inoculation scenarios tested
for use in the vinification process of high-acid musts (with
enhanced concentrations of malic acid), the simultaneous
inoculation of yeast and bacteria seems to be preferable as
it results in the most effective MLF process and the best
quality parameters of wine.

In contrast to the prevailing opinion that co-inoculation
can result in a disadvantageous increase in volatile acidity,
wines obtained with this technique showed no increase in
volatile acidity and also showed the lowest concentrations
of residual sugars, which is directly related to enhanced
microbiological stability and protects against the overpro-
duction of undesirable metabolites.

The timing of malolactic bacteria inoculation had no
effect on the metabolism of citric and acetic acids. A sig-
nificant reduction in the concentration of citric acid and
an increase in the volatile acidity were observed only for
the spontaneous MLF variant. This confirms the opin-
ion that wine produced through a non-inoculated process
(with native MLB) can excessively accumulate undesirable
metabolites.

The same dependencies were observed in the three fol-
lowing wine seasons, which allows us to postulate that the
simultaneous inoculation of yeast and bacteria is very ben-
eficial in vinifying high-acid grapes. The results and rela-
tions presented here facilitate the modeling and optimiza-
tion of the vinification of uncommon grapes, especially

@ Springer
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those cultivated in cool seasons or in cool-climate regions,
like Central Europe.
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