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Abstract: Background: The cider industry is becoming an increasingly important segment of the
apple fruit sector in Argentina. This study evaluated different inoculation strategies using two
Patagonian strains to produce ciders with reduced malic acid and enhanced quality from acidic apple
musts. Methods: Fermentations were performed using Pichia kudriavzevii NPCC1651 (isolated from
cider) and Saccharomyces cerevisiae NIF8 (isolated from wine) in pure, simultaneous, and sequential
inoculations. Viable cell counts, glucose and fructose consumption kinetics, and malic acid depletion
were measured during fermentation, while physicochemical and aromatic profiles of the ciders were
also analyzed in the final products. Results: P. kudriavzevii was capable to coexist with S. cerevisiae
until the final stages of fermentation, independently from the inoculation strategy employed. The
simultaneous inoculation at a 1:1 ratio and the sequential inoculation initiated with S. cerevisiae
showed the best performance. Both strategies produced ciders with high fermentative efficiency,
elevated levels of lactic and succinic acids, isoamyl alcohol, 2-phenylethanol, isoamyl acetate and 2-
phenylethyl acetate, while reducing acetic acid and ethyl acetate levels. These fermentations also
achieved higher malic acid consumption compared to pure cultures. Conclusion: The simultaneous
inoculation at a 1:1 ratio is proposed for further pilot-scale testing in natural acidic musts due to its
operational practicality and its potential to produce ciders with reduced malic acid and improved
sensory quality.

Keywords: cider; non- Saccharomyces; Pichia kudriavzevii; Saccharomyces cerevisiae; Patagonia; malic
acid; mixed fermentation; fermented beverages

1. Introduction

Cider, an alcoholic beverage produced through the fermentation of apple juice, has experienced
a significant rise in popularity within the alcoholic beverage market. Traditional cider-producing and
consuming countries such as Spain, England, France and Ireland have increased the production and
consumption of this beverage. Additionally, cider has expanded into new markets, including the
United States, Australia and Asia [1]. In Argentina, cider production is primarily concentrated in the
North Patagonian region, where most apple orchards are located. Reflecting global trends, this
industry is becoming an increasingly important segment of the apple fruit sector, partly due to the
decline in fresh apple exports and the consequent reduction in fresh fruit prices [2].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Unlike what happens in other countries, Argentine cider has been traditionally produced from
apple varieties whose main use is fresh consumption. Moreover, the use of discarded apples that do
not meet the quality standards required to be sold on the international market is also a particularly
common practice in local cider-making. Regarding the yeasts used in this industry, spontaneous
fermentations or conducted fermentations using commercial cultures are employed. In recent years,
the use of other apple varieties and even new local yeasts have been evaluated with the aim of
differentiating the product and increasing its economic value [3-5].

An increasingly common strategy to enhance the flavor complexity of ciders is the inoculation
of apple musts with pure cultures of yeasts belonging to Saccharomyces genus selected according to
their metabolic and technological abilities [6,7]. More recently, different non-Saccharomyces yeast
strains were also evaluated because of their ability to produce specific cider volatile compounds [7-
11]. In a few cases, mixed cultures of two non-Saccharomyces strains [12] or a combination of S.
cerevisize and a non-Saccharomyces yeast were also proposed [13-15].

Among non-Saccharomyces yeast species, Pichia kudriavzevii has gained attention. This species is
recognized for its ability to degrade organic acids, release hydrolases and flavor compounds, and
exhibit probiotic properties, making it a promising starter culture in the beverage industry [15]. While
it is commonly associated with wine due to its prevalence in vineyards and wineries, it has also been
isolated from other substrates such as apple surfaces, spontaneous cider and Baijiu fermentations,
and sourdough in recent years [5,14,16,17]. Strains of P. kudriavzevii have been reported to enhance
the aromatic profiles of wines [18-20] and also contribute to the production of high-quality ciders
when used in mixed cultures [13,14].

The ability of P. kudriavzevii to degrade malic acid in wine [21-24] makes it a promising species
for the production of cider from musts with a high concentration of this particularly pungent organic
acid. L(-)Malic acid is the predominant component of the non-volatile organic acid fraction in apples.
Its concentration is influenced by apple variety, maturity, and climatic conditions. Apples grown in
cooler regions tend to have higher levels of L(-)malic acid due to a lower respiratory quotient
compared to those from warmer areas [25]. This explains the high content of this acid (>10 g L) in
the most cultivated varieties in Argentina's North Patagonia. From a sensory perspective, malic acid
can be harsh at high concentrations. Microbiologically, it is unstable because lactic acid bacteria can
metabolize it, leading to the formation of undesirable compounds. One common strategy in
winemaking, and much less explored in cider making, is to induce malolactic fermentation using
selected lactic acid bacteria before bottling, which helps to reduce malic acid content and, according
to some producers, enhances the beverage's characteristics. However, other studies report that
malolactic fermentation can be a challenging process to control, potentially leading to a deterioration
in the quality of the final product [26]. In this context, the use of starter cultures containing P.
kudriavzevii strains seems interesting.

In a previous study, Mazzucco et al. [27] examined P. kudriavzevii strains isolated from different
substrates in the Patagonian region —wine, cider, and natural environments —and demonstrated that
the cider strain P. kudriavzevii NPCC1651 could degrade L(-)malic acid as its sole carbon source and
consume malic acid present in acidic apple musts. This strain also stood out for its high fermentative
capacity and fructose consumption. Additionally, the indigenous wine strain S. cerevisize NIF8
demonstrated some capacity to consume malic acid while also exhibiting a high fermentative ability.

In this study, pure and mixed fermentations were carried out using P. kudriavzevii NPCC1651
and S. cerevisiae NIF8 to determine the optimal fermentation strategy for producing ciders with low
acidity and distinct physicochemical and aromatic profiles - key attributes when selecting starter
cultures for cider production from acidic apples. The simultaneous inoculation at a 1:1 ratio is
proposed for further pilot-scale testing in natural (non sterile) musts due to the physicochemical and
aromatic profile of the resulting ciders and the practicality of the strategy. Additionally, reducing
malic acid levels in ciders could lessen the need for added sugar during the final adjustment stage to
balance the harshness of malic acid, resulting in a healthier beverage and providing cost savings.
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2. Materials and Methods
2.1. Yeasts and Growth Conditions

One P. kudriavzevii strain (NPCC1651) and one S. cerevisiae strain (NIF§ strain) previously
isolated from the North Patagonian Region (Argentina) and tested in their capability for cider
production [27] were used in this study. P. kudriavzevii strain was isolated from spontaneous cider [5]
and S. cerevisiae strain was obtained from a Patagonian wine cellar [21]. Yeasts were conserved in
vials containing YEPD (g L-1: yeast extract 10, glucose 20, peptone 20, and agar 20, pH 4.5) - glycerol
20% v/v. The activation was carried out by spreading onto YEPD-agar and incubation at 25°C for 24
hours. P. kudriavzevii strain is deposited in the North Patagonian Culture Collection (NPCC),
Neuquén, Argentina.

2.2. Antagonist Activity

Antagonist activity between P. kudriavzevii NPCC1651 and S. cerevisiae NIF8 was determined
using the seeded-agar-plate technique on YEPD-MB medium (w/v: 1% yeast extract, 2% glucose, 2%
peptone, 2% agar, 0.0003% methylene blue) buffered at pH 4.6 with 0.5 M phosphate—citrate as
described by Lopes and Sangorrin et al. [28]. The collection strains K2-type killer S. cerevisine NCYC
738 and Candida glabrata NPCC106 were used as a control of killer and sensitive yeasts, respectively.

2.3. Laboratory-Scale Fermentations in Sterile Apple Must
2.3.1. Fermentation Trial

Apple juice (12.6°Brix, 47.0 g/L glucose and 92.7 g/L fructose, 25 g/L sucrose, 9.9 g/L sorbitol,
7.67 g/L malic acid, pH 3.21) was prepared from Granny Smith apples harvested during 2023 from
orchards located in the North Patagonian region (Rio Negro province, Argentina), sulfited (100 mg
L-1 potassium metabisulfite) and sterilized (120 °C, 20 min).

P. kudriavzevii NPCC1651 and S. cerevisiae NIF8 strains were activated and pre-cultured in 50 mL
YEPD medium at 28°C for 24 h with agitation (150 rpm), separated by centrifugation, washed with
sterile water, and inoculated in 400 mL sterilized apple juice. Yeast inoculation strategies consisted
of six fermentation tests (Table 1): (1) single inoculation with P. kudriavzevii NPCC1651 strain (2x10¢
cell/mL) (P); (2) single inoculation with S. cerevisiae NIF8 strain (2x10¢ cell/mL) (S); (3) simultaneous
inoculation with S. cerevisiae NIF8 and P. kudriavzevii NPCC1651 at a cell concentration ratio of 1:1
(2x10¢ cell/mL: 2x10¢ cell/mL) (Sim 1:1); (4) simultaneous with S. cerevisiae NIF8 and P. kudriavzevii
NPCC1651 at a cell concentration ratio of 1:10 (1x106¢ cell/mL: 1x107 cell/mL) (Sim 1:10); (5) sequential
inoculation with S. cerevisize NIF8 48 h after inoculation with P. kudriavzevii NPCC1651 at a ratio of
1:1 (2x10¢ cell/mL: 2x10¢ cell/mL) (Seq P-S); and (6) sequential inoculation with P. kudriavzevii
NPCC1651 48 h after inoculation with S. cerevisiae NIF8 at a ratio of 1:1 (2x106 cell/mL: 2x10¢ cell/mL)
(Seq S-P). All fermentations were carried out at 20°C in duplicate using an incubator. The
fermentations evolution was followed daily by measuring °Brix using a refractometer (Gery
Anderson) until constant values. After this point, total reducing sugars were daily evaluated by the
DNS method [29] until the end of the processes (less than 2 g/L total reducing sugars). The sterility
of the must was confirmed through microscopic observations (absence of bacterial cells) at various
fermentation stages.

Table 1. Code, inoculation strategies and cell counts used in conducted apple must fermentations.

Code Inoculation strategy Inoculum (cells/mL)
S. cerevisiae NIF8 P. kudriavzevii NPCC1651
P Pure culture - 2x10°6
S Pure culture 2x10° -

Sim 1:1 Simultaneous 1:1 1x10° 1x10°e
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Sim 1:10 Simultaneous 1:10 1x10°6 1x107
Seq P-S Sequential 1x10° (48 h)* 1x10¢
Seq S-P Sequential 1x10¢ 1x10¢ (48 h)*

* (48 h) indicates the inoculation time of the second yeast in sequential fermentations.

2.3.2. Kinetic Parameters

Kinetic parameters were calculated from each fermentation individually using °Brix measure
daily in the system. Two models were tested:

i. Exponential decay function previously used by Arroyo-Lopez et al. [30]: Y=D+Sxe-Kxt. Where
Y is the final °Brix value, t is the time (h), D is a specific value when t — o, S is the estimated value of
change, and K is the kinetic constant (h-1).

ii. Sigmoid or altered Gompertz decay function, used previously by Lambert and Pearson [31]:
Y=A+Cxe—e"(Kx (t-M)). Where Y is °Brix still present in must, t is the time (h), A is the lower
asymptote when t tends to infinity (t—e°), K is the kinetic constant (h—1), C is the distance between
the upper and lower asymptote, and M is the time when the inflection point is obtained (50% of the
total °Brix variation).

Analysis was carried out using the non-linear module of the Statistica 7.0 software package and
its Quasi-Newton option (StatSoft, Tulsa, OK, USA), minimizing the sum of squares of the difference
between experimental data and the fitted model. Fit adequacy was checked by the proportion of
variance explained by the model (12) respect to experimental data. The two equation were tested and
the function with the highest 12 (12>0.98) was chosen. ANOVA and Tukey honest significant difference
tests (HSD) with a = 0.05 were performed by mean comparison of kinetic parameters. The data
normality and variance homogeneity in the residuals were verified by Lilliefors and Bartlet tests
respectively.

2.3.3. Microbiological Counts

Viable counts of S. cerevisiae and P. kudriavzevii were directly determined based on their different
colony morphology on WL Nutrient Agar (Merck) plates. Diluted cider samples (corresponding to 1,
2,3,4,7,11, and 15 days of fermentation) were spread on the WL plates. The plates were incubated
at 25°C for 2 days to allow the yeast cell to form colonies and the colony-forming units per milliliter
(cuf/mL) were calculated.

2.3.4. Sugar Utilization

Glucose and fructose concentration were measured at various stages of the alcoholic
fermentation process using a commercial kit (Megazyme, Ireland). Kinetic parameters of glucose and
fructose consumption were calculated from each fermentation individually. Two models were tested:

i. Exponential decay function proposed by Arroyo-Loépez et al. [30]: Y=D+Sxe—-Kxt. In this assay
Y is the amount of sugar (glucose, fructose or sucrose) still present in the must, t is the time (h), D is
a specific value when t — o (sugar concentration at the end of the fermentation), S is the estimated
value of change (total sugar consumption), and K is the kinetic constant or substrate (sugar)
consumption rate (h—1).

ii. Sigmoid or altered Gompertz decay function proposed by Lambert and Pearson [31]:
Y=A+Cxe—e"(Kx (t-M)). In this assay Y is the amount of sugar still present in the must, t is the time
(h), A is the lower asymptote when t tends to infinity (t—) (sugar concentration at the end of the
fermentation), K is the kinetic constant or substrate consumption rate (h-1), C is the distance between
the upper and lower asymptote (total sugar consumption), and M is the time when the inflection
point is obtained (50% of the total sugar variation). The data analysis was carried out as described in
Section 2.2. In addition, the time needed to decrease 10%, 50% and 90% of the sugar of the must was

7

calculated by solving the “t” variable from the exponential (i) or sigmoid equation (ii), as

corresponding. These parameters represent t10, t50 and t90, respectively.
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2.4. Chemical Analysis of the Ciders

Ethanol, glycerol, methanol, sorbitol, glucose, fructose, and organic acids (citric, malic, acetic,
lactic and succinic) were determined by HPLC using a Liquid Chromatograph Agilent 1260 (Quat
Pump VL, ALS, TCC, DAD) with detector RID (55 °C) (for ethanol, glycerol, methanol, sorbitol,
glucose and fructose) and DAD (214 nm) (for malic, acetic, citric, succinic and lactic acids). The
stationary phase was performed with HIPLEX-H column (300x7.7 mm) and mobile phase with
isocratic gradient (100% H2504 0.001M flux: 0.4 mL min-1). Sucrose was determined by RID detector.
The stationary phase was performed with a ZORBAX Carbohydrate Analysis Column (150x4.6 mm)
and mobile phase with isocratic gradient (75% acetonitrile in water flux ImL min-1). The samples
were filtered through a 0.22 um nylon filters and injected onto the chromatographic column in
duplicate. The determinations were conducted following the Official Methods of Analysis of AOAC
International, in accordance with the specifications provided by the column supplier. Calibration
curves were prepared using HPLC-grade standard solutions (Sigma). pH was measured using a
(Oakton) pHimeter.

Higher alcohols, esters, acetaldehyde and terpenes were determined by headspace solid-phase-
microextraction sampling (SPME) using 50/30 um DVB/CAR/PDMS fibers (Sigma-Aldrich) and GC
according to Rojas et al. [32]. Aliquots of 1.5 mL of the samples were placed in 15 mL vials and 0.3 g
of NaCl and 15 pL of 0.1% (v/v) 2-octanol in ethanol were added as internal standard. The vials were
closed with screwed caps and 3 mm thick teflon septa. Fibers were injected through the vial septum
and exposed to the headspace for 30 min and then desorbed during 10min in an HP 7890 series II gas
chromatograph equipped with an HP Innowax column (Hewlett-Packard) (length, 60 m; inside
diameter, 0.32 mm; film thickness, 0.50 pm). The injection block and detector (FID) temperatures were
kept constant at 220 and 250 °C, respectively. The oven temperature was programmed as follows: 40
(7 min) to 180 °C at 5 °C min-1, and 200 to 260 °C at 20 °C min-1 and kept 15 min at 260 °C. Total
running time: 75 min. The following standards were purchased from Sigma Aldrich: isobutilic
alcohol, isoamylic alcohol, 1-hexanol, bencylic alcohol, 2-phenyl ethanol, ethyl acetate, isobutyl
acetate, ethyl lactate, isoamyl acetate, hexyl acetate, diethyl succinate, bencyl acetate, ethyl caprylate,
ethyl 3-hydroxibutanoate, 2-penylethyl acetate, 4-terpineol, limonene, linalool, nerol and geraniol.
All standards were of 99% purity. Values calculated for each different compound were the average
of two independent assays.

2.5. Statistical Analyses

Statistical analyses were conducted using RStudio [33]. Mean values for chemical and kinetic
parameters were compared using one-way ANOVA (p < 0.05), followed by Tukey's Honest
Significant Difference (HSD) test for mean comparisons. °Brix values and glucose and fructose
concentrations were fitted to obtain kinetic parameters, and Principal Component Analysis (PCA)
was performed to evaluate aromatic variables.

3. Results
3.1. Fermentations Kinetics

Laboratory-scale fermentations (400 mL) were conducted by inoculating pure or mixed
(simultaneous and sequential) cultures of two regional strains belonging to the species P. kudriavzevii
and S. cerevisiae into sterile Granny Smith apple must (Table 1). In simultaneous fermentations, both
S. cerevisine and P. kudriavzevii species were inoculated at ratios 1:1 (Sim 1:1) or 1:10 (Sim 1:10),
respectively. On the other hand, sequential fermentations were inoculated with P. kudriavzevii (from
the beginning) and S. cerevisiae (after 48 h of fermentation) (Seq P-S), or vice versa (Seq S-P).

The progression of fermentations was monitored by measuring °Brix (and total reducing sugars
after °Brix stabilization) and cfu/mL counts (Figure 1). All fermentations except for those inoculated
with the pure P. kudriavzevii culture showed complete sugar consumption (less than 2 g/L of total
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reducing sugars) after 16 days of inoculation. In contrast, fermentations carried out by the pure P.
kudriavzevii culture took a total of 23 days to complete sugar consumption.
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Figure 1. Yeast viable count and °Brix evolution in pure and mixed fermentations with S. cerevisine NIFS and P.
kudriavzevii NPCC1651.

Bars represent yeast viable count (cfu/mL) for S. cerevisiae (gray) and P. kudriavzevii (white). Lines
indicate modeled °Brix values and points indicate observed °Brix values. Different letters indicate
significant differences between P. kudriavzevii and S. cerevisiae cfu/mL values on a given fermentation
day (Tukey test, n=2). P: P. kudriavzevii NPCC1651; S: S. cerevisiae NIF8; Sim 1:1: Simultaneous
fermentation by S:P ratio 1:1; Sim 1:10: Simultaneous fermentation by S:P ratio 1:10; Seq P-S:
Sequential fermentation by S. cerevisiae NIF8 48 h after P. kudriavzevii NPCC1651; Seq S-P: Sequential
fermentation by P. kudriavzevii NPCC1651 48 h after S. cerevisiae NIFS.

The evolution data of °Brix obtained from fermentations with P. kudriavzevii alone (P) and with
sequential inoculation initiated with P. kudriavzevii (Seq P-S) fitted the sigmoid or modified Gompertz
decay model, whereas the data for the remaining fermentation trials (S, Sim 1:1, Sim 1:10, Seq S-P)
fitted the exponential decay model (Table 2). The most notable difference among fermentations was
the substrate consumption rate (parameter K). This parameter can be compared only among
fermentations that fitted the same model. For fermentations fitted to sigmoid model, those conducted
with the pure culture of P. kudriavzevii exhibited a significantly lower rate of sugar consumption
(lower K value) compared to the sequential fermentation initiated with this strain (Seq P-S). Among
the fermentations fitted to exponential model, those simultaneously inoculated with the two strains
(both Sim 1:1 and Sim 1:10) exhibited the highest K values (Table 2), possibly due to the highest yeast
inoculum concentration (Table 1).
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Table 2. Kinetic parameters obtained from pure and mixed fermentations conducted with P. kudriavzevii
NPCC1651 and S. cerevisiae NIF8.

Kinetic Kinetic
parameters parameters
P Seq P-S S Sim 1:1 Sim 1:10 Seq S-P
*Sigmoid
model **Exponential model
478 + 438 + 280+0.15 294+0.05 282+0.01 2.77+0.05
A (°Brix) 0.30 a 0.04 a D (°Brix) a a a a
8.46 + 9.53 + 10.20 + 10.17 +0.06 10.34 + 10.19 +
C 0.32b 0.06 a S 0.15a a 0.01a 0.06 a
K 0.008 = 0012+ K 0.0060 0.0066 * 0.0069 + 0.0056 *
(°Brix.h-1) 0.0012Db 0.0001a  (°Brix.h-1) 3x10-4 b 9x10-5 a 6x10-5 a 2x10-4 b
316.3 + 178.7 +
M (h) 334a 1.0b

Different letters in the same row indicates differences between values obtained for the same model (ANOVA
and Tukey test, n=2). Fit of model in all cases with r2>0.98. P: P. kudriavzevii NPCC1651; S: S. cerevisiae NIF8; Sim
1:1: Simultaneous S:P ratio 1:1; Sim 1:10: Simultaneous S:P ratio 1:10; Seq P-S: Sequential fermentation by S.
cerevisine NIF8 48 h after P. kudriavzevii NPCC1651; Seq S-P: Sequential fermentation by P. kudriavzevii
NPCC1651 48 h after S. cerevisize NIFS. x Sigmoid or altered Gompertz decay function, used previously by
Lambert and Pearson [31]. A is the lower asymptote when t tends to infinity (t—), K is the kinetic constant
(h-1), C is the distance between the upper and lower asymptote, and M is the time when the inflection point is
obtained. * Exponential decay function, used previously by Arroyo-Lopez et al. [30]. D is a specific value when

t — oo, Sis the estimated value of change, and K is the kinetic constant (h-1).

In order to evaluate the sugar consumption kinetics of the different fermentations, glucose and
fructose concentrations were measured at various stages of the alcoholic fermentation (Figure 2). As
in the case of °Brix, the observed data were fitted to the modified sigmoid decay model and to the
exponential decay model, and the model that showed the best fit was selected to obtain the kinetic
parameters (Table 3).

Glucose (g L-1)

Fructose (g L-1)

Time (h)

0o 0o
P-o S0 Sim1:l-o Sim1:10-o0

P-m S-m Sim 1:1-m Sim 1:10-m

Time (h)

Seq S-P-o  Seq P-S-o

Seq S-P-m Seq P-S-m

400 500

600

Figure 2. Glucose and fructose consumption in pure and mixed fermentations with P. kudriavzevii NPCC1651

and S. cerevisiae NIFS.

Lines represent modeled values (m) of glucose (A) and fructose (B) over time for each
fermentation trial, while points indicate observed values (o). P: P. kudriavzevii NPCC1651; S: S.
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cerevisiae NIF8; Sim 1:1: Simultaneous S:P ratio 1:1; Sim 1:10: Simultaneous S:P ratio 1:10; Seq P-S:
Sequential fermentation by S. cerevisiae NIF8 48 h after P. kudriavzevii NPCC1651; Seq S-P: Sequential
fermentation by P. kudriavzevii NPCC1651 48 h after S. cerevisiae NIFS.

As it was observed for °Brix, glucose consumption kinetics in both, pure fermentations
inoculated with P. kudriavzvii (P) and sequential fermentation initiated with this strain (Seq P-S), fitted
to the sigmoid decay model. Among them, the sequential fermentations exhibited the highest glucose
consumption rate (parameter K) (Table 3). Conversely, for all other fermentations (S, Sim 1:1, Sim
1:10, and Seq S-P), glucose consumption kinetics fitted to an exponential decay model. Among them,
the Sim 1:10 trial exhibited the lowest glucose consumption rate, with no significant differences
detected among the other fermentations (Table 3).

Regarding fructose consumption, all fermentations fitted the sigmoid decay model (Table 3),
allowing the comparison of kinetic parameters among them. The highest consumption rate for this
sugar was observed in the Sim 1:10 fermentation, while the lowest one was observed in those
inoculated with the pure culture of P. kudriavzevii (P).

Finally, the times required to consume 10%, 50%, and 95% (t10, t50, and t95) of each sugar
(glucose and fructose) were calculated (Table 4). It is worth noting that these times can be compared
among fermentations that fit different models. As expected, those fermentations inoculated with the
pure culture of P. kudriavzevii showed the highest values for the three parameters (t10, t50, and t95)
and for the two sugars (glucose and fructose). Moreover, fermentations involving only P. kudriavzevii
during the first 48 hours (P and Seq P-S) showed the highest fructose consumption times (t50 and
t95).

Table 3. Kinetic parameters of glucose and fructose consumption in fermentations conducted with pure and
mixed cultures of P. kudriavzevii NPCC1651 and S. cerevisiae NIF8.

Glucose consumption

Exponentia
Sigmoid decay Sim
P Seq P-S [ decay S Sim 1:1 Seq S-P
model * 1:10
model **
D (g/lL 0.1=x
A (g/L glucose)  0,12+0,02 0,08 +0,01 0,09 +0,01 0,08 +0,01 0,06 +0,01
glucose) 0.01
49.7
557+1,3
C b 552+04b S 48,3+0,1 48,5+0,5 * 48,3+0,3
0.23
0.00
0,007 + 0,014 + 0,0110 + 0,0108 + 97 + 0,0107 +
K (g/L.h-1) K (g/L.h-1)
3x10+4 ¢ 2x10*a 1x10° a 6x104a 1x10 7x10*a
-4 b
226,3 + 132,5+4,9
M (h)
16,3 a b
Fructose
consumption
Sigmoid decay Seq
P S Sim 1:1 Sim 1:10 Seq P-S
model * S-P
0,02

I+

A (g/L fructose)  0,10+0,01 0,10+0,01  0,02+0,01 0,08 +0,01 0,11+0,01
0,01
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120,
c 100,3+1,2 111,8 £3,6 113,6 £3,9 107,6 £4,2 109,6 + 3,4
3+
4 ab ab bc bc
9,6 a
0,01
0,008 + 0,012 + 0,012 + 0,014 + 1x10- 0,010 + 0+
K (g/L.h-1)
7x104 ¢ 9x10+4 ab 9x104 b Sa 5x104b 1x10
-3 b
131,
290,6 + 8,2 137,3+3,6 177,1+£9,2 0+
M (h) 139,142 ¢ 138,7+4,9 ¢
a C b 10,7
d

Different letters in the same row indicate significant differences between values obtained for the same model
(ANOVA and Tukey test, n=2). Fit of model in all cases with r220.98. P: P. kudriavzevii NPCC1651; S: S. cerevisiae
NIE8; Sim 1:1: Simultaneous fermentation by S:P ratio 1:1; Sim 1:10: Simultaneous fermentation by S:P ratio 1:10;
Seq P-S: Sequential fermentation by S. cerevisiae NIF8 48 h after P. kudriavzevii NPCC1651; Seq S-P: Sequential
fermentation by P. kudriavzevii NPCC1651 48 h after S. cerevisiae NIF8. x Sigmoid or altered Gompertz decay
function, used previously by Lambert and Pearson [31]. A is the lower asymptote when t tends to infinity (t—e°),
K s the kinetic constant (h—1), C is the distance between the upper and lower asymptote, and M is the time when
the inflection point is obtained. x+ Exponential decay function, used previously by Arroyo-Loépez et al. [30]. D is
a specific value when t — o, S is the estimated value of change, and K is the kinetic constant (h-1).

Table 4. Time required for the consumption of 10%, 50%, and 95% of glucose and fructose in fermentations
conducted with pure and mixed cultures of P. kudriavzevii NPCC1651 and S. cerevisiae NIF8.

Pure culture inoculations Simultaneous inoculations Sequential inoculations
P S Sim 1:1 Sim 1:10 Seq P-S Seq S-P
t10 53,8+0,7 a 12,3+0,1d 12,7+1,2d 16.95+1,3 ¢ 19,7+0,9Db 12,5+1,0d

Glucose t50 206,6 +8,5a 658+0,1d 77,7 +3,4 bc 121,1£3.0 cd 84,1+14Db 67,3+3,5cd

t95 3804 +14,6a 2756 +0,5¢ 279,6 £11,7 ¢ 318.0+4,1b 178,0+1,8d 281,9+13,5¢

t10 76,3+13,1a 39,1+18b 383+15b 41,6+29b 51,4+33b 356+28b
Fructose t50 2583 +6,4a 1294+1,4c 128,7+0,7 ¢ 127,0+2.0c 1632+45Db 127,7+2,2 ¢

t95 4369+34a 2359+25d 237,6 +3,7 cd 222,0+32e 291,2+15b 246,7+6,2 c

Different letters in the same row indicate significant differences by ANOVA by (Tukey's HSD, p < 0.05). P: P.
kudriavzevii NPCC1651; S: S. cerevisine NIF8; Sim 1:1: Simultaneous fermentation by S:P ratio 1:1; Sim 1:10:
Simultaneous fermentation by S:P ratio 1:10; Seq P-S: Sequential fermentation by S. cerevisize NIF8 48 h after P.
kudriavzevii NPCC1651; Seq S-P: Sequential fermentation by P. kudriavzevii NPCC1651 48 h after S. cerevisiae NIFS8.
t10%, t50%, and t90% represent the time required to decrease 10%, 50%, and 90% of the corresponding sugar in

the must. Time (t) is given in hours.

3.2. Fermentation Dynamics

Regarding the monitoring of cfu/mL along fermentations, a clear reduction in the total number
of each species was observed in mixed fermentations compared to the pure cultures (Figure 1). While
pure cultures reached counts of 4x108 cfu/mL, the maximum value obtained in mixed cultures was
2x108 cfu/mL in simultaneous cultures (adding the cfu/mL numbers of the two species). Another
interesting observation is the persistence of P. kudriavzevii strains with notable cfu/mL numbers in
the final stages of all mixed fermentations. These values were even similar to those detected for S.
cerevisiae, as in the cases of simultaneous 1:10 and sequential P-S fermentations (Figure 1).
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Specifically, in simultaneous fermentations, it was noteworthy that the inoculation of P.
kudriavzevii in a concentration ten times higher than S. cerevisiae (Sim 1:10) resulted in similar cfu/mL
values for the two species since the middle fermentation stages (day 4) until the end. In contrast,
inoculation of the two species at the same concentration (Sim 1:1) led to the dominance of S. cerevisiae
over P. kudriavzevii after 24 hours of inoculation and until the end (Figure 1).

For the sequential fermentations, when S. cerevisiae was added to the apple must after 48 hours
of inoculation with P. kudriavzevii (Seq P-S), the proportion of the two species in cfu/mL numbers
remained consistent from day 4 until the end of the fermentation process. In contrast, when P.
kudriavzevii was added after 48 hours of inoculation with S. cerevisiae (Seq S-P), a significantly higher
proportion of S. cerevisiae over P. kudriavzevii was observed during the whole fermentation process
(Figure 1).

3.3. Antagonist Activity

In order to rule out the potential antagonistic activity (including killer activity) between the two
evaluated yeast strains, in vitro antagonistic analyses were carried out (data not shown). No
antagonistic effect was observed in assays using either P. kudriavzevii as a lawn and striked with S.
cerevisiae or S. cerevisiae as a lawn and streaked with P. kudriavzevii. On the other hand, S. cerevisiae
was shown to exhibit antagonistic effect on Candida glabrata sensitive strain NPCC106 and a weak
sensitivity to the reference S. cerevisiae K2 killer strain. P. kudriavzevii was neither able to show
antagonistic effect against the C. glabrata sensitive strain nor sensitivity to the reference S. cerevisiae
K2 killer strain.

3.4. Chemical Properties of Base Ciders

The physicochemical characteristics of the base ciders are summarized in Table 5. Among the
general chemical compounds analyzed, significant differences were observed in glycerol
concentrations. Base ciders fermented with pure cultures of P. kudriavzevii and S. cerevisiae, as well as
those from the mixed Seq S-P strategy, exhibited the highest glycerol levels. Additionally, a
significant decrease in sorbitol concentration (approximately 45%) was observed in all ciders
compared to the uninoculated apple must.

Table 5. Psychochemical analysis of ciders produced by pure and mixed fermentations employing P. kudriavzevii
NPCC1651 and S. cerevisiae NIF8.

Pure cultures Simultaneous Sequential inoculations
inoculations
P S Sim 1:1 Sim 1:10 Seq P-S Seq S-P
General compounds
Glucose (g L) 0.20£0.1 0.08+0.03 0.09+0.02 0.16+0.05 0.12+0.09 0.14+0.10
Fructose (g L) 0.16+0.11  0.06+0.05 0.12+0.08 0.09+0.05 016+0.08 0.21+0.12
3,16 £ 0,01 2,23+0,056 293+0,02 3,28+0,03
Glycerol (g L) 3,54+031a 2,81+0,02c
abc d bc ab

5,50+ 0,03 5,41 +0,00 524+0,12  550+0,03

Sorbitol (g L-1) 6,03+0,34 a 5,42 +0,03 b
b b b b
5,65 + 0,22 5,62 +0,12 5,63 + 0,02 5,62 +0,03
Ethanol (% v/v) 5,79 +0,05 a 542 +0,04b
ab ab ab ab

Methanol (% v/v) 0,05 +0,01 ND ND ND ND ND
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pH

Organic acids

Citric acid (g L)

Malic acid (g L)

Acetic acid (g L)

Lactic acid (g L)

Succinic acid (g L)

Total acids (g L)

Higher alcohols (mg
L)

1-propanol
1-octanol

1-butanol

2-phenylethanol
Benzyl alcohol
Isoamyl alcohol
Isobutyl alcohol
Total higher
alcohols

Esters (mg L)
Ethyl acetate
2-Phenylethyl
acetate

Benzyl acetate

Isoamyl acetate

Isobutyl acetate

Ethyl butyrate

Ethyl decanoate
Ethyl hexanoate

3.31+£0.015

C

0,20£0,01a

555+0,19a

040+0,05a

0,55+0,09 ¢

0,43 +0,05
b

7.13+0.22
ab

ND
<DL =0.08
<DL=1.0
7.65 +1.35
b
<DL =0.07
225+15b
645+55a

297+19.1a

485+75a
0.079 =
0.014 ab
0.555 +
0.145a
2.05+0.25¢

0.077 £
0.006 a
0.0735 £
0.017 b
<DL =0.60
<DL =0.80

3.33+0.005

C

0,09 +0,01
b
5,43 + 0,08
ab
0,07 + 0,02
d
0,95+0,01
ab

0,66+0,01a

7.21+0.08 a

ND
<DL =0.08
<DL=1.0
11.75+£2.25
a
<DL =0.07
250+3a
37.0+1.5b

299+22a

220+20b
0.089 =
0.005 a
0.275 +
0.045Db
2.02+0.21c

0.035 =
0.002b
0.0905 =
0.008 b
<DL =0.60
2+0.01b

3.35+0.005
b

0,19+£0,01a

5,13 +0,05
cd
0,17 0,05
be
0,81 +0,06
b

0,62+0,01a

6.93£0.1
ab

ND
<DL =0.08
<DL=1.0
5.85+0.05
b

<DL =0.07
235+5 ab

38.0£2b

279+50a

110+1c
0.071 =
0.002 ab
0.185
0.015 be
323+0.12a

0.040 =
0.005b
0.0895 =
0.021b
<DL =0.60
2.15+0.05
b
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3.39 £0.005

a

0,19+0,02 a

5.10+0,21
cd

0,26 0,03
b

0,49+0,04c

0,43 +0,02
b
6.47+0.01 c

ND
<DL =0.08
<DL=1.0

<DLc
<DL =0.07
150+4 ¢
29.0+0.8b

179+1.2b

160 + 2 be
0.068 +
0.006 ab
0.130 +
0.010 be
2.85+0.15
ab
0.039 +
0.004 b
0.13 £ 5x10°
‘a
<DL =0.60
245+0.15a

doi:10.20944/,

3.36 +0.005
b

0,21+0,03
a
5,28+0,11
bc
0,40+ 0,01
a
0,54 +0,10
c
0,42 +0,00
b
6.85 +0.07 b

ND
<DL=0.08
<DL=1.0

<DL c¢
<DL =0.07
125+5d
345+15b

160 £ 6.5 b

240+30b
<DL =0.05
c
0.115
+0.005 be
1.75+0.05
c
0.045 =
0.005b
0.08 + 4x10-
‘b
<DL =0.60
1.05 £ 0.05

C
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3.35+0.005
b

0,19+£0,02a

505+0,05d

0,16 £ 0,00
cd

1,00£0,03 a

0,68+0,01a

7.06 £ 0.04
ab

ND
<DL =0.08
<DL=1.0

6.40 £0.50 b
<DL =0.07
245+5a
34.0+6.0b

285+115a

84.5+0.5¢
0.067 =
0.001b
0.101 =
0.019c

2.75+0.15b

0.039 +
0.004 b
0.099 +
5x10 ab
<DL =0.60
21+0.1b
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Ethyl lactate ND ND ND ND ND ND
Ethyl octanoate 015+0.03 3.0+1.7abc 41+14ab 485+045a 215+0.05 1.5+£0.2cd
d bed
Total esters 488.5+749 224.4+20.2 115.7+5¢ 165.6 +1.3 243+30Db 89+1c
a b bc
Total esters * 353+0.07 448+025c 5.74+00la 5.66+032 3.09+0.01 515+0.23Db
d ab d
Terpenes (ug L)
<DL= <DL= <DL= <DL= <DL =
a-Terpineol 0.001 0.001 0.001 0.001 0.001 <DL =0.001
Limonene <DL=10 <DL=10 <DL=10 <DL=10 <DL=10 <DL=10
<DL= <DL= <DL= <DL = <DL=
Linalool 0.001 0.001 0.001 0.001 0.001 <DL =0.001
<DL = <DL= <DL= <DL =
Nerol 0.001 0.001 0.001 0.001 0.001 <DL =0.001
<DL= <DL= <DL= <DL= <DL = <DL=
Geraniol 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015
Volatile phenols (ug
L)
4-Ethylphenol <DL=200 <DL=200 <DL=20.0 <DL=200 <DL=200 <DL=20.0
4-Ethylguaiacol <DL=6.0 <DL=6.0 <DL=6.0 <DL=6.0 <DL=6.0 <DL=6.0

Different letters in the same row indicate significant differences (ANOVA and Tukey test, n=2). P: P. kudriavzevii
NPCC1651; S: S. cerevisiae NIE8; Sim 1:1: Simultaneous fermentation by S:P ratio 1:1; Sim 1:10: Simultaneous
fermentation by S:P ratio 1:10; Seq P-S: Sequential fermentation by S. cerevisine NIF8 48 h after P. kudriavzevii
NPCC1651; Seq S-P: Sequential fermentation by P. kudriavzevii NPCC1651 48 h after S. cerevisiae NIF8. ND: not

detected. DL: detection limit. Total esters* is the sum of esters excluding ethyl acetate.

The effect of the inoculation strategy was slightly evident in the composition of the organic acids
in the base ciders. Both lactic and succinic acid concentrations were higher in ciders where S. cerevisiae
predominated (S, Sim 1:1 and Seq S-P). Volatile acidity (acetic acid) levels were higher in the ciders
dominated by P. kudriavzevii (P and Seq P-S fermentations); however, the concentration was within
acceptable limits (2.5 g L-1). Contrarily, the lowest levels of this acid were found in the ciders
produced exclusively by S. cerevisiae (S). On the other hand, malic acid is the predominant acid in the
apple must and ciders. The concentration of this acid decreased in all the fermentations analyzed,
relative to its content in the apple must. The consumption percentages ranged from 27% in the ciders
produced by the pure P. kudriavzevii culture to 33-34% in the simultaneous (Sim 1:1 and Sim 1:10)
and the sequential Seq S-P fermentations (Table 5).

Analysis of volatile compounds of ciders, detected by GC-MS analysis, was carried out to study
the effects of the different inoculation strategies on the aroma of the base ciders elaborated from the
same apple must (Table 5).

Higher alcohols are important aromatic compounds in fermented beverages, produced through
the secondary metabolism of yeasts. The most abundant higher alcohols detected in the ciders were
isoamyl alcohol (contributing fruity and marzipan notes), followed by isobutyl alcohol (imparting
mild alcoholic aromas) and 2-phenylethanol (associated with rose and floral aromas). Base ciders
fermented with the pure culture of P. kudriavzevii produced the significantly highest levels of isobutyl
alcohol, while the same fermented with the pure culture of S. cerevisize produced the significantly
highest levels of 2-phenylethanol. With regard to the concentrations of isoamyl alcohol, the highest
levels were observed in base ciders where S. cerevisine predominated (S, Sim 1:1 and Seq S-P). These
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results position Sim 1:10 and Seq P-S fermentations as the trials that produce the base ciders with the
lowest levels of total higher alcohols.

In addition to higher alcohols, esters also play a crucial role as aroma compounds in cider. The
most abundant esters in the base ciders analyzed were by far ethyl acetate, followed by isoamyl
acetate, benzyl acetate, ethyl hexanoate and ethyl octanoate. The comparison between the
fermentation trials revealed that the base cider produced by the pure culture of P. kudriavzevii
exhibited the highest levels of total esters, especially due to the ethyl acetate concentration and, to a
lesser extent, benzyl acetate and isobutyl acetate levels. Both isoamyl acetate and ethyl octanoate
showed the highest concentrations in base ciders produced by simultaneous inoculations,
independently of the Saccharomyces:Pichia ratio. These ciders, along with those produced by
sequential fermentation initiated with S. cerevisiae (Seq S-P), showed the highest levels of total esters
when ethyl acetate is excluded from the analysis (Table 5).

The Principal Component Analysis (PCA) visualized the influence of each yeast and inoculation
method on the chemical profiles of the ciders (Figure 3). The analysis clearly demonstrated that ciders
obtained through the Sim 1:1 and Seq S-P strategies shared similar characteristics, as they were
located in the same quadrant of the plot. Among the mixed fermentations, these ciders were
associated with a high contribution of compounds such as glycerol, lactic and succinic acid, isoamyl
alcohol, 2-phenylethanol, isoamyl acetate, and 2-phenylethyl acetate. Additionally, these strategies
showed a low production of ethyl acetate. Conversely, the remaining strategies displayed distinct
separations in the PCA space, emphasizing differences in the chemical profiles of the ciders. A clear
separation was observed for the ciders produced through pure fermentations with P. kudriavzevii (PA,
PB) and S. cerevisiae (SA, SB). As expected, fermentations with P. kudriavzevii were associated with
higher levels of ethyl acetate and acetic acid, while fermentations with S. cerevisiae showed stronger
contributions of 2-phenylethanol and isoamyl acetate. Another notable difference in location was
observed for the sequential strategies. The Seq S-P strategy was associated with higher contributions
of isoamyl alcohol, 2-phenylethyl acetate, and ethyl hexanoate, reflecting the metabolic influence of
S. cerevisige in this strategy. Conversely, the Seq P-S strategy aligned more closely with ethyl acetate
and acetic acid, demonstrating the stronger influence of P. kudriavzevii in these fermentations.

These results demonstrate that the choice of fermentation strategy significantly influences the
metabolic contributions of S. cerevisiae and P. kudriavzevii, ultimately shaping the aromatic profiles
and quality of the resulting ciders.

Finally, terpenes and volatile phenols were below the detection limit of the equipment in all the
analyzed products.

isoamyl. alcohol PA
lactic.acid 4 s phenylethanol -

Principal Component 2 (PC2) - 24.6%

Sim 1:10A
L]

Sim 1:10B
L]

25 0.0 25
Principal Component 1 (PC1) - 40.4%

Figure 3. Principal Component Analysis (PCA) of cider produced using pure and mixed fermentations with P.
kudriavzevii NPCC1651 and S. cerevisiae NIFS. .
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Projection of the vectors onto the two principal components (PC1-PC2) plane. PC1 and PC2
account for 40.4% and 24.6% of the total variation, respectively. The vectors represent the variables
influencing cider characteristics and their lengths are proportional to the percentage of variability
explained by PC1 and PC2. P: P. kudriavzevii NPCC1651; S: S. cerevisiae NIF8; Sim 1:1: Simultaneous
S:P ratio 1:1; Sim 1:10: Simultaneous S:P ratio 1:10; Seq P-S: Sequential fermentation by S. cerevisiae
NIF8 48 h after P. kudriavzevii NPCC1651; Seq S-P: Sequential fermentation by P. kudriavzevii
NPCC1651 48 h after S. cerevisiae NIF8. A and B indicate duplicates of each fermentation trial.

4. Discussion

In recent years, the role of non-Saccharomyces yeasts in cidermaking has been re-evaluated,
leading to several studies exploring the use of controlled mixed fermentations involving
Saccharomyces and various non-Saccharomyces yeast species from wine and cider environments (7, 34,
10, 11). Among the non-Saccharomyces species, Pichia kudriavzevii has raised particular interest due to
its contributions to organic acid degradation and the release of hydrolases and flavor compounds
[15]. While these studies have predominantly focused on wine fermentations, more recently, some
authors have begun to explore the application of P. kudriavzevii in cider production [13,14]. In the
present study, we evaluated different strategies for inoculation of an acidic apple must using the
regional strains S. cerevisize NIF8 and P. kudriavzevii NPCC1651, with the goal of producing ciders
with reduced acidity and distinct aromatic profiles.

Fermentation Kinetics and Sugar Utilization

The utilization of sugar indicates the capability of cultures during alcoholic fermentation and
the substrate transformation ability of yeasts. Therefore, sugar utilization was evaluated by
measuring °Brix and analyzing the consumption kinetics of glucose and fructose —the latter being
the predominant sugar in apple musts—in order to determine the fermentation capacity of the six
fermentation trials.

These results indicate a lower fermentative efficiency of P. kudriavzevii, particularly at the
beginning of fermentation, which explains the longer time required for the pure culture of this strain
to reach the end point of fermentation compared to the other fermentation trials (23 vs. 16 days).
However, it is noteworthy that this fermentation successfully completed, consuming all the glucose
and fructose present in the must. The differential ability of the P. kudriavzevii NPCC1651 strain to
consume fructose, compared to other strains from different isolated origins, was previously
demonstrated by our research group [27]. Beyond that study, to our knowledge, only two additional
studies have evaluated residual sugar levels in ciders produced with P. kudriavzevii. Li et al. [14]
reported that P. kudriavzevii strains produced apple ciders with high levels of residual sugars (6.2 and
13 g/L of glucose and fructose), indicating low fermentation efficiency. Similarly, Hu et al. [13]
observed residual sugar levels ranging from 5 to 25 g/L in ciders produced via mixed inoculation
with S. cerevisiae, P. kudriavzevii, and Lactobacillus plantarum, using different P. kudriavzevii strains.
Further investigation is required to understand the potential mechanisms behind the differential
fructose consumption exhibited by the P. kudriavzevii NPCC1651 strain, given that this trait is highly
valued in yeasts used for fermenting apple musts, as fructose is the predominant sugar.

In contrast, the rapid decrease in °Brix and residual glucose and fructose observed in
fermentations initiated with S. cerevisiae highlights its well-known strong adaptation to fermentable
substrates and high fermentative capacity [35].

Malic Acid Consumption

The ability of P. kudriavzevii to consume malic acid aligns with its classification as a Krebs (+)
yeast. This group includes species such as Candida sphaerica, C. utilis, Hansenula anomala, Pichia
anomala, P. kudriavzevii, and Kluyveromyces marxianus, which are capable of metabolizing malic acid
and other Krebs cycle intermediates as carbon and energy sources [36,37]. This capability was
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previously demonstrated for the P. kudriavzevii NPCC1651 strain by our research group. In fact, this
strain was selected over other P. kudriavzevii isolates from various substrates in the Patagonian region
due to its higher malic acid consumption [28]. In that previous study, conducted in the same acidic
must variety, malic acid consumption was higher than that observed in the current study, with S.
cerevisiae NIF8 and P. kudriavzevii NPCC1651 consuming 4.7 g L' and 3.7 g L' of malic acid,
respectively. This different behavior could be attributed to variations in must composition, given the
variability in apple harvests from year to year. Specifically, the must used in the present study
contained lower malic acid levels compared to those used in the previous work (7.6 vs 13.3 g/L).
Nevertheless, the malic acid consumption levels observed in the current study remain higher than
those reported in studies conducted with wine. For instance, Kim et al. [22] found that a P. kudriavzevii
strain isolated from Korean grape wine consumed only 0.33 g L of malic acid when co-fermented
with S. cerevisiae at a 1:1 ratio. Similarly, del Monaco et al. [21] reported that a P. kudriavzevii wine
strain consumed 1.14 g L of malic acid in synthetic wine must. One study performed in cider
reported malic acid reduction during fermentations involving P. kudriavzevii; however, it remains
unclear whether the reduction was attributable to this strain or to the lactic acid bacteria inoculated
alongside it in the mixed culture [13].

Regarding S. cerevisiae NIF8, it belongs to the Krebs (-) group, which can only metabolize malic
acid in the presence of glucose or another assimilable carbon source. Despite this limitation, species
within the Saccharomyces genus exhibit high intraspecies variability, with strains differing in their
capacities for malic acid degradation, and in some cases, even producing malic acid during alcoholic
fermentation [9,38-40]. The S. cerevisiae strain used in this study consumed 29% of the malic acid,
equivalent to 2.2 g L, classifying among strains capable of degrading this acid.

The results showed that the highest percentage of malic acid consumption (35.4%, equivalent to
2.6 g L™!) was observed in the Seq S-P inoculation. Based on the Krebs (+) condition of P. kudriavzevii,
greater malic acid consumption was expected in this strategy; this is likely due to the reduced nutrient
availability encountered by P. kudriavzevii upon inoculation. Nonetheless, variations among the
fermentation strategies were slight, making this factor less critical in determining the best inoculation
strategy.

Viable Cell Counts and Antagonistic Activity

Cell population dynamics are critical factors influencing fermentative efficiency, competition
between strains, and the contribution of each yeast's metabolism to the final beverage. Therefore, the
antagonistic interactions between yeast strains and the viable cell count of each strain throughout the
fermentation were evaluated in the fermentation trials.

The antagonistic activity of yeast strains with potential for use as starter cultures is considered
a relevant technological attribute [41]. Strains with antagonistic capabilities can inhibit the growth of
wild S. cerevisiae strains during natural fermentations, thereby enhancing their implantation capacity.
Since non-Saccharomyces yeasts, such as P. kudriavzevii in this study, are usually employed as mixed
starter cultures in combination with S. cerevisiae, it is essential to evaluate the potential inhibition of
the non-Saccharomyces strain by S. cerevisiae during co-fermentation. Interestingly, the S. cerevisiae
strain used in this study exhibited antagonistic activity against the sensitive reference strain (C.
glabrata NPCC106), confirming its killer phenotype. However, it did not display killer activity against
P. kudriavzevii NPCC1651. Furthermore, P. kudriavzevii NPCC1651 strain showed no antagonistic
activity but demonstrated resistance to both S. cerevisize NIF8 and the K2-type killer reference strain.
This lack of sensitivity aligns with previous studies reporting the resistance of many Patagonian P.
kudriavzevii isolates to the antagonistic activity of S. cerevisiae killer strains [42]. Certain P. kudriavzevii
strains have been reported to inhibit the growth of bacteria and fungal pathogens that cause post-
harvest diseases in fruits, such as apples and citrus [43—45]. This antifungal capacity highlights the
potential to further explore the antagonistic properties of the P. kudriavzevii NPCC1651 strain.
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Additionally, P. kudriavzevii is well-documented for its multi-stress tolerance, including
resistance to acidic conditions, ethanol, salt, sulfites, and high temperatures [15,27], all of which are
desirable attributes for yeast strains in the cider industry.

In line with these results and previous reports, viable counts of both strains were successfully
detected at the end of all the mixed fermentations. This finding aligns with the limited studies,
exclusively conducted in wine, that analyzed microbiological counts of co-cultures of P. kudriavzevii
and S. cerevisiae strains [16,22]. The combination of the killer activity of S. cerevisine NIF8 and the
resistance of P. kudriavzevii to this antagonistic activity is a noteworthy feature, making them a
reliable pairing for mixed cultures in cider production.

Physicochemical and Aromatic Composition of Ciders

No significant differences were observed in residual glucose and fructose levels, as these sugars
were completely consumed in all fermentations. Similarly, ethanol concentrations showed no
significant variation among treatments. This aligns with the reported high ethanol production and
tolerance of P. kudriavzevii [15], which enables it to accompany S. cerevisiae strains through the
completion of alcoholic fermentation. While these similarities were consistent across the
fermentations, some differences emerged in the production of glycerol, certain organic acids, and
aromatic compounds.

Considerations of Simultaneous Fermentations

Among the two simultaneous inoculation strategies, the Sim 1:1 approach resulted in higher
glycerol levels. Glycerol is a desirable compound in cider, as it plays a primary role in enhancing the
body and fullness of the final product [44]. Regarding the organic acid profile, the Sim 1:1 cider
exhibited higher concentrations of lactic acid and succinic acid than the Sim 1:10 trial. Succinic acid
contributes umami notes and a rounded flavor, while lactic acid is a mild-tasting, stable acid
compared to malic acid, which is associated with a harsh taste and is more prone to microbial
metabolism [24]. It is worth mentioning that among all fermentations, higher levels of lactic acid were
detected in ciders where S. cerevisiae dominated the fermentation process (S and Seq S-P), suggesting
that its production is characteristic of this strain's metabolism. Lactic acid production by the S.
cerevisiae F8 strain has been previously reported [27].

Higher alcohols are primarily produced by live yeast cells through amino acid deamination
during fermentation and positively contribute to the aromatic complexity of fermented beverages
when their concentration remains below 300 mg/L [46], as observed for all the ciders obtained in this
study. The major fusel alcohols identified in the ciders were isoamyl alcohol (contributing fruity and
marzipan notes), isobutyl alcohol (imparting mild alcoholic aromas) and 2-phenylethanol (associated
with rose and floral aromas). The comparison between the two simultaneous inoculation strategies
showed that Sim 1:1 yielded higher levels of higher alcohols compared to Sim 1:10, with notable
amounts of 2-phenylethanol and isoamyl alcohol. 2-phenylethanol, known for its rose and honey
aromas, is considered one of the most important aromatic alcohols contributing to flavor in fermented
beverages [18,46]. Its levels in the ciders obtained in this study —except for Sim 1:10 and Seq P-S,
where it was not detected —were near the detection threshold of 10 mg/L [47] and comparable to
those produced by Saccharomyces strains tested in apple must fermentations [4]. However, these levels
were not as high as those found in ciders produced by S. uvarum strains [5,8].

Esters are a class of volatile compounds known for imparting predominantly pleasant aromas.
Produced by yeasts during fermentation as secondary byproducts of sugar metabolism, these
compounds are essential contributors to the desirable fruity and floral ester-like character of the
beverage. Among them, acetate esters are synthesized through the catalysis of higher alcohols and
acetyl-CoA by alcohol acyl-transferases, while ethyl esters are produced via an enzyme-catalyzed
condensation reaction between ethanol and an acyl-CoA component [48].

Regarding the ester profile of the ciders produced through simultaneous inoculation, slightly
higher levels of isoamyl acetate (notes of green apple) and slightly lower levels of ethyl hexanoate
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(pineapple and pear notes) were observed in the Sim 1:1 strategy compared to Sim 1:10. Furthermore,
both compounds were present at higher concentrations in Sim 1:1 when compared to all other
fermentation trials. Notably, the levels of isoamyl acetate detected in all ciders from this study were
substantially higher than those found in ciders produced with S. uvarum strains that exhibited
fermentative potential for cidermaking [5].

Simultaneous inoculations demonstrated a balanced metabolic contribution from both yeasts,
resulting in characteristics that could enhance cider aroma and flavor. However, the Sim 1:1 strategy
stood out, and, given that the use of 10 times more P. kudriavzevii entails additional production costs,
we propose Sim 1:1 as the most promising approach of the two simultaneous inoculation strategies
tested for cider production.

Considerations of Sequential Fermentations

As shown in the PCA plot, sequential inoculations exhibited divergent contributions depending
on the timing of yeast inoculation. The Seq S-P strategy yielded ciders with lower ethyl acetate and
acetic acid levels, likely due to the earlier dominance of S. cerevisiae. In contrast, the Seq P-S strategy
reflected a stronger influence of P. kudriavzevii, resulting in higher levels of these compounds. More
specifically, the Seq P-S approach produced ciders with higher levels of acetic acid and ethyl acetate,
along with lower levels of lactic acid and succinic acid. This chemical profile closely resembled that
of ciders produced by pure P. kudriavzevii inoculation (P), which suggests that the metabolism of this
strain is primarily responsible for the production of the acetic acid and ethyl acetate found in P and
Seq P-S ciders, compounds that contribute to the perception of sourness and roughness in cider and
are undesirable at high concentrations [46,49]. However, it is important to note that the acetic acid
concentrations in P and Seq P-S ciders (0.4 g/L) remained within the acceptable limit of 2.5 g/L set by
the Argentine Food Code [50]. Additionally, it has been reported that acetic acid becomes unpleasant
at concentrations nearing its sensory threshold of 0.7-1.1 g/L, while values between 0.2 and 0.7 g/L
are typically considered optimal [51].

Ethyl acetate, the main ester in cider and wine, is formed from ethanol and acetic acid. It can
impart spoilage characteristics when present at concentrations between 150 and 200 mg/L [49,51]. In
this study, we found that Seq P-S ciders exhibited ethyl acetate levels three times higher than those
of Seq S-P ciders, with concentrations surpassing the sensory threshold. However, it is worth noting
that when P. kudriavzevii is inoculated in mixed cultures Sim 1:1, Sim 1:10 and Seq S-P, the levels of
ethyl acetate decrease drastically in the resulting ciders, falling below the sensory threshold. The
greater capacity of species from the genera Pichia to produce ethyl acetate compared to S. cerevisiae
wine strains has been well-documented [34]. Subsequently, a study grouping ester production by
yeast genera specifically highlighted Hanseniaspora and Pichia as notable producers of ethyl acetate
[52]. More recently, ethyl acetate levels similar to those observed in this study were reported in wines
produced by mixed inoculation with P. kudriavzevii and a commercial S. cerevisiae [16,53].

The Seq S-P strategy displayed other favorable attributes compared to Seq P-S, including higher
levels of total alcohols, particularly 2-phenylethanol and isoamyl alcohol, which contribute floral and
marzipan/green fruity aromas, respectively. Additionally, Seq S-P ciders exhibited higher levels of 2-
phenylethyl acetate (associated with rose, honey, fruity, and flowery notes), isoamyl acetate (linked
to banana and pear aromas), and ethyl hexanoate (which imparts apple, banana, violet-like aromas).
These findings support the selection of the Seq S-P strategy over Seq P-S for producing ciders with
enhanced aromatic complexity.

Considerations of Pure Fermentations

The grouping of pure fermentations in the PCA highlights the distinct metabolic profiles of the
two yeasts. The association of P. kudriavzevii with higher levels of ethyl acetate and acetic acid is
consistent with its previously mentioned capacity to produce these compounds. In contrast, S.
cerevisiae displayed a stronger association with 2-phenylethanol and isoamy] acetate, emphasizing its
role in contributing floral and fruity aromas to the cider. However, the total ester content (excluding
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ethyl acetate) in these ciders did not reach the levels observed in the mixed fermentation strategies
Sim 1:1 and Seq S-P, which were selected as the most promising approaches for enhancing cider
quality.

Selection of the Inoculation Strategy

Few studies have explored mixed fermentations of S. cerevisiae and P. kudriavzevii in wines. Zhu
et al. [20] demonstrated that a 1:1 inoculation ratio of S. cerevisiae and P. kudriavzevii in Cabernet
Sauvignon increased the number of aromatic compounds and enhanced fruity, floral, herbaceous,
and caramel-like notes compared to single-strain fermentations. Similarly, Liu et al. [18] found that
mixed fermentations in Cabernet Sauvignon improved phenolic and aromatic compounds,
particularly isoamyl alcohol and ethyl esters, which contribute rose-like and fruity aromas. However,
the authors reported even better results when P. kudriavzevii was used at ten times the inoculum level
of S. cerevisiae.

A recent study demonstrated that different species of non-Saccharomyces yeast do have an
important impact on the characteristics of cider and that co-inoculation of non-Saccharomyces yeast
with S. cerevisiae for cider fermentation may be a strategy to improve the flavor of cider [15]. However,
to our knowledge, no studies have reported mixed fermentations exclusively using S. cerevisiae and
P. kudriavzevii in cider. Two recent studies [13,14] employed these yeasts, but as part of a triple
inoculation strategy along with Lactobacillus plantarum. Notably, in both studies, the inoculum ratio
of S. cerevisiae to P. kudriavzevii was 1:1, the same ratio selected in this work.

In this study, as revealed by the PCA, ciders obtained through the Sim 1:1 and Seq S-P strategies
shared similar characteristics within the mixed fermentations. These ciders were associated with a
high contribution of compounds such as glycerol, lactic and succinic acids, isoamyl alcohol, 2-
phenylethanol, isoamyl acetate, and 2-phenylethyl acetate. Additionally, these strategies showed a
higher malic acid consumption compared to pure fermentations. These features make them
particularly attractive to the cider industry. Due to the practicality of co-culturing, which enables the
preparation of a single inoculum and its inoculation in a single step on the same day, we propose the
Sim 1:1 strategy to be tested in natural must at a pilot scale.

5. Conclusions

This study evaluated the effects of mixed-culture fermentation using the autochthonous S.
cerevisiae NIF8 and P. kudriavzevii NPCC1651 strains on the production of high-quality ciders. The
results highlight the complementary metabolic roles of S. cerevisiae and P. kudriavzevii in enhancing
cider quality and provide valuable insights for optimizing fermentation strategies in cidermaking.

In all fermentation trials, both yeasts successfully completed the process, significantly
contributing to the chemical and sensory characteristics of the ciders. The Sim 1:1 and Seq S-P
strategies were identified as the most promising approaches, producing ciders with elevated levels
of lactic and succinic acids, isoamyl alcohol, 2-phenylethanol, isoamyl acetate, and 2-phenylethyl
acetate, and reduced levels of acetic acid and ethyl acetate. These strategies also consumed more
malic acid than pure fermentations. The reduction in malic acid decreases the need for added sugar
during the final adjustment stage, resulting in a healthier beverage. Given the practicality of co-
culturing, which enables the preparation and inoculation of a single inoculum in one step, we propose
the Sim 1:1 strategy as the preferred approach to be tested in natural must at a pilot scale for the
production of ciders with low acidity and controlled, distinctive quality.
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