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Abstract

This study evaluated the effects of nitrogen source, temperature, and agitation on fermen-
tation performance and volatile compound formation in an agave juice-based beverage
fermented with Saccharomyces cerevisiae. Agave juice contained a high concentration of re-
ducing sugars (156.69 g/L), representing 83.16% of the total sugars, predominantly fructose,
and a low assimilable nitrogen concentration (0.069 g/L), indicating nitrogen limitation.
Fermentation assays were performed at 18 and 28 °C under static or agitated (100 rpm)
conditions, with inorganic or organic nitrogen supplementation. At 28 °C, organic nitrogen
supplementation under static conditions increased ethanol production to 72.26 g/L. At
18 °C, fermentation kinetics were markedly slower, but nitrogen supplementation increased
ethanol production from 34.25 g/L in the control to 59.89 g/L with inorganic nitrogen, indi-
cating that nitrogen supplementation had a greater relative effect under low-temperature
fermentation. Volatile profiling revealed that under static fermentation at 18 °C, organic
nitrogen supplementation increased the relative abundance of higher alcohols, particularly
2-phenylethanol, whereas ester formation varied according to both nitrogen source and
fermentation temperature. Overall, nitrogen source, agitation and temperature strongly
affected both fermentation efficiency and volatile formation, supporting the design of
controlled processes to improve aromatic complexity and performance in agave-based
fermented beverages.

Keywords: Saccharomyces cerevisiae; volatile organic compounds; higher alcohols; 2-phenylethanol;
agave plant

1. Introduction

The development of plant-based fermented beverages has gained increasing attention due
to their potential to combine functional properties, sensory complexity, and sustainable produc-
tion practices. In particular, plant-based fermentation systems have emerged as a promising
approach for the valorization of regional raw materials and agro-industrial residues [1,2].
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Among these plant resources, agave represents a highly relevant substrate in Mexico because
it is well adapted to arid and semi-arid environments and accumulates large amounts of
carbohydrates through crassulacean acid metabolism (CAM) [3]. These carbohydrates are
mainly present as fructans (agavins) and fructooligosaccharides concentrated in the agave
head, together with some inhibitory compounds that make this matrix a challenging substrate
for microbial growth [4,5]. However, the juice extracted from the agave head constitutes the
basis for the production of traditional beverages such as tequila and mezcal [3,6].

Particularly, mezcal, a traditional spirit beverage, is produced from agave heads of
various agave species, harvested in different Mexican regions under a Denomination of
Origin, including Agave durangensis cultivated in northern Mexico [5,7]. In this process,
agave heads are first separated from the leaves, then cooked in underground artisanal
ovens [8]. This thermal process promotes fructan hydrolysis to obtain fermentable sugars,
primarily fructose and glucose [5,7,9]. This substrate is subsequently fermented by various
microorganisms, with S. cerevisiae playing a key role due to its tolerance to high sugar and
ethanol concentrations. Finally, the fermented juice is distilled to produce mezcal with
an ethanol content of 36-55% v/v [10-13]. Beyond its traditional application in tequila
and mezcal production, agave juice has recently gained interest as a source of agavins, an
emerging functional ingredient recognized for its prebiotic properties [14]. Nevertheless, to
our knowledge, an agave juice-based beverage combining the properties of residual agavins
from thermal processing with the high fermentable sugar content to produce metabolites
through yeast fermentation has not yet been proposed. One of the main challenges associated
with agave juice fermentation is its low assimilable nitrogen content [15], which constitutes
a major limitation for yeast metabolism. Nitrogen is essential for cell growth, enzymatic
activity, and the synthesis of aroma-active compounds, and its deficiency can negatively
affect fermentation kinetics, ethanol yield, and volatile compound production [16].

Nitrogen supplementation has therefore been widely applied to improve fermentation
performance. In this context, the type of nitrogen source is particularly relevant because
it may differentially affect yeast metabolism [17]. Inorganic nitrogen sources, such as
ammonium salts, primarily support biomass formation. In contrast, organic nitrogen
sources, such as amino acids, can directly contribute to metabolic pathways involved in the
formation of higher alcohols and esters via the Ehrlich pathway [18,19].

The effect of nitrogen has been widely investigated in wine fermentation using S.
cerevisige, as nitrogen is one of the major nutrients naturally present in grape must in
the form of ammonium ions, amino acids, peptides, and proteins. Nitrogen plays an
essential role in yeast metabolism, regulating cell growth, fermentation kinetics, and the
production of secondary metabolites, including aroma-active compounds [20]. Studies on
wine fermentation have demonstrated that different nitrogen supplementation strategies,
including organic and inorganic nitrogen sources, significantly influence yeast metabolism,
fermentation kinetics, and aroma development [21].

On the other hand, temperature is a critical operational factor affecting alcoholic
fermentation, as it directly influences yeast physiology, fermentation kinetics, and the
formation of aroma-active compounds. In wine fermentation, low temperatures are com-
monly applied to improve the sensory quality of the final product by modulating yeast
metabolism and reducing the volatilization of aromatic compounds [22].

Agitation is another important operational parameter in fermentation because it
improves mass transfer, oxygen availability, and nutrient distribution, thereby influencing
microbial growth, fermentation kinetics, and metabolite production. However, excessive
agitation may cause shear stress that adversely affects microbial viability, highlighting the
importance of optimizing agitation conditions for each fermentation system. For instance,
studies on kiwi kefir-like beverages fermented with kefir grains have demonstrated that
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agitation significantly affects nutrient consumption, microbial growth, and metabolite
production, emphasizing its critical role in fermentation performance [23].

Despite the recognized importance of nitrogen supplementation, temperature, and
agitation in regulating fermentation performance, limited information is available regarding
their combined effects on the fermentation kinetics and aroma profile of agave juice-based
beverages. Therefore, this study aimed to evaluate the fermentation performance of an
agave juice-based beverage, focusing on the effects of nitrogen source and fermentation
conditions on fermentation kinetics and volatile compound formation.

2. Materials and Methods
2.1. Chemicals

Yeast extract, peptone, and glucose used for culture media preparation were obtained
from BD Bioxon (Mexico City, Mexico). Amino acids (>99% purity) used to formulate the
organic nitrogen source, including L-tryptophan, L-phenylalanine, L-leucine, L-isoleucine,
L-lysine, L-alanine, L-valine, L-threonine, L-serine, L-glutamine, L-methionine, L-arginine,
and L-aspartic acid, as well as ammonium sulfate and analytical standards of glucose,
fructose, and ethanol (>99%), were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The quantitative composition and formulation of the organic nitrogen source are described
in Section 2.3. Phenol, sulfuric acid, 3,5-dinitrosalicylic acid (DNS), sodium hydroxide,
sodium potassium tartrate tetrahydrate (Rochelle salt), and sodium sulfite used for sugar
determination were also purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Yeast Strain and Inoculum Preparation

S. cerevisiae ITD00185, previously isolated from the spontaneous fermentation of A. du-
rangensis must by Pdez-Lerma [24], was preserved at —20 °C in 30% (v/v) glycerol suspensions.
For inoculum preparation, the yeast was activated in yeast extract-peptone-dextrose (YPD)
medium and incubated on an orbital shaker at 30 °C and 120 rpm for 24 h. Cells were
harvested during the exponential growth phase and quantified using a Neubauer count-
ing chamber and a microscope. The inoculum was adjusted to an initial concentration of
2 x 10° cells/mL and transferred to the agave juice-based fermentation medium.

2.3. Agave Juice Characterization

Cooked agave juice was provided by a local mezcal producer from Mezquital, Du-
rango, Mexico. Total assimilable nitrogen was determined according to the method used by
Rutiaga-Quifiones [18]. A 25 mL aliquot of agave juice was adjusted to pH 8.1 with 0.25 M
NaOH, followed by the addition of 10 mL of formaldehyde solution previously adjusted to
pH 8.1. After 1 min at room temperature, the mixture was titrated with 0.25 M NaOH until
the pH reached 8.1. Free amino nitrogen was expressed as mg N/L and calculated as 14 x
(10 x mL of 0.25 M NaOH consumed).

Total sugars were quantified using the phenol-sulfuric acid method described by
Dubois et al. [25]. An aliquot of the fermentation supernatant was mixed with phenol
and concentrated sulfuric acid, forming a stable yellow-orange complex. After incuba-
tion, the absorbance was measured at 490 nm, and the total sugar concentrations were
determined using a glucose standard curve. Reducing sugars were quantified using the
3,5-dinitrosalicylic acid (DNS) method described by Miller [26]. In brief, 1 mL of the fer-
mentation supernatant was mixed with 1.5 mL of DNS reagent and heated in a boiling
water bath for 15 min. After cooling, the absorbance was measured at 640 nm, and the
concentrations of reducing sugars were calculated using a glucose standard curve.

Glucose, fructose, and ethanol concentrations were determined by high-performance
liquid chromatography (HPLC) using an Agilent 1200 system (Agilent, Santa Clara, CA,
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USA) equipped with an ion-exchange column (Carbomix). Deionized water was used as
the mobile phase at a flow rate of 0.4 mL/min. The column temperature was maintained at
80 °C, and the refractive index detector was set at 50 °C. The injection volume was 5 pL.
Samples were diluted (1:10, v/v) and filtered through nylon membrane filters prior to
analysis. Quantification was performed using external calibration curves in the ranges of
0.01-3 g/L (glucose), 0.01-13 g/L (fructose), and 0.01-8 g/L (ethanol) [27].

2.4. Agave Beverage Preparation

Fermentation experiments were conducted in sterile 20 mL serological flasks with a
working volume of 15 mL using cooked agave juice as the fermentation medium. Prior
to inoculation, the juice was diluted with potable water to adjust the reducing sugar
concentration to 160 g/L. This concentration was selected based on previous studies
conducted by our research group [18,19], as it provides suitable conditions for alcoholic
fermentation while avoiding excessive osmotic stress on the yeast.

The initial assimilable nitrogen concentration of the agave juice was supplemented
using either inorganic or organic nitrogen sources to achieve a final nitrogen concentration
of 300 mg N/L. Inorganic supplementation consisted of ammonium sulfate (NH4),SOy4).
Organic supplementation was carried out using a defined amino acid mixture formulated
according to the amino acid composition previously reported for agave juice fermentations
by Rutiaga-Quifiones et al. [18]. The concentration of each amino acid was further adjusted
based on preliminary experiments conducted in our laboratory according to its nitrogen
contribution, providing an organic nitrogen source comparable to the inorganic supple-
mentation. The mixture contained (g/L): L-tryptophan (0.015), L-phenylalanine (0.254),
L-leucine (0.201), L-isoleucine (0.201), L-lysine (0.112), L-alanine (0.137), L-valine (0.180),
L-threonine (0.183), L-serine (0.161), L-glutamine (0.152), L-methionine (0.229), L-arginine
(0.112), and L-aspartic acid (0.204).

The fermentation medium was inoculated with S. cerevisiae at an initial concentration
of 2 x 10° cells/mL. Cultures were incubated under microaerophilic conditions for 144 h
at 18 °C and 96 h at 28 °C. Agitation was evaluated by incubating cultures on an orbital
shaker at 100 rpm and comparing them with static cultures. Samples were collected every
12 h to determine total sugars, reducing sugars, and ethanol concentration.

2.5. Volatile Organic Compound Analysis

Volatile organic compounds were extracted using headspace solid-phase microex-
traction (HS-SPME) as described by Martell-Nevarez et al. [19]. Two milliliters of sample
were placed in sealed 10 mL glass vials and equilibrated at 32 °C for 2 h. Extraction was
performed using a divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS)
fiber (Supelco, Bellefonte, PA, USA), exposed to the headspace under the same conditions.

Desorption was carried out in the injection port of a gas chromatograph (Hewlett-Packard
5890, Hewlett-Packard, Wilmington, DE, USA) equipped with an SPME liner (0.75 mm i.d.,
Supelco) at 200 °C for 30 s. The system was coupled to a Hewlett-Packard 5972 mass selective
detector. Separation was achieved using an HP-FFAP fused silica capillary column (30 m x
0.32 mmid. x 0.25 pm film thickness). Helium was used as the carrier gas at a flow rate of
2 mL/min. Injector and detector temperatures were set at 180 °C and 230 °C, respectively.

The oven temperature program was as follows: initial temperature of 40 °C (3 min),
increased at 3 °C/min to 120 °C (1 min), followed by a ramp to 200 °C with a final hold of
5 min. Mass spectra were obtained using electron impact ionization at 70 eV, with a transfer
line temperature of 250 °C. Volatile organic compounds were identified by comparison of mass
spectra with those in the NIST mass spectral library. The relative abundance of each compound
was estimated from its relative chromatographic peak area (%) obtained by GC-MS analysis.
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2.6. Experimental Design and Statistical Analysis

A factorial experimental design was used to evaluate the effects of temperature (18
and 28 °C), agitation (static and 100 rpm), and nitrogen source (inorganic and organic),
as well as their interactions, on the fermentation response variables. The experimental
design consisted of eight treatments, corresponding to all possible combinations of the
three factors, as summarized in Table 1. Each treatment was performed in triplicate.

Statistical analysis was carried out using Statistica software (Version 7.0; StatSoft Inc.,
Tulsa, OK, USA). Data were analyzed by analysis of variance (ANOVA), followed by a least
significant difference (LSD) test, with significance defined at p < 0.05.

3. Results
3.1. Agave Juice Characterization

The agave juice used as the fermentation substrate contained 188.41 + 14.37 g/L
of total sugars, of which 156.69 + 8.90 g/L corresponded to reducing sugars. Fructose
was the predominant monosaccharide, reaching 120.76 + 3.20 g/L, whereas glucose was
present at a considerably lower concentration (9.73 + 1.18 g/L). Other reducing sugars
not individually quantified may also have been present in the agave juice. In addition to
its high sugar content, the agave juice exhibited a low assimilable nitrogen concentration
(0.069 + 0.01 g/L), indicating the need for nitrogen supplementation during fermentation.

3.2. Effect of Nitrogen Source, Agitation, and Temperature on Fermentation Kinetics

Fermentation kinetics at 28 °C are presented in Figure 1, and the corresponding kinetic pa-
rameters are summarized in Table 1. Under static conditions (Figure 1a), the control treatment,
corresponding to agave juice without organic or inorganic nitrogen supplementation, showed
a gradual decrease in reducing sugars until reaching 8.34 + 2.38 g /L. Ethanol concentration
with a sugar uptake of 148.35 g/L reached 60.16 &= 3.42 g /L.
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Figure 1. Fermentation kinetics of the agave juice-based beverage at 28 °C using S. cerevisiae ITD00185.
Reducing sugar consumption () and ethanol production (A): (a) static conditions, (b) agitated
conditions.
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Inorganic nitrogen supplementation showed behavior similar to that of the control
group under static conditions, achieving a sugar consumption of 150.69 £ 4.22 g/L and
producing an ethanol concentration of 62.84 & 1.11 g/L. However, both substrate consump-
tion and product formation rates (rs and rp) increased compared to the control, although
no significant difference in the final ethanol concentration was observed (Table 1).

Organic nitrogen supplementation resulted in the highest ethanol concentration
(72.26 £ 3.55 g/L) and productivity (0.75 & 0.03 g/L/h) under static conditions, high-
lighting the potential for improved fermentation efficiency. Significant differences between
inorganic supplementation and control fermentation suggest that nitrogen source impacts
performance, although no differences in ethanol yield (Y, /s) or total sugar consumption
were observed under static conditions.

Under agitated conditions (100 rpm; Figure 1b), the absence of nitrogen supplementa-
tion resulted in a gradual decrease in reducing sugars, reaching 15.40 & 2.38 g/L, which
was less effective compared to static conditions.

However, this behavior favored ethanol production, reaching 66.93 + 1.02 g/L after
96 h. Consequently, higher ethanol yield and volumetric productivity were obtained
(0.45 £ 0.01 g/g and 2.63 £ 0.12 g/L/h, respectively).

With inorganic nitrogen supplementation, sugar consumption and ethanol production
were higher than under static conditions (161.74 4= 2.46 g/L and 66.55 + 2.44 g/L, respec-
tively). Under organic nitrogen, sugar uptake was higher than under static conditions,
whereas ethanol production was lower at 65.87 &+ 1.79 g/L.

At agitated conditions, both inorganic and organic nitrogen supplementation sig-
nificantly increased product formation rates (rs), with values of 4.24 £+ 0.19 and
411 £ 0.51 g/L/h, respectively. However, no significant differences in final ethanol
concentration and ethanol yield (Y,/s), were observed among nitrogen sources under
agitation.

Table 1. Effect of nitrogen source and agitation on fermentation parameters at 28 °C after 96 h.

Y P r r
. . . p/s S P
Agitation Nitrogen Source (g/g) (g/L/h) (g/L/h) (/L/h)

Static Control 0.40 £ 0.052 0.62 +0.03P 2.56 4+ 0.09b 1.09 + 0.03 P
Inorganic 0.41+0.012 0.65+ 0.01b 347 +0.172 147 +0.112

Organic 0.46 +0.032 0.75 + 0.032 3.57 +0.022 1.54 +0.022

100 rpm Control 0.45 + 0.012 0.69 +0.012 2.63+0.12P 1.16 + 0.06 P
Inorganic 0.41 +0.022 0.69 +0.022 424 +0.192 1.66 +0.04 2

Organic 0.42 4+ 0.012 0.68 +0.012 411+0512 1.57 +£0.09 2

Values are expressed as mean =+ standard deviation (1 = 3). Different superscript letters within a column indicate
significant differences (p < 0.05).

Fermentation kinetics at 18 °C are shown in Figure 2, and the corresponding parame-
ters are presented in Table 2.

Under static conditions (Figure 2a), the control fermentation exhibited limited sugar
consumption (62.79 &+ 3.59 g/L) and low ethanol production (34.25 + 1.87 g/L) after 96 h.
Both inorganic and organic nitrogen supplementation significantly increased sugar uptake
and ethanol production compared to the control. With inorganic nitrogen supplementation,
59.89 £ 1.05 g/L of ethanol was reached, and with organic nitrogen supplementation,
55.03 = 4.76 g/L was obtained. No significant differences in ethanol yield or productivity
were observed among nitrogen supplementation types.
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Figure 2. Fermentation kinetics of the agave juice-based beverage at 18 °C using S. cerevisiae ITD00185.
Reducing sugar consumption () and ethanol production (A): (a) static conditions, (b) agitated
conditions.
Table 2. Effect of nitrogen source and agitation on fermentation parameters at 18 °C after 96 h.
Y P I I
Agitation Nitrogen Source pls S P
§ B (g/g) (g/L/h) (g/L/h) (g/L/h)
Static Control 0.30 £ 0.03P 0.35+0.01° 0.86 +0.02° 0.45+0.152
Inorganic 0.35 +0.0022 0.62 +0.012 2.09 +£0.16° 0.45 +0.042
Organic 0.34 +0.022 0.57 +£0.042 224 +0.062 0.55+0.022
100 rpm Control 0.32 +0.074 029 + 0.01P 059 +0.21¢2 032 +0.02°¢
Inorganic 0.38 +0.06 2 0.56 +0.032 0.72+0.512 0.60 +0.032
Organic 0.39 £0.022 0.55+0.032 1.10+£0.232 0.51 +0.01P

Values are expressed as mean =+ standard deviation (1 = 3). Different superscript letters within a column indicate
significant differences (p < 0.05).

Under agitated conditions (100 rpm; Figure 2b), nitrogen supplementation significantly
increased sugar consumption and ethanol production compared to the control. Ethanol
concentrations reached 54.33 4 2.95 g/L and 53.61 £ 2.90 g/L in fermentations supple-
mented with inorganic and organic nitrogen, respectively, whereas the control remained
below 30 g/L. No significant differences in ethanol concentration, yield, and productivity
were observed between nitrogen sources. However, differences in kinetic parameters were
observed, with higher substrate consumption rates (1.10 &= 0.23 g/L/h) in the amino acid
treatment and higher ethanol production rates (0.60 & 0.03 g/L/h) in the inorganic nitrogen
treatment.

3.3. Volatile Profile of the Fermented Beverage

Heatmap analysis revealed differences in the volatile profiles of fermented beverages
produced under static conditions at different nitrogen sources and fermentation tempera-
tures (Figure 3). Several volatile organic compounds were absent or detected at low relative
abundance in agave juice prior to fermentation. In contrast, fermented samples showed
greater diversity and higher relative abundance of aroma-related compounds.
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Isoamyl alcohol
2-phenylethanol

Decanol

Ethyl octanoate

Ethyl undecanoate

Ethyl decanoate

2-phenylethyl acetate

3-Methoxy-3-methyl-2-butanone

Ethyl 9-decenoate

Acetic acid

Hexanoic acid

Octanoic acid

Decanoic acid

Al C IN ON C IN ON
B — E—
28°C 18°C
Figure 3. Heatmap showing the relative abundance of volatile organic compounds in agave juice (A])
and fermented beverages obtained under different nitrogen sources (inorganic nitrogen, IN; organic
nitrogen, ON) under static fermentation conditions at 18 and 28 °C. Red indicates higher relative
abundance, whereas green indicates lower relative abundance.

Higher alcohols showed the most evident differences among treatments at 18 and
28 °C. Isoamyl alcohol showed higher relative abundance at 28 °C in the control and in the
supplemented inorganic nitrogen beverages. 2-phenylethanol exhibited a markedly higher
relative abundance in fermentations supplemented with organic nitrogen at 18 °C than
in the other conditions. Decanol showed considerably lower relative abundance in all the
fermented beverages.

Differences in ester profiles were also observed depending on fermentation conditions.
Compounds such as ethyl octanoate, ethyl undecanoate, ethyl decanoate, and 2-phenylethyl
acetate were mainly associated with fermented beverages and showed variable relative
abundances depending on nitrogen source and temperature. The most representative
ester at 18 and 28 °C was 2-phenylethyl acetate, especially under supplemented nitrogen
conditions.

The ketone 3-methoxy-3-methyl-2-butanone was detected at low relative abundance
under all fermentation conditions, with limited variation among treatments.

Fermented beverages contain various organic acids, such as acetic, hexanoic, octanoic,
and decanoic acids. Additionally, acetic acid was found in agave juice before the fermenta-
tion process.

4. Discussion
4.1. Agave Juice Characterization

The agave juice used in this study contained 188.41 & 14.37 g/L of total sugars, of
which 156.69 £ 8.90 g/L (83.16%) corresponded to reducing sugars. HPLC analysis showed
that fructose (120.76 & 3.20 g/L) was the predominant fermentable sugar, representing
64.1% of the total sugar content, whereas glucose (9.73 £ 1.18 g/L) accounted for 5.16%.
The remaining fraction of total sugars may include other soluble carbohydrates, such as
sucrose, xylose, and residual fructooligosaccharides, which have previously been reported
in agave-based substrates [10].
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The sugar composition observed in the present study is consistent with previous
reports for cooked agave juices used in mezcal production. Martell-Nevérez et al. [19]
reported total sugar and reducing sugar concentrations of 245 g/L and 178 g /L, respectively,
with 101 g/L fructose and 8.8 g/L glucose in A. durangensis juice. Likewise, Avila—Reyes
et al. [28] reported that fructose is the predominant fermentable sugar in cooked agave
juices, whereas glucose is present at considerably lower concentrations as a result of
fructan hydrolysis during the cooking process. The determination of total sugars, reducing
sugars, and individual monosaccharides provides complementary information on the
carbohydrate composition of agave juice. Total sugars represent the overall carbohydrate
content, reducing sugars estimate the readily reactive sugar fraction, and HPLC enables the
specific quantification of glucose and fructose, the principal fermentable sugars consumed
by S. cerevisiae during alcoholic fermentation.

The assimilable nitrogen concentration was low (0.069 £ 0.01 g/L), confirming that
agave juice constitutes a nitrogen-deficient medium. This low nitrogen content may be
partially attributed to thermal degradation during agave cooking, which can reduce the
availability of nitrogenous compounds [19]. Similar values have been reported in agave-
based substrates; for instance, Arrizon and Gschaedler [29] reported an initial nitrogen
concentration of approximately 40 mg/L in Agave tequilana Weber blue variety.

Under these conditions, the imbalance between carbon and nitrogen availability can
limit yeast growth and fermentation performance, underscoring the importance of nitrogen-
supplementation strategies in agave fermentations.

4.2. Effect of Nitrogen Source, Agitation, and Temperature on Fermentation Kinetics

At 28 °C, nitrogen supplementation improved fermentation performance under static
conditions, particularly when organic nitrogen sources were used. The higher ethanol
concentration and productivity (72.26 £ 3.55 g/L and 0.75 =+ 0.03 g/L/h) observed in
these treatments suggest more efficient nitrogen assimilation compared to inorganic nitro-
gen. Similar observations have been reported in wine fermentations, where the nature of
the nitrogen source significantly influences yeast growth, cell vitality, and fermentation
performance. Martinez-Moreno et al. [30] demonstrated that amino acid-based nitrogen
sources promoted greater biomass production, improved cell vitality, and more efficient
sugar utilization than inorganic nitrogen sources, particularly under conditions of high
sugar concentration. These findings are consistent with the preferential assimilation of
amino acids by Saccharomyces cerevisiae, as described by Crépin et al. [31], who showed that
amino acids are sequentially assimilated through tightly regulated transport systems that
support yeast growth and fermentation progress. Amino acids can be directly incorporated
into cellular metabolism or catabolized via the Ehrlich pathway, contributing to biomass
formation, metabolite production, and ultimately to the improved ethanol production
observed in the present study [18]. Similarly, Martell Nevarez et al. [19] reported that S.
cerevisiae fermenting Agave duranguensis juice at 28 °C exhibited rapid sugar consump-
tion (2.56 g/L/h) and an ethanol production rate of 1.17 g/L/h. Although their study
did not evaluate nitrogen supplementation, these results indicate that 28 °C favors yeast
fermentative activity; however, the higher ethanol concentration obtained in the present
study suggests that supplementing the fermentation medium with organic nitrogen further
enhances the efficiency of sugar conversion into ethanol.

On the other hand, under agitated conditions (100 rpm) at 28 °C, the effect of nitrogen
source on ethanol production and yield was less pronounced. However, agitation enhanced
sugar consumption and ethanol production rates compared with static fermentations, espe-
cially when nitrogen was supplemented. This effect may be attributed to improved mixing,
mass transfer, and oxygen availability, which promote a more homogeneous distribution of

https://doi.org/10.3390/fermentation12080352


https://doi.org/10.3390/fermentation12080352

Fermentation 2026, 12, 352

10 of 15

nutrients and facilitate yeast metabolic activity, partially alleviating nitrogen-deficiency-
associated metabolic limitations and altering carbon utilization [32]. Agitation has been
reported to improve nitrogen and oxygen availability in yeast cultures, thereby enhancing
substrate utilization and fermentation performance [33]. Rollero et al. [34] demonstrated
that agitated fermentations resulted in more complete nitrogen consumption than static
fermentations, leading to faster fermentation kinetics and enhanced yeast activity.

Interestingly, despite the enhanced fermentation kinetics promoted by nitrogen sup-
plementation and agitation, ethanol concentration slightly decreased during the final stages
of fermentation. Although ethanol production increased rapidly during the first 60-72 h of
fermentation, a slight decrease in ethanol concentration was subsequently observed in the
fermentations supplemented with both inorganic and organic nitrogen at 28 °C under static
and agitated conditions (Figure 1a,b). This decrease was more evident in the fermentation
supplemented with inorganic nitrogen under static conditions. One possible explanation is
the partial reassimilation of ethanol by S. cerevisiae after the depletion of fermentable sugars.
Under these conditions, yeast cells may oxidize ethanol through its sequential conversion
to acetaldehyde, acetate, and subsequently acetyl-CoA, which enters the tricarboxylic acid
(TCA) cycle to support cellular metabolism [35]. Similar behavior was reported by Cordero-
Soto et al. [36]. A decrease in ethanol concentration after glucose depletion was observed
during the bioconversion of 2-phenylethanol by Kluyveromyces marxianus isolated from the
natural fermentation of A. durangensis, the same agave fermentation from which S. cerevisiae
ITD00185 was isolated. The authors suggested that ethanol was reassimilated by the yeast
as a carbon and energy source to sustain cellular metabolism. However, additional studies
are required to confirm whether ethanol reassimilation occurred under the fermentation
conditions evaluated in the present study.

At 18 °C, fermentation kinetics were significantly slower, demonstrating the strong
influence of temperature on yeast metabolic activity [19]. Lower temperatures reduce
enzymatic activity and metabolic fluxes, resulting in lower fermentation rates and longer
fermentation times. In addition, low-temperature conditions can alter metabolic pathways
and affect the synthesis of fermentation metabolites, influencing the final volatile profile of
the beverage. Similar effects have been reported in alcoholic beverage fermentations, where
low fermentation temperatures restrict yeast growth and prolong fermentation time [37,38].

These effects are associated with changes in microbial physiological activity and the
regulation of compound production under low-temperature conditions [39]. Similar results
were reported by Martell-Nevérez [19] for agave juice fermentations conducted at 18 °C
without nitrogen supplementation during mezcal production. Under these conditions, S.
cerevisiae exhibited a sugar consumption rate of 1.32 g/L/h and an ethanol production rate
of 0.58 g/L/h, reaching a final ethanol concentration of 49 g/L.

In this study, nitrogen supplementation had a more pronounced effect on fermentation
performance at 18 °C than at 28 °C, indicating that nutrient limitations become more critical
as metabolic activity decreases. Both inorganic and organic nitrogen sources improved
sugar consumption and ethanol production, suggesting that nitrogen availability is a key
limiting factor under low-temperature conditions.

Agitation resulted in lower sugar uptake and ethanol production after 96 h compared
with static fermentations at 18 °C. This behavior may be related to changes in oxygen
availability during fermentation. Although oxygen is required for some yeast growth
and the synthesis of essential cellular components, increased oxygen exposure can modify
metabolic activity and promote cellular responses associated with oxidative stress [40].
Under low-temperature conditions, these responses may reduce the efficiency of sugar
conversion into ethanol, contributing to the lower fermentation performance observed
under agitation [32].
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4.3. Volatile Profile of the Fermented Beverage

Based on the fermentation performance obtained under the evaluated conditions,
volatile compound analysis was conducted using beverages produced under static con-
ditions to evaluate the effect of fermentation temperature and nitrogen source on aroma
formation. This approach was selected because, at 18 °C, agitation negatively affected sugar
consumption, whereas nitrogen supplementation improved substrate utilization under
both agitation conditions.

Both nitrogen source and fermentation temperature strongly influenced the volatile
profile of the fermented beverages. Heatmap analysis showed that fermented samples
exhibited greater diversity and relative abundance of volatile organic compounds than
unfermented agave juice, indicating that fermentation promoted the formation of aroma-
active metabolites. Similar increases in volatile diversity have been reported during agave
fermentations, where yeast metabolism converts sugars and amino acids into higher al-
cohols, esters, organic acids, and other aroma-active compounds that define the sensory
characteristics of fermented and distilled agave beverages [19].

Higher alcohols showed the most pronounced differences among the beverages, partic-
ularly 2-phenylethanol, which was enhanced in fermentations supplemented with organic
nitrogen at 28 °C and 18 °C. This behavior is consistent with amino acid catabolism through
the Ehrlich pathway, in which amino acids are converted into higher alcohols that con-
tribute to the aromatic complexity of fermented beverages [41]. The increased abundance
of this compound under organic nitrogen supplementation suggests that amino acid avail-
ability favored fusel alcohol synthesis during fermentation. In particular, L-phenylalanine
likely served as a precursor for 2-phenylethanol production via the Ehrlich pathway, direct-
ing metabolic flux toward its synthesis [42—44]. Besides contributing floral sensory notes,
2-phenylethanol is recognized as one of the major aroma-active higher alcohols produced
during alcoholic fermentation and has been associated with improved aromatic complexity
in fermented beverages [42,43].

In addition to higher alcohol formation, the nitrogen source also influenced ester
production, particularly 2-phenylethyl acetate, which is produced from 2-phenylethanol
via enzymatic esterification in yeast metabolism [44,45]. This ester is widely associated
with pleasant floral and honey-like aromas and is considered an important contributor to
the sensory quality of fermented beverages [46]. Acetate ester synthesis has been associated
with the regulation of alcohol acetyltransferase genes, such as Alcohol Acetyltransferase
II Gene (ATF2), which encode enzymes involved in acetate ester formation. Previous
studies have reported that nitrogen supplementation during fermentation can activate
ATF?2 expression, thereby enhancing acetate ester synthesis [47]. Therefore, the greater
abundance of 2-phenylethyl acetate observed under organic nitrogen supplementation is
consistent with the increased availability of amino acid precursors and enhanced synthesis
of its corresponding higher alcohol.

Temperature also played a key role in volatile compound formation, with fermenta-
tions supplemented with organic nitrogen at 18 °C showing a higher relative abundance
of 2-phenylethanol. Previous studies have reported that low fermentation temperatures
can modify yeast metabolic activity and redirect carbon fluxes toward the synthesis of
aroma-active compounds, including higher alcohols and esters [48].

Overall, these results highlight the complex interactions between nitrogen source and
fermentation conditions in shaping the volatile profiles of agave-based beverages. Organic
nitrogen supplementation favored the formation of higher alcohols, while both nitrogen
source and temperature influenced ester production in a compound-specific manner. The
presence of aroma-active compounds such as 2-phenylethanol and 2-phenylethyl acetate,
which are associated with floral and fruity sensory notes, suggests that fermentation
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conditions may substantially influence the aromatic complexity, sensory potential, and
acceptability of agave-based fermented beverages. Because volatile compounds were
evaluated as relative abundances rather than absolute concentrations, the present discussion
focuses on comparative differences among treatments rather than quantitative aroma
contributions. Nevertheless, these results clearly demonstrate that nitrogen source and
fermentation temperature significantly influenced aroma development.

Although the present study focused on the development of a fermented agave juice-
based beverage, the volatile compounds produced during fermentation are also relevant for
the production of distilled agave spirits because fermentation determines the pool of aroma-
active metabolites available before distillation. Higher alcohols and esters, such as isoamyl
alcohol, 2-phenylethanol, and 2-phenylethyl acetate, are well-recognized contributors to
the floral, fruity, and sweet notes characteristic of tequila and mezcal [28,49]. Therefore,
fermentation conditions that favor the formation of these compounds may also influence the
sensory quality of distilled products. Nevertheless, unlike distillation, which removes most
non-volatile constituents, the fermented beverage developed in this study retains residual
agavins and other non-volatile compounds present in cooked agave juice, providing a
matrix with potential functional properties in addition to its aroma profile.

5. Conclusions

This study demonstrated that nitrogen availability, temperature, and agitation are key factors
influencing fermentation performance and volatile formation in agave juice-based beverages.
The low assimilable nitrogen content of agave juice confirms its limitation as a fermentation
substrate and highlights the need for appropriate nitrogen supplementation strategies.

Organic nitrogen supplementation promoted the formation of higher alcohols, par-
ticularly 2-phenylethanol, thereby increasing the aromatic complexity of the fermented
beverage. Fermentation kinetics were significantly affected by temperature and agitation,
higher temperature and agitation accelerated fermentation, whereas low-temperature con-
ditions increased the dependence of yeast metabolism on nitrogen availability. Overall, the
evaluated conditions modulated the formation of aroma-active compounds associated with
floral and fruity notes, providing a basis for designing controlled fermentations to improve
the quality, aromatic complexity, and consistency of agave-based fermented beverages.
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