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Abstract: The by-products of the food industry are an economic alternative as a source of nutrients
to obtain biomass. At the same time, theiruse could solve the environmental problem related
to their disposal, which is highly polluting due to their elevated biochemical oxygen demand.
In this work, we seek to optimize the production of cellular biomass of two native Patagonian
strains of Lactiplantibacillus plantarum (UNQLp 11 and UNQLp155), selected for its oenological and
technological properties, using apple pomace (AP), a residue from the juice and cider industry. The
supplementation of AP with yeast extract, salts, and Tween 80 (sAP), proved to maintain the growth
of the Lpb. plantarum strains, similar to the commercial medium used to grow LAB (De Man, Rogosa,
Sharpe, MRS). Cultures grown in sAP medium showed good tolerance to wine conditions (high
ethanol content and low pH), demonstrated by its ability to consume L-malic acid. The subsequent
inoculation of these cultures in sterile wines (Merlot and Pinot noir) was carried out at laboratory
scale, evaluating cell viability and L-malic acid consumption for 21 days at 21 ◦C. Cultures grown in
sAP media showed a similar performance to MRS media. Thus, sAP media proved to be a suitable
substrate to grow oenological Lpb. plantarum strains where cultures (with high size inoculums) were
able to drive malolactic fermentation, with an L-malic acid consumption higher than 90%.

Keywords: lactic-acid bacteria; sustainable; wine; malolactic fermentation; food by-products

1. Introduction

Lactiplantibacillus plantarum strains are one of the most important lactic-acid bacteria
(LAB) able to drive malolactic fermentation (MLF) during the winemaking process. First,
yeasts perform alcoholic fermentation (AF) transforming the must into wine. During or
after the AF, MLF can occur, consisting on the decarboxylation of L-malic acid, which
reduces acidity of wine and contributes to microbial stability (by reducing carbon sources
that can be used by deleterious microorganisms) [1–5]. Additionally, LAB enzymatic
activities improve the aromatic profile of the wine [6–9]. MLF can occur spontaneously by
the action of native LAB from the grape and the cellar, but wine stress factors (ethanol, low
pH, sulfite, etc.) can reduce the bacterial viability. This can lead to undesirable results, such
as an increase in volatile acidity, the consumption of residual sugars and the formation of
unwanted metabolites such as biogenic amines. To control the process, malolactic starter
cultures can be added during winemaking, in order to guarantee the success of MLF [10].
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The use of starter cultures formulated with indigenous LAB strains from a productive
region is an expanding practice in viticulture. This allows the maintenance of the typicity
of the terroir and possesses strains better adapted to the agroecological characteristics of
the cultivars. Instead, commercial starters are formulated with LAB strains isolated from
regions different to those in which they are going to be used [11–16].

For this purpose, two strains of Lpb. plantarum (UNQLp 11 and UNQLp 155) were
obtained from Patagonian Pinot noir wines (in spontaneous MLF stage) and selected
according to their oenological and technological characteristics. Their ability to survive
to wine conditions, a good L-malic acid consumption, and the capacity to improve the
aromatic profile, among others, reveals them as good candidates to be used as malolactic
starter cultures for the Patagonian region [7,8,17–19]. Additionally, Lpb. plantarum cultures
have several advantages over the main microorganism involved in the MLF process,
Oenococcus oeni. Namely, Lpb. plantarum grows faster than O. oeni in various carbon
sources [20]. Additionally, we demonstrated in previous work, that some strains can be
inoculated in wine without previous acclimation (treatment to pre-adapt cells to wine stress
by incubation in a rich medium at sub-lethal stress conditions) [21], reducing costs and
time in obtaining biomass [18].

The production of large-scale starter cultures requires analyzing the conditions to
obtain cellular biomass at low cost, and in a sustainable way [22]. Apple pomace (AP), also
named apple bagasse, is one of the main agro-industrial by-products of the Patagonian
region (from juice and cider elaboration). Its use to obtain biomass could solve environ-
mental problems related to its treatment and disposal, giving them an added value [23].
AP is rich in simple sugars such as glucose, fructose, and sucrose [23], making it an eco-
nomic carbon source. This media has been previously used to obtain metabolic products of
fermentation such as ethanol and lactic acid [24,25]. Recently AP has been optimized to
produce oenological yeast biomass [23] but, to our knowledge, it has not yet been used to
obtain LAB biomass for biotechnological purposes.

LABs are known as nutritionally fastidious microorganisms [26] thus, nutrient sup-
plementation in growth media must be considered [20]. At the same time, the use of
Lpb. plantarum strains as malolactic starter cultures require their survival to the stressful
wine environment [21]. For these reasons, LABs are sometimes pre-adapted to these harsh
conditions by exposure to sub-lethal stresses, such as incubation in an acclimation medium
with a low ethanol concentration [21] or growing at low pH [27].

Therefore, the aim of this work was the biomass production of two native oenological
Lpb. plantarum strains (UNQLp 11 and UNQLp 155) using AP as a base medium. For
this purpose, the nutritional supplementation and the pH adjustment were analyzed.
Subsequently, strains grown in the best performance media were inoculated in sterile wine
samples (final stage of alcoholic fermentation) of Merlot and Pinot noir and incubated at
laboratory scale. The posterior analysis of cell viability and L-malic acid consumption
suggests their potential application as a low-cost medium, to produce native malolactic
starter cultures of the Patagonian region.

2. Materials and Methods
2.1. Bacterial Strains and Growth Conditions

UNQLp 11 and UNQLp 155 Lpb. plantarum strains (Gene Bank Accession Number
Complete Genome: CP031140 and 16S rRNA GenBank Accession Numbers: KC562904,
respectively), were obtained from Pinot noir wine samples [17,18], where MLF was spon-
taneous. Cultures were kept frozen at −20 ◦C in MRS broth (De Man, Rogosa, Sharpe),
with glycerol (20% v/v, as a stock culture). For fresh bacteria cultures, 1mL of stock culture
was grown in 10mL of MRS broth (Biokar Diagnostics, Beauvais, France) [28], at 28 ◦C and
pH 6.5 for 48 h in anaerobic conditions (stationary phase ~9 LogCFU/mL).
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2.2. Selection of Nutritional Supplementation

Apple pomace (AP) by-product was obtained from the production of natural juices
squeezed from apples, free of additives (kindly donated by “Jugos Villa Regina®”, Province
of Río Negro, Argentina). The physicochemical and microbial characterization of AP was
previously reported by Bravo et al., 2019 [23]. AP was used at 50% w/w in distilled water
and sterilized in an autoclave at 120 ◦C for 15 min. Then, AP medium was centrifuged at
5000× g for 20 min and the clarified supernatant was used as base medium. Lpb. plantarum
strains were inoculated at 1% v/v (0.1mL of culture in stationary phase in 10mL of fresh
medium) in AP, AP supplemented with yeast extract 1% w/v (yeAP) and AP supplemented
with yeast extract 1% w/v, Tween 80 1mL/L and salts (ammonium citrate 2 g/L, K2HPO4
2 g/L, MgSO4 0.1 g/L and MnSO4 0.05 g/L)(sAP) according to Cerdeira et al., 2019 [20].
Additionally, pH was adjusted at: 3.6, 4.5 and 6.2 (±0.1) (by adding NaOH or HCl 6M),
to evaluate the pre-exposure to sub-lethal stress factors [27]. MRS broths, at pH 3.6 and
6.2, were used as control medium (highest and lowest acidity values). For each growth
condition the optical density (OD) at 600 nm was measured in a microplate reader (Biotek,
Cytation 3), at 28 ◦C, for 5 days. At stationary phase, cell viability samples were evaluated
by plate count on MRS agar.

2.3. Synthetic Wine Incubation

Stationary phase cultures (~1 mL), obtained from each growth condition (sAP at
different pH) were centrifuged and inoculated in an equal volume of synthetic wine (5 g/L
tartaric acid, 4.5 g/L L-malic acid, 0.6 g/L acetic acid, 2 g/L fructose, 2 g/L glucose, 13% v/v
ethanol and pH 3.5 ± 0.2). They were then incubated for 7 days at 21 ◦C. Samples were
taken on day 7 to determine cell viability and L-malic acid consumption. As control, MRS
broth cultures at pH 3.6 and 6.2 (highest and lowest acidity values), were also evaluated.

2.4. Fermentation Assays at Laboratory Scale in Sterile Pinot Noir and Merlot Wines

Cultures from the best growth condition (defined by the performance in synthetic
wine incubation) were inoculated in 10 mL of Pinot noir (14.3% v/v ethanol, L-malic acid
2.3 g/L, pH 3.7) and Merlot (12.2% v/v ethanol, L-malic acid 2.1 g/L, pH 3.45) wines (both
at the end of AF). These wines were previously sterilized by filtration through 0.2 µm pore
size (Sartorius Stedim Biotech GmbH, Göttingen, Germany) and inoculated at two different
bacterial concentrations, ~7 and ~8 LogCFU/mL (cultures from MRS or sAP, without
acclimation treatment). The wine samples were incubated for 21 days at 21 ◦C, taking
samples at 0 and 24 h, and at 7, 14, and 21 days, to determine cell viability and L-malic acid
consumption. As control, similar sterile wine samples were inoculated with Lpb. plantarum
cultures grown in MRS broth pH 6.3.

2.5. Cell Survival

Cell viability was determined by bacterial colony count on MRS agar plates, incubated
at 28 ◦C for 72 h. Serial dilutions (1/10) with 0.9% physiological solution were done, and
0.1 mL of each dilution was plated on MRS agar. The plates were incubated at 28 ◦C for
72 h, in aerobiosis, and the results were expressed in CFU/mL.

2.6. L-Malic Acid Consumption

The concentration in g/L of the remaining L-malic acid was evaluated by the L-Malic
Acid Enzymatic Kit (BioSystems SA, Barcelona, Spain).

The percentage of L-malic acid consumed (%MAC) after 21 days of incubation was
calculated following the Equation (1):

%MAC = 100 −
([

MA f ] 100/[MA0

])
(1)

where [MA0] is the initial concentration of L-malic acid in the wine used and [MAf] is the
final concentration measured in the wine after 21 days of incubation.
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At the same time, an exponential one-phase decay equation model was used for fitting
the performed MAC kinetic by the different strains tested in sterile wine. The Equation (2)
for this model was obtained by the GraphPad Prism®software and it is:

[MAt] = ([MA0]− [MAi])e−Kt + [MAi] (2)

where [MAt] is the L-malic acid concentration at time = t, [MA0] is the initial concentration
of L-malic acid, [MAi] is the L-malic acid concentration at infinite time and K is the
rate constant.

2.7. Statistical Analysis

All of the assays were performed on triplicate using independent batch cultures. The
statistical analysis was carried out with the GraphPad Prism version 6.01®program, using
ANOVA (Analysis of Variance). The results were expressed with the mean ± their standard
deviation and the differences were considered significant when p < 0.05.

3. Results
3.1. Growth Kinetics in AP and sAP

AP and sAP media were studied for biomass production of two Lpb. plantarum strains,
compared to classical growth in MRS broth. Figure 1 shows the growth kinetics of UNQLp
11 and UNQLp 155 strains in AP, yeAP, and sAP media, in comparison with the commercial
MRS broth, at different pH. The effect of nutrient supplementation was dramatic for both
strains. The addition of yeast extract 1% w/v increased the OD by 100% for UNQLp 155
and UNQLp 11. The addition of magnesium and manganese salts together with Tween
also significantly increased the OD, reaching similar values to MRS broth. Nonetheless,
in all AP supplemented conditions (yeAP and sAP at different pH) the time generation
increased, reaching exponential phase 24 h later compared to MRS. At the same time,
increasing the pH of the sAP media from 4.5 (original) to 6.2 shows a considerable increase
of the maximum OD. Whereas the reduction of pH shows a decrease of the maximum OD.
Similar results were found when the pH of MRS was modified.

Figure 1. Growth kinetics, by OD600nmmeasurement, during incubation of UNQLp 11 and UNQLp 155 strains in AP (4),
yeAP (supplemented with yeast extract) (N), sAP (supplemented with yeast extract, salts, and Tween) (�), or MRS broth (•),
at pH 3.6, 4.5 and 6.2.
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Finally, between pH 3.6 and 6.2, both strains (UNQLp 11 and UNQLp 155) achieved
the growth plateau with values of ~9–10 LogCFU/mL when they were grown in sAP,
without significant differences with MRS (p < 0.05)

3.2. Behavior of Bacterial Cultures in Synthetic Wine

Based on the results obtained in Section 3.1, sAP was selected as a growth medium for
both Lpb. plantarum strains for the subsequent inoculation in synthetic wine. MRS broth,
pH 3.8 and 6.2, was used as control. Bacterial viability, at 24 h and 7 days, was measured in
each sample by plate count (Figure 2). Figure 2 showed a notable decrease in the viability
values in synthetic wine after day 7, compared to 24 h, in all conditions. No significant
differences were observed between sAP and MRS broth at different pH. Cultures grown in
MRS pH 3.6 were more sensitive to synthetic wine incubation, and the cell survival was
significantly lower at 24 h and 7 days compared to other growth conditions.

Figure 2. Bacterial viability of UNQLp 11 (A) and UNQLp 155 (B) strains, after 24 h (smooth bars)
and 7 days (striped bars) of incubation in synthetic wine (ethanol 13% v/v, pH 3.5) at 21 ◦C. Cultures
were grown in sAP (supplemented with yeast extract, salts and Tween), at different pH (3.6, 4.5
and 6.2), or in MRS broth (pH 3.6 and 6.2) as control, until stationary phase. The statistical analysis
was done using ANOVA and Dunnett’s multiple comparisons test with de control (MRS pH 6.2).
Differences were considered significant when p < 0.05 (*).
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In addition to evaluating viability, L-malic acid consumption was measured after
7 days of incubation in synthetic wine. Figure 3 shows the %MAC values for UNQLp 11
(Figure 3A) and UNQLp 155 (Figure 3B) strains. The cultures grown in MRS pH 3.6 showed
a significant decrease in the %MAC, in concordance with the cell survival results observed
in Figure 2, being the values lower for UNQLp 155 strain. For cultures grown in sAP, no
significant differences were observed compared to MRS pH 6.2. Additionally, MRS and
sAP at pH 6.2 showed the highest %MAC values. For this reason, subsequent experiments
were carried out using sAP at pH 6.2, in which both strains were able to consume ~90% of
L-malic acid.

Figure 3. Percentage of L-malic acid consumption (%MAC) of UNQLp 11 (A) and UNQLp 155
(B) strains, after incubation during 7 days in synthetic wine (ethanol 13% v/v, pH 3.5), at 21 ◦C.
The statistical analysis was completedusing ANOVA and Dunnett’s multiple comparisons test with
thecontrol (MRS pH 6.2). Differences were considered significant when p < 0.05 (*) or p < 0.01 (**).

3.3. Fermentation Assays in Sterile Wine

Fermentation assays were carried out on sterile Patagonian Pinot noir and Merlot
wine, for 21 days, determining bacterial viability and L-malic acid consumption. As
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described above, cultures from sAP at pH 6.2 were selected for wine inoculation. Two dif-
ferent inoculum sizes (~5.107 and 5.108 CFU/mL) were used, as shown in Figures 4 and 5.
Figures 4 and 5 show the fermentation kinetics for UNQLp 11 and UNQLp 155 strains,
respectively. In each one, MRS (pH 6.2) control was included.

The cell survival of UNQLp 11 and UNQLp 155 strains, in sAP or MRS (Figures 4 and 5),
showed a drastic decrease (~2 log) after 24 h of inoculation, in all conditions. Loss of viability
was maintained during fermentation, but to a lesser degree, being more considerable in
Merlot wine.

The initial bacterial concentration proved to be crucial for the success of the fermen-
tation assay. At a lower cell concentration, UNQLp 11 strain is able to consume a 20% of
the L-malic acid content during the 21 days of the assay, in both wine varietals, and in
cultures from both growth media (Figure 4). When the same strain was inoculated at high
bacterial concentration, it showed a %MAC value higher than 70% in Merlot wine, and
higher than 85% in Pinot noir wine, without significant differences between cultures grown
in MRS broth or sAP media (p < 0.05). Similar results were obtained in UNQLp 155 strain
(Figure 5). However, when high cell concentrations were inoculated, %MAC was lower
(~50%) for cultures grown in sAP media and inoculated in Merlot wine, whereas it was
higher than 75% in Pinot noir (significantly higher than cultures grown in MRS, p < 0.05).

Figure 4. Fermentation assays in sterile Merlot (left column) and Pinot noir (right column) wines, of UNQLp 11 cultures
growing in MRS pH 6.2 (a,b) or in sAP medium (supplemented with yeast extract, salts, and Tween) pH 6.2 (c,d). The full
lines show the count of viables (LogCFU/mL) and the dotted lines the percentage of L-malic acid consumed (%MAC),
obtained according to a non-linear regression of exponential decay. High size inoculums are displayed in blue and low
inoculums in green.
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Figure 5. Fermentations in sterile Merlot wines (left column) and Pinot noir (right column) for UNQLp 155 of cultures
growing in MRS pH 6.2 (a,b) or in sAP medium (supplemented with yeast extract, salts, and Tween) pH 6.2 (c,d). The full
lines show the count of viables (log CFU/mL) and the dotted lines the percentage of L-malic acid consumed (%MAC),
obtained according to a non-linear regression of exponential decay. High size inoculums are displayed in blue and low
inoculums in green.

4. Discussion

Previous studies have shown that some Lpb. plantarum strains are able to guide MLF
in severe wine conditions (low pH, high ethanol and SO2) and have potential to be used
as malolactic starter cultures. In addition, they exhibit a more diverse enzymatic profile
than O. oeni strains, which could play an important role in the modification of the wine’s
aromatic profile [7–9,17,18].

The two oenological Lpb. plantarum strains studied were able to grow similarly
in supplemented apple pomace (sAP) media and in MRS broth (control). In previous
works [22,23], it was demonstrated that a suitable large biomass of Lpb. plantarum strains
could be obtained in a culture medium based on by-products of the food industry (such
as whey permeate), with good L-malic acid consumption under wine stress conditions.
Since LAB strains are usually grown in the complex medium MRS, this is a very expensive
media for bacterial growth at large scale, to be used as starter in industrial food fermenta-
tion [29,30]. The use of food by-products not only represents a sustainable method for LAB
culture, but also reduces drastically the cost of biomass production.

Considering that UNQLp 11 and UNQLp 155 Lpb. plantarum strains have potential to
be used as native Patagonian starter cultures [9,17,18,31], it is necessary to optimize the
obtention of cellular biomass using sources present in the same region. The development
of this work allowed formulating an economic culture media based on AP, adding value
to a food waste of the apple juice industry. The production of apples is one of the main
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economic activities in the Río Negro province (Patagonian region), being Argentina one of
the principal exporters of fresh apples of the South hemisphere, with an annual production
of ~1 million tons [32]. From the total production of apples, 40% is used by the industry to
produce concentrated or pressed juice. From the processed apples, 35% is apple pomace,
which is usually discarded. For these reason, the use of apple pomace would confer an
added value and potentially, resolve the environmental impact of its disposal or treatment,
reducing their high biochemical oxygen demand [24,25,33].

Although the use of AP to grow oenological LAB has not been reported yet, Berbe-
gal et al. [34] described the use of supplemented apple juice as a base culture medium to
grow O. oeni strains. The main carbon sources of AP are glucose, fructose and sucrose, but
with low concentration of proteins and other nutrients. This composition makes nutritional
supplementation necessary through the incorporation of nitrogen, growth factors, and
salts [26,34]. According to the results observed in Figure 1, the carbon source present
in AP is adequate, but the supplementation with yeast extract, Tween, manganese, and
magnesium are essential for optimal growth. Although supplementation represents an
additional cost, they could be replaced by other food waste rich in nutrients, which will be
studied in future assays.

In addition, it is important to note that, in this work, cultures inoculated in wine
were not acclimated. The increase in cost for the acclimation media is caused by the use
of commercial MRS as base medium, as established in Bravo-Ferrada et al., 2014 [21].
Although acclimation treatments showed an increase of the resistance to harsh wine
conditions [21], for this work, we focus on finding sustainable, low-cost alternatives for
production of starter cultures, thus avoiding the use of acclimation treatments.

Several authors report using LAB inoculums oscillating between 7 to 8 LogCFU/mL,
to study fermentation of sterile wine or synthetic wine [4,6,35,36]. According to our
experience, 7.5 LogCFU/mL is an appropriate inoculum size for strains of O. oeni and Lpb.
plantarum to complete the consumption of L-malic acid in sterile wine in 15–20 days, with
a previous acclimation treatment [18]. For this reason, the inoculation with two different
inoculums were studied to evaluate the success of MLF. In Figures 4 and 5, a drastic loss of
viability occurs after 24 h of inoculation, and the higher size inoculums perform the best
%MAC, consuming more than 75% of L-malic acid, corresponding to a concentration lower
than 0.5 mg/L. This suggests that MLF is complete [9]. The number of viable bacteria
throughout the 21 days of fermentation was less than 7 LogCFU/mL, which corresponds to
the bacteria that survived and adapted to the stressful factors of the wine, and/or managed
to maintain their activity allowing for a more efficient L-malic acid consumption.

Finally, the results of this work represent a valuable alternative for biomass obtention
of Lpb. plantarum as malolactic starter cultures at a low cost and in a sustainable manner. The
production of native malolactic starter cultures could improve the quality of regional wines,
maintaining the terroir and avoiding the risk of spontaneous MLF. The use of apple pomace
as a base medium, adds value to an industry waste by-product from the same region. This
can potentially have significant cost advantages with impact in the regional economic
activities and satisfy the consumer demand for more environmental-friendly processes.
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