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ABSTRACT

Wine is a worldwide known beverage, and even
though its consumption has been associated with the re-
duction of heart diseases and the extent of lifespan, it also
has compounds that might cause adverse effects on human
health such as methanol and acetaldehyde. The aim of this
study was to determine the effect of time, temperature, and
pectic enzymes over wine methanol and acetaldehyde con-
centrations during vinification. Three temperatures (20, 30,
and 35 °C) and three pectic enzyme concentrations (0, 9, and
18 pL/Kg) were tested, allowing fermentation to stop due
to sugar depletion. Both methanol and acetaldehyde were
quantified throughout the fermentation process. Tempera-
ture reduced methanol production, observing the lowest
methanol concentration (53.543 £ 3.267 mg/100 mL of wine)
at 35 °C in the absence of pectic enzyme. Acetaldehyde was
not affected by these variables. Alcohol, methanol, and ac-
etaldehyde concentrations were adjusted to mathematical
models with high correlations.
Keywords. Toxic compounds, wine, mathematical modeling,
fermentation.

RESUMEN

El vino es una bebida conocida a nivel mundial, y
aun cuando su consumo ha sido asociado a la reduccién de
enfermedades cardiacas y la extensién de la esperanza de
vida, también posee compuestos que pueden tener efectos
adversos a la salud humana tales como el metanol y el acet-
aldehido. El objetivo de este estudio fue determinar el efecto
del tiempo, temperatura y la adicién de enzimas pécticas en
las concentraciones de metanol y acetaldehido durante el
proceso de vinificacion. Se utilizaron temperaturas (20, 30 y
35°C) y tres concentraciones de enzimas pécticas (0, 9y 18
pL/Kg), dejando que la fermentacion se detuviera por el ag-
otamiento del azucar. Tanto el metanol como el acetaldehido
fueron cuantificados durante el proceso de fermentacion. La
temperatura redujo la producciéon del metanol, observan-
dose la concentracién mas baja (53.543 + 3.267 mg/100 mL
de vino) a los 35°C en la ausencia de enzimas pécticas. El
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acetaldehido no se ve afectado por las variables. Se ajustaron
el alcohol, metanol y acetaldehido a modelacién matematica
con altos valores de correlacion.

Palabras clave. Compuestos téxicos, vino, modelacién
matematica, fermentacion.

INTRODUCTION

Wine is a worldwide known beverage; in 2019, 258
millions of hectoliters were produced worldwide (OIV, 2019).
Wine is the product of grape fermentation by different yeast
species, mainly Saccharomyces cerevisiae; in this process, glu-
cose and fructose are transformed mainly into ethanol and
carbon dioxide, nevertheless, this is a much more complex
process (Moreno-Arribas and Polo, 2009). There are over 500
different compounds that have been reported in wine, most
of them are already present in grape, but some are generated
during vinification process (Leighton and Urquiaga, 2000). As
it is well known, some of these compounds have been asso-
ciated to human health improvement, but the real effect has
been a topic of discussion since these bioactive compounds
are consumed along with ethanol (Iriti and Varoni, 2014),
moderate consumption of red wine is associated with the
reduction of heart disease and prolonged lifespan (Xiang et
al,, 2014).

On the other hand, there are other substances that in
certain quantities may be considered toxic, such as arsenic
and heavy metals, which are present in wine by grape con-
tamination (Hu, 2002). Also, mycotoxins such as ochratoxin
A, are products by fungal contamination, that can be found
in wine and has been reported as a possible carcinogen for
humans (IARC, 1993).

On the other hand, some toxic compounds that
are produced during fermentation such as methanol and
acetaldehyde. Methanol is a one-carbon alcohol that, at
room temperature, is liquid and uncolored with a soft smell
(Cabaroglu, 2005). During wine production, methanol is first
found directly bound to pectic substances in grape and, du-
ring fermentation, these substances undergo an enzymatic
degradation process, leading to the formation of methanol,
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whose concentration has been directly associated with the
use of pecinesterase, polygalacturonase, and pectinliase
enzyme (Andraous et al., 2004). These enzymes are usually
applied to enhance color and produce phenolic compounds
in wine (Wightman and Wrolstad, 1996). On the other hand,
acetaldehyde is also produced by Saccharomyces cerevisiae
during fermentation as a by-product during pyruvate glyco-
lytic fermentation (Herrero et al., 2003). Also, even though
acetaldehyde is considered as a component of a high quality
wine (Romano et al., 1994), the International Agency for Re-
search on Cancer (IARC) has classified it into the 2B category
as a probable carcinogenic agent (IARC, 1999). Based on
the above, the present research work explore the way these
compounds are affected by vinification process variables, an
issue that is highly important for the wine industry.

Considering this information, this study aimed to
mathematically determine the effect of time, temperature,
and pectic enzyme used, on methanol and acetaldehyde
production.

MATERIALS AND METHODS
Testing species

Carignane red grape (Vitis vinifera) was obtained from
local vineyards in Hermosillo, Sonora, México, and transpor-
ted to the laboratory. For each experiment, 20 Kg-sample of
grapes, cleaned and milled in an equipment designed and
built specially for the fermentation laboratory were used. A
200 mL-aliquot of grape juice was taken and then prepared
with the addition of 0.16 mg of commercial yeast (Saccha-
romyces cerevisiae) and 0.40 mg sodium phosphate (to a final
concentration of 20 ug/Kg). While grape juice was being pre-
pared, milled grape was treated with pectic enzyme at diffe-
rent concentrations (0, 9, and 18 uL/Kg) in order to enhance
the breaking of pectin bondages and the release of juice.

Grape broth and milled grape were combined after
4 h and stirred for 2 min to homogenize the mixture. Then,
the grape was pressed using a lab-scale designed and built
equipment to separate solids from the liquid phase. Juice
was then filtered (grape must) and placed on a lab-designed
fermenter and set at different temperatures (20, 30, and 35
°C), selected according to the optimum temperature range
for the yeast strain. At this time, a sample was taken from
each set of treatments in order to carry out all the analysis
att=0min.

Fermenter design

Lab-scale fermenters were designed and built, to
have controlled conditions for the vinification process. Three
fermenters were built up with stainless steel (recommended
material for fermentations according to Vine et al. (2002)), in
order to have three replicates for each treatment. Fermen-
ters were 35 cm tall with 28 cm of internal diameter. The
container lids were adaptable to the fermenters and closed
with the aid of screws to simulate a tank. The cover had an
electrical stirrer working at 80 rpm when needed. On the
cover of the container, a vent was set to allow the expulsion
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of fermentation gases. An installed thermocouple monitored
the fermentation temperature. Fermenters were placed at a
room with controlled temperature.

Sugar measurement

Sugar was measured indirectly with a digital refrac-
tometer (HI 96801, Hanna Instruments, USA) (Greer and
Weedon, 2013), at 20 °C.

Alcohol volume percentage

The amount of alcohol was determined calculating
the volume of alcohol in 100 mL of a hydroalcoholic sample.
This was accomplished by distilling musts and wines and
collecting the alcohols. Once recovered all the alcohol, dis-
tilled samples were cooled down to 20 °C and measured with
calibrated alcoholmeters.

Methanol and acetaldehyde analysis by gas chromato-
graphy

Quantification of methanol and acetaldehyde was
carried out by gas chromatography using an HP 5890 series
Il gas chromatographer equipped with a capilar carbowax
HP column (0.25 mm i.d.). A flame ionizing detector, N, as a
carrier gas, and 2-pentanol as internal standard, were used.

Analytical curves for methanol and acetaldehyde
were done using external standards, prepared by dilution of
a stock solution in tri-distilled water.

Distilled samples were used to determine the concen-
tration of acetaldehyde and methanol, which were calculated
according to the standard curve.

Experimental Design

Data were analyzed using analysis of variance (ANOVA)
with Tukey-Kramer and Duncan’s multiple comparison test
(JMP 5.1). Grape must was subjected to three fermentation
temperatures (15, 25, and 35 °C) and three pectic enzyme
concentrations were used (0, 9, and 18 uL/Kg).

Statistical analysis

Data were analyzed using an analysis of variance
(ANOVA) with Tukey-Kramer and Duncan’s multiple com-
parison tests (Number Cruncher Statistical Software (NCSS
2000)). Mathematical models were determined with JMP 5.1.

RESULTS AND DISCUSSION

Data analysis was carried out to describe fermentation
behavior through de description of sugar concentration, alco-
hol production, and acetaldehyde and methanol production
throughout the vinification process, as well as to determine
how these variables were affected by temperature and pectic
enzyme concentration.

Fermentation

Carignane grape was fermented under three different
temperature conditions, as described in the experimental
section. Temperature was monitored, and it was kept at
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20.02 + 1.12, 30.22 + 1.73 and 35.02 % 2.2 °C; as expected,
the time of fermentation was temperature dependent, and
they lasted 117,42 and 28 h at 25, 30, and 35 °C, respectively.
This variation is attributed to the activity and reproduction
of Saccharomyces cerevisiae, whose metabolism is tempera-
ture-dependent, having an optimum temperature of 37 °C
(Mesonides et al., 2002).

In order to monitor fermentation variables (alcohol
volume (%), methanol, and acetaldehyde), samples were
taken every 12, 6, and 4 h for 20, 30, and 35 °C, respectively.

Sugar consumption

The initial amount of fermentable sugar, measured in
°Brix, was within the range of 17.0 and 17.8; which were with-
in the recommended range for wine (Vine et al., 2002). The
reduction of fermentable sugar was periodically measured,
depending on the temperature. Samples were taken every
6, 3, and 2 h. The mathematical fit of °Brix reduction was
described with a natural logarithm, using time as the nonde-
pendent variable and °Bx as the dependent variable (Table
1); all mathematical fits described fermentation behaviors
with high correlation values.

Table 1. Mathematical fits for °Bx reduction in Carignane grape fermenta-
tion.

Tabla 1. Ajuste matematico para la reduccién de °Bx en la fermentacion de
uva Carignane.

Temperature (°C) Mathematical fit R?

20 °Bx=34.06—7.19In(t) 0.9888
30 °Bx=40.59—10.59In(t) 0.9980
35 °Bx=36.15—10.93In(t) 0.9979

Mathematical variables °Bx and t represent amount of sugar and time (h),
respectively. Mathematical fits were calculated with the data obtained from
9 separate fermentations. Mathematical formula and correlation was given
by the mathematical program.

Alcohol production

Alcohol content is expressed as alc/vol, mainly repre-
sents the production of ethanol, since this is the alcohol pro-
duced in the highest percentage and constitutes the main
purpose of fermentation (Delfini and Formica, 2001). Alcohol
production was dependent on sugar concentration, oscilla-
ting between 8.6 and 9.3 alc/vol; nonetheless, the amount
°Bx necessary to increase 1 % the amount of alcohol did not
show statistical difference among them (Table 2), showing
that this variable is not temperature nor pectic enzyme de-
pendent.

Ideally, for every mol of glucose, 2 moles of ethanol
and 2 moles of carbon dioxide are produced; nevertheless,
the real amount produced varies (Morales et al., 2015). A
mathematical fit for the final production of alcohol according
to the °Bx content on grape was calculated with a R? of 0.990
as follows:

%AV = —0.0198 + 0.52°Bx

Table 2. °Bx necessary to increase 1 % the alc/vol relationship.
Tabla 2. °Bx necesarios para incrementar en 1 % la relacién alc/vol.

Temperature Pectic enzyme °Bx/alc-vol
(°C) (uL/Kg)
0 1.906 + 0.012 2
20 9 1.906 + 0.012 @
18 1.941 £ 0.012°
0 1.918 + 0.065 ®
30 9 1.896 + 0.051 @
18 1.945 + 0.043 ®
0 1.943 + 0.038 °
35 9 1.943 £ 0.022®
18 1.928 + 0.033 @

Data represents the mean + standard deviation out of three independent
experiments. Different letters represent statistical difference.

Where:
%AV is the final concentration of alcohol-volume
°Bx the amount of Brix in grape

In order to describe the fermentation process,
mathematical fits were calculated for every temperature,
associating the amount of alcohol produced (alc/vol) to the
fermentation time (Table 3).

Table 3. Mathematical fits for alc/vol production in Carignane grape
fermentation.

Tabla 3. Ajuste matematico para la produccién de alc/vol en la fermenta-
cién de uva Carignane.

Temperature (°C) Mathematical fit R?

20 AV, =3.2x10°+0.16 t —7.0x10° t? 0.9888
30 AV,,=2.9x10°+ 0.28 t—1.3x107 0.9980
35 AV, =7.8x10°+0.38 t—2.3x107 {2 0.9979

Mathematical variables °Bx and t represent amount of sugar and time (h),
respectively. Mathematical fits were calculated with the data obtained from
9 independent fermentations. Mathematical formula and correlation were
given by the mathematical program.

Methanol Production
Methanol production was monitored during fermen-
tation, and data expressed as fermentation progress (%FP),

was calculated with the formula:
°Bxy — °Bx;
%FP = <1 -

Bx,

Where:

%FP represents fermentation progress
is Bx, vthe initial °Brix value on grape
is Bx, the®Brix value at a given time

)xlOO

This transformation was used as a dependent variable
instead of time; this transformation allowed us to compare
the amount of methanol at any given fermentation progress
since fermentation time was different for each temperature.
All fermentation showed an exponential behavior, where the
maximum concentration was achieved at the beginning of
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the fermentation and was maintained during the rest of the
process. Final methanol concentrations (Figure 1) demon-
strate that both, temperature and enzyme concentration, ex-
ert an effect on this variable. The lowest concentrations were
obtained at 35 °C with no addition of pectic enzyme, while
the highest were at 20 °C; however, no significant differences
were observed among methanol concentrations obtained
at 30 °C. The effect of enzyme addition is only significant
at 35 °C, this might be due to the fact that Saccharomyces
cerevisiae exerts its highest activity at 37 °C (Mesonides et al.,
2002) and can produce pectinesterase enzyme. This specific
enzyme has a higher optimum temperature than commercial
enzymes (Jayani et al., 2005), and this production could be
enough to promote an increase in methanol generation.

None of the fermentation processes generated metha-
nol concentrations above the permitted levels established by
international regulations (EEC, 2008), which is 200 mg/100
mL; this means that, regarding the amount of methanol,
wine consumption (under experimental conditions) would
not represent a health risk. These results are in agreement
with those reported by Coelho et al., (2015), who fermented
different fruits to obtain fruit wines.

100 20°C 30°C 35°C
an a ab

s
m
)

&

Methanol (mg/100 mL of sample)
wn
&

0 ug'Kg SugKg 18 ug/Kg(0 ug/Kg 9 ugdKg 18 ug/Kg|0 ug/Kg 9 ua'Kyg 18 ug'Kg

Enzyme concentration

Figure 1. Temperature and pectic enzyme concentration effect on wine
methanol concentration. Data represents the mean =+ standard deviation
of three independent experiments. Different letters represent statistical
difference

Figura 1. Efecto de la temperatura y la concentracion de enzimas pécticas
en la concentraciodn de metanol en vino. Los datos representan la media +
desviacion estandar de tres experimentos independientes. Diferentes letras
representan diferencia significativa.

Acetaldehyde production

Acetaldehyde was also monitored along the fermen-
tation process. The final acetaldehyde concentration was
not temperature, nor enzyme concentration dependent
(Table 4). This compound might be formed in wine by two
different processes; the first one is glycolysis performed by
Saccharomyces cerevisiae (Romano et al, 1994), the other
one is through oxidation of ethanol when this interacts with
phenolic compounds and oxygen (Saucier et al., 1997). Even
though acetaldehyde final concentration achieved in this
study does not represent a hazard for human health (since
national and international legislation establish the higher
limit for acetaldehyde at 40 mg/ 100 mL of wine), the acetal-
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able 4. Temperature and pectic enzyme concentration effect on wine
methanol concentration.

Tabla 4. Efecto de la temperatura y concentracion de ezimas pécticas en la
concentracion de metanol en el vino.

Temperature (°C) Enzyme concentration Methanol
i (1L/Kg of grape) (mg/100mL of wine)
0 6.02+2.35°
AL 9 3.67+£279°2
18 5.63+ 1352
0 552+2.112
0 9 411+1.78°
18 6.34+0.52°
0 6.42 +2.66°
=2 9 477+201°
18 6.41+137°

Data represents the mean + standard deviation of three separate experi-
ments. Different letters represent statistical difference

dehyde concentration through experimental fermentation
process was 35 mg/100 mL at 35 °C.

This high acetaldehyde concentration may be due to
enzyme activity of Saccharomyces cerevisiae, which shows its
highest activity at 37 °C (Mesonides et al., 2002). Therefore,
acetaldehyde production behavior was shown to be time
dependent, and it can be described in a plot, starting at 0
mg/100 mL. It achieves the highest concentration at the
middle of the fermentation process, and then decreasing to
low concentrations; this phenomena might be due acetalde-
hyde evaporation, which has a boiling point of 21 °C (Figure
2) (Mauer and Welle, 2008).

20°C

®0mL/grape Kg
25 i 1 L @9 ml/grape Kg
s
20 ‘\ 18mL/ grape Kg

Acetaldehyde (mg/100 mL of sample)
———
!
i
2

0 20 40 60 80 100 120
Time ()

30°C
®0ml/grape kg

©9mL/ grape Kg

18mL/ grape Kg Jf

Time (h)
35°C
©0mL/grape Kg
©9mL/grape Kg J

18mL/ grape Kg

Time (h)

Figure 2. Acetaldehyde concentration through vinification process
influenced by temperature and pectic enzyme concentration.
Figura 2. Concentracion de acetaldehido durante el proceso de
vinificacion influenciado por temperatura y concentracion de
enzimas pécticas.
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The behavior of the production of both, methanol
and acetaldehyde, during the experimental fermentation
processes can be mathematically described (Table 5), where
methanol production can be obtained with an exponential
equation, with fermentation percentage as the independent
variable and methanol concentration measured, as mg/100
mL of sample, as the independent variable. On the other
hand, acetaldehyde follows a quadratic behavior where the
independent variable is time and the dependent variable
is acetaldehyde concentration measured in mg/100 mL of
sample.

Table 5. Mathematical fit to describe the production of acetaldehyde and
methanol compounds on vinification process.

Tabla 5. Ajuste matematico para describer la produccion de acetaldehido y
metanol en el proceso de vinificacion.

Temp. Enzyme

Acetaldehyde R? Methanol R?
c) (uL/Kg) 2
0 Ac=1.18+1.06t-0.009 2 0.817 Met=24.24(1—e %) 0.9851
20 9 Ac=-0.03+1.03 t-0.009 t? 0.9918 Met=26.13(1—e*%*F) 0.9583

18 Ac=1.18+0.96t-0.008 > 0.867 Met=25.92(1—e%¥) 0.9931

0 Ac=0.34+2.25t-0.005 > 0.7621 Met=25.16(1—e %7 0.9988

30 9 Ac=0.75+2.331t-0.05t* 0.8314 Met=24.46(1—e%F) 0.9907
18 Ac=0.68+2.431-0.05t? 0.9299 Met=24.12(1—e %) 0.9997
Ac=0.34+2.251-0.05t? 0.8619 Met=18.59(1—e %) 0.9878

35 9 Ac=0.75+2.33t-0.05t* 0.8475 Met=19.05(1—e%") 0.9997

18 Ac=0.68+2.43t-0.05t* 0.9290 Met=21.44(1—e°%*) 0.9954

CONCLUSIONS

In this research, under experimental fermentation
conditions, the achieved concentration for both compounds
is below the recommended levels for wine. Methanol concen-
tration is time, temperature, and enzyme dependent, while
acetaldehyde depends only on time. The fermentable sugars
reduction and the alcohol, methanol, and acetaldehyde
production, can be described through mathematical models
with a high correlation coefficient, and even though sugar
depletion and alcohol production have been mathematically
described before, to our knowledge, there are no previous
methanol and acetaldehyde mathematical modeling ap-
proaches reported.
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