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Influence of the temperature and the origin of
CO2 (anaerobiosis methodology) on the
intracellular fermentation of wines made by
carbonic maceration
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Patrocinio Garijo, Susana Sanz and Ana Rosa Gutiérrez*

Abstract

BACKGROUND: The present study aimed to determine the optimal conditions for making wines by the carbonic maceration
(CM) method. In this test, we attempted to identify the causes of the higher volatile acidity of some wines vinified by this
method. Accordingly, we measured the development and speed of intracellular fermentation inside the whole grapes under
different vinification conditions.

RESULTS: An active fermentation of the must in the tanks produced by inoculation with active dry yeasts was more efficient for
the process than the addition of exogenous carbon dioxide (CO2). In addition, in CM vinification, themoment of devatting had a
great influence on the content of acetaldehyde and acetic acid in the whole grapes.

CONCLUSION: Yeast inoculation in the tanks and control of the devatting time are technological tools that could play an impor-
tant role in the characteristics of the wines produced by carbonic maceration, especially with respect to acetic acid content.
© 2022 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.
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INTRODUCTION
Vinification by carbonic maceration (CM) is based on anaerobic
fermentative metabolism, also referred to as intracellular fermen-
tation (IF). It occurs inside whole grapes as a result of their own
enzymes when they are subjected to anaerobic conditions.1 Here,
grape clusters without destemming or crushing are placed into
tanks under a CO2 atmosphere. However, some grapes break
and release must to the tank, which is fermented by yeasts. There-
fore, the IF of the grapes and the alcoholic fermentation (AF) of
the must by yeasts occur simultaneously in the tank for a variable
time in the range 5–8 days. After this first phase, drawing off is
performed by racking a free-run wine and the whole grapes,
which are pressed to release a press-wine. Then, a second phase
begins when both wines complete their alcoholic and malolactic
fermentations.
The phenomenon that occurs inside the whole grapes (i.e. IF)

give wines specific characteristics,2 described as light and fruity
in red wines3,4 with low tannins, less colour intensity,5-7 more
intense fruit flavours,8 lower glycerol content, lower level of fixed
acidity, higher pH9 and higher antioxidant activity than wines
made by destemming and crushing.10-12 On the other hand, the
vinification conditions and characteristics of CM wines favour

microbiological development, mainly with respect to the lactic
acid bacteria (LAB) populations, which could make them more
susceptible to microbial alterations during vinification and
aging.13,14 In a previous study,15 it was observed that the spoilage
in this vinification process was caused not only by a great devel-
opment of LAB during fermentation, but also a great accumula-
tion of acetic acid inside the whole grapes. Both situations were
probably a result of difficulty in maintaining the necessary tem-
perature and anaerobic conditions in the tanks, especially in
small-scale winemaking. These studies are essential for deepen-
ing the scientific knowledge of this winemaking technology.
In the present study, the effect of both temperature and the

type of carbonic anhydride applied to the tanks (exogenous gas
or generated by fermentation) on IF was investigate aiming to
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minimize the increase in volatile acidity during carbonic macera-
tion vinification.

MATERIALS AND METHODS
Assay design
The objective of this test was to evaluate the influence of the tem-
perature and the origin of CO2 in CM vinification. For this, eight
vinifications were carried out in 12-L stainless steel tanks aiming
to investigate four vinification conditions in duplicate (Fig. 1). In
each one, 10 kg of whole Tempranillo grapes and 2 L of sulphited
must (40 mg L−1) were added to simulate the effect of the break-
age. In four tanks (I), the added must had previously been inocu-
lated with a commercial active dry yeast (ADY) Saccharomyces
cerevisiae Uvaferm VRB to generate the necessary CO2 for the
development of the anaerobic conditions. Two tanks were placed
in a chamber at 20 °C (I20), whereas the other two were placed in
a chamber at 30 °C (I30). In the remaining four tanks (C), the must
was not seeded and industrial CO2 was added to the tanks before
filling and until the added must showed evident fermentation.
Two tanks were placed in a chamber at 20 °C (C20), whereas the
other two were placed in a chamber at 30 °C (C30). In total, four
types of vinification were carried out in duplicate: I20, I30, C20
and C30.
The follow-up of the vinifications was carried out by controlling

each day the temperature and the density of the must and the
temperature of the bunches. In addition, every 2–3 days (days
1, 4, 6, 8 and 11), 10 whole berries were randomly collected from
each tank. The grapes were crushed to obtain the must-wine,
where the contents of malic acid, acetaldehyde, sugar and acetic
acid were analysed. The tanks were devatted when the AF of the

liquid was finished (7–12 days depending on conditions), separat-
ing the liquid phase from the whole grapes, which were pressed
to obtain the press must-wine. All of the fractions finished AF at
25 °C, which required an extra day for the free-run must from
the tanks and 4–5 days for the must-wine obtained by pressing
the bunches. Finally, the wines obtained were seeded with com-
mercial LAB to induce malolactic fermentation.

Physicochemical analysis
The density of the free musts was measured using a densimeter.
The musts obtained after pressing 10 grapes were characterized
by measuring oBrix (sugar degradation by refractometry), acetal-
dehyde and volatile acidity according to the official European
Community methods.16 The malic acid was determined by an
enzymatic method carried out via an automated analyser (Miura
One, TDI, Barcelona, Spain), in accordance with the manufac-
turer's instructions.

Statistical analysis
The mean ± SD of the analytical data of the musts obtained after
pressing 10 grapes every 2–3 days during vatting were calculated
with the SPSS, version 23 (IBM Corp., Armonk, NY, USA) and repre-
sented graphically.

RESULTS
Development of AF in the must
The fastest AF in the free musts were those carried out with CO2

from the fermentation of the inoculated must at 30 °C (I30)
(Fig. 2), which lasted 7 days. By contrast, the slowest AF corre-
sponded to the CM performed with CO2 added exogenously at

Figure 1. Experimental trial used in the present study.
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20 °C (C20), where wine took 12 days to ferment. A comparison
between I20 and C30 shows that AF ended at the same time,
and so the increased temperature and the inoculation as a source
of CO2 appeared to compensate each other.
When analysing the fermentation of the press musts, it was

observed that the speed in the consumption of sugar was similar
in all cases (4–5 days) and the delay at the end of the fermenta-
tions of these wines came from the duration of the period in
the vat.

Development of IF under different conditions
The progress of the IF was evaluated by analysing the content of
malic acid (Fig. 3), acetaldehyde (Fig. 4), acetic acid (Fig. 5) and
sugar (Fig. 6) inside the grape berries over time in the vat. The
devatting in all cases was made at the end of AF in the free must
(6 days in I30, 8 days in I20 and C30, and 12 days in C20).
Figure 3 shows that the degradation of malic acid inside the

berries was greater from the beginning of the vat period in the
inoculated vinifications conducted at 30 °C (I30). Under these
conditions, during the first day in the vat, approximately 50% of
the initial content of malic acid was degraded and, from this

moment onward, no more was consumed. In the tanks where
the process was conducted at 30 °C but not seededwith commer-
cial yeasts (C30), the degradation of malic acid occurred gradually
throughout the vat time, reaching levels similar to I30 (50% of the
initial content) at the time of drawing off. In the C20 deposits, a
period of 6 days was necessary for the beginning of themalic acid
degradation. Furthermore, the inoculation (I20) helped to acceler-
ate this onset of the IF because, on the fourth day, degradation of
this acid was already observed. Comparing the percentage of
malic acid consumed on the fourth day of incubation (I30: 63%,
C30: 45%, I20: 45% and C20: 0%), it was observed that the I30 con-
ditions were the most effective for IF and C20 conditions were the
worst. However, comparing the level of malic acid consumed at
the moment of devatting (6 days in I30, 8 days in I20 and C30,
and 11 days in C20), it was observed that similar levels were
reached in all tanks, except I20, which had the highest content
of malic acid (0.85 g L−1 compared to 0.55–0.60 g L−1 in the other
cases).
The evolution of the acetaldehyde content within the berries

(Fig. 4) showed a constant and gradual increase throughout the
vat time, not related to temperature conditions and not related
to the origin of CO2.

Figure 2. Evolution of alcoholic fermentation (density) in free (continu-
ous line) and in press (broken line) wines made by carbonic maceration
under different conditions: by inoculation of yeast at 20 °C (I20: blue
empty square) and at 30 °C (I30: red full square), or by addition of exoge-
nous CO2 at 20 °C (C20: grey empty circle) and at 30 °C (C30: yellow full
circle).

Figure 4. Evolution of the content of acetaldehyde inside the berries dur-
ing the fermentation of grapes vinified by carbonic maceration under dif-
ferent conditions: inoculation of yeast at 20 °C (I20) and at 30 °C (I30) or
addition of exogenous CO2 at 20 °C (C20) and at 30 °C (C30). *The vat time
was different (6, 8 or 11 days) depending on the conditions.

Figure 3. Evolution of the content of malic acid inside the berries during
the fermentation of grapes vinified by carbonic maceration under differ-
ent conditions: inoculation of yeast at 20 °C (I20) and at 30 °C (I30), or
addition of exogenous CO2 at 20 °C (C20) and at 30 °C (C30). *The vat time
was different (6, 8 or 11 days) depending on the conditions.

Figure 5. Evolution of the content of acetic acid inside the berries during
the fermentation of grapes vinified by carbonic maceration under differ-
ent conditions: inoculation of yeast at 20 °C (I20) and at 30 °C (I30) or addi-
tion of exogenous CO2 at 20 °C (C20) and at 30 °C (C30). *The vat time was
different (6, 8 or 11 days) depending on the conditions.
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Another compound that is accumulated inside berries during IF
is the acetic acid. In Fig. 5, a gradual increase in acetic acid content
is shown throughout the vat time. At each sampling point (4,6,
8 and 11 days), the accumulation of acetic acid was greater at
higher temperatures, both in the inoculated deposits and in those
with added exogenous CO2. The accumulation of acetic acid in
grapes over time was also greater in deposits with added indus-
trial CO2 compared to their corresponding inoculated deposits.
Regarding the degradation of sugarsFig. 6 shows that differ-

ences were not found in the consumption rate or in the final
amount of degraded sugars.

DISCUSSION
When investigating the AF of the free must from the deposits, it
was observed that the fastest AF was reached in I30, and the slow-
est one corresponded to C20 (Fig. 2). Under the other two condi-
tions (I20 and C30), the AF of the musts ended at the same time
but AF started earlier in the inoculated deposits (I20), whichwould
help to avoid microbiological deviations. These data would indi-
cate that inoculation with ADY is even more effective than tem-
perature control for managing CM vinifications and protecting
wines. These data would also justify why, currently, many wine-
makers from La Rioja, whomake CM in tanks without temperature
control, use inoculation as a tool to conduct their vinifications. The
use of oenological starter represented a change with respect to
spontaneous fermentation at the end of the 20th Century. This
practice allows rapid and adequate fermentation kinetics and
modulates the characteristics of the final product.17,18 This state-
ment is even more important in CM vinification, where the risk
of deviation is higher than in vinification by destemming and
crushing.15

As expected in IF from vinifications conducted at 20 °C, a delay
was observed in the degradation of malic acid inside the grape
berries compared to those at 30 °C (Fig. 3). In addition, in the inoc-
ulated tanks (I30 and I20), the malic acid consumption stopped
before 4 days, unlike the non-inoculated tanks (C30 and C20) in
which the decrease was progressive throughout the time in the
vat. This may have occurred because, in the C30 and C20 deposits,
the added CO2 was not sufficient to eliminate oxygen trapped in
de bunches and generate anaerobiosis. This could cause a delay
in the IF, which was progressively activated as the must began

to ferment spontaneously and release a lot of CO2. By contrast,
in the inoculated tanks, the release of CO2 by fermentation
occurred from the beginning of the vat period. Accordingly, the
I30 conditions were the most effective for IF and C20 conditions
were the worst. Similar to AF of free must, a compensation
between temperature and carbonic acid origin is also observed
because C30 and I20 showed a similar level of consumption in
the initial days in the vat.
However in this test, at the moment of devatting (6 days in I30,

8 days in I20 and C30, and 11 days in C20), similar levels of malic
acid consumed were reached in all tanks, except I20. Therefore,
in those cases in which the appropriate temperature and anaero-
bic conditions do not occur, to achieve similar levels of IF, it would
be necessary to increase the vat time, which increases the dura-
tion of the vinification and, in some cases, the risk of alteration.
As regards the accumulation of acetaldehyde inside the grapes

(Fig. 4), it depends on the time in the vat and it is not related to
temperature or the origin of CO2 conditions. Therefore, if the vat
time is lengthened for different reasons (e.g. inadequate temper-
ature or anaerobic conditions), the must-wine obtained after
pressing will have a higher concentration of acetaldehyde. Acetal-
dehyde is an important compound affecting aroma and wine
color stability. It is an intermediate compound produced during
AF and IF, which is subsequently reduced to ethanol. Accordingly,
its content in wine is usually low (25–40 mg L−1), enhancing the
fruity character of wine.19 In the present study, the levels of this
compound reached at the moment of devatting were higher than
such values (Fig. 4). This would justify the higher values of this
compound in CMwines because of the high amounts of acetalde-
hyde originating from anaerobic metabolism.20,21 In addition, the
values increase as the devattingmoment is delayed, whichmeans
that its production depends on the conditions in which the CM
vinification is carried out. Excessive accumulation of acetaldehyde
is not desirable because it is associated with unpleasant rotten
apple aroma. In addition, it binds to sulphur dioxide making it less
active.22

Another compound that is gradually accumulated inside berries
during IF is acetic acid (Fig. 5), which is themain component of the
volatile acidity of wines and plays an important role in the aroma
of wine. An excessive concentration of this by-product is detri-
mental to quality, imparting a vinegar-like character to wine.
The amount of this compound produced in vinification is usually
low (0.25–0.50 g L−1) and becomes objectionable at concentra-
tions of 0.7–1.1 g L−1. The OIV23 establishes that the maximum
acceptable limit of volatile acidity in most wines is an acetic acid
concentration of 1.2 g L−1. Acetic acid can originate from the deg-
radation of sugars or of the malic acid. In the present study, differ-
ences were not found in the consumption rate or in the final
amount of degraded sugars (Fig. 6), but, in very long vats (11 days
at C20), must-wines with high volatile acidities would be pro-
duced (Fig. 5). Therefore, the differences in the accumulation of
acetic acid would indicate a deviation in the degradation path
of malic acid inside the grapes.
The accumulation of acetic acid was greater at higher tem-

peratures, both in the inoculated deposits and in those added
with exogenous CO2, which would indicate a greater accumu-
lation of acetic acid at higher temperatures in the tanks. How-
ever, this does not imply that the final wines have higher
volatile acidity because, at fermentation temperatures of 30 °C, it
would produce an earlier drawing off. Indeed, at the moment of
devatting, the musts with the lowest concentration of acetic acid
were I30.

Figure 6. Evolution of sugar content (oBrix) inside the berries during the
fermentation of grapes vinified by carbonic maceration under different
conditions: inoculation of yeast at 20 °C (I20) and at 30 °C (I30) or addition
of exogenous CO2 at 20 °C (C20) and at 30 °C (C30). *The vat time was dif-
ferent (6, 8 or 11 days) depending on the conditions.
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The accumulation of acetic acid in grapes over time was also
greater in deposits with added industrial CO2. At the moment of
devatting, the must-wines with less volatile acidity were the inoc-
ulated ones. Therefore, the greatest accumulation of acetic acid
occurred when anaerobiosis was obtained by exogenous addition
of CO2, and this effect was further enhanced by high tempera-
tures. Accordingly, when the CO2 originates from an exogenous
origin, the increase in temperature does not prevent the accumu-
lation of acetic acid.
In the investigation of the degradation of malic acid (Fig. 3), a

compensatory effect between temperature and inoculation was
observed in the IF. In fermentations with the addition of exoge-
nous CO2, a temperature of 30 °C could activate the IF and, in fer-
mentations conducted at 20 °C, the inoculation also could
activate the IF. Something similar occurred in the AF of the must
from the tanks. However, to avoid a high accumulation of acetic
acid inside the grapes, and to prevent high levels of acetic acid
in the wines, the key point is to guarantee an active fermentation
of the must in the tank.
Consequently, the inoculation with ADY helps not only to

improve the AF of the free and press musts from the deposits,
but also to minimize the accumulation of acetic acid within the
whole grapes during the time in the vat.

CONCLUSIONS
Proofs carried out under different CM conditions showed that the
drawing off moment is an influential factor with respect to the
content of acetaldehyde and acetic acid inside the grapes and
therefore could play an important role in the characteristics of
the CM wines obtained. In addition, the inoculation with ADY as
a method of generating anaerobiosis not only helps to improve
the alcoholic fermentation of the must, but also minimizes the
accumulation of acetic acid inside the whole grapes during the
time in the vat. Finally, it is also important to maintain a high tem-
perature of grapes during the period in the vat because it makes
the vat time shorter.
Until now, it was known that CM wines tend to have higher vol-

atile acidity than those made by destemming and crushing. The
reason that justified this fact was the greater development of
LAB during fermentation in the vat and its moderate degradation
of sugars. In the present study, it can be seen that, when the con-
ditions in the tanks are not adequate, there is also a greater accu-
mulation of acetic acid inside the grapes, which can contribute to
increasing the volatile acidity of the wines.
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