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Abstract
This work aims to determine the effect on the aromatic profile and phenolic content of red wine vinegars produced by sur-
face culture at two different temperatures (30 °C and 37 °C) and using different inocula of acetic acid bacteria (Acetobacter 
malorum, Gluconobacter oxydans and a mixture of bacteria isolated from a Sherry vinegar). Fifty-seven volatile compounds 
and 23 polyphenolic and furfural compounds were identified. Vinegars obtained at 37 °C had poorer volatile profiles, with 
no significant influence of the strain of acetic bacteria. For polyphenolic content, temperature was also the most significant 
variable, so that the vinegars produced at higher temperatures had lower total anthocyanin contents, while no clear trend was 
observed regarding the influence of temperature on the low-molecular-weight phenolic constituents. The total tannin content 
in the vinegars obtained experienced slight increases after acetification, although this was not affected by temperature, and 
it was observed that when using the mixture of acetic acid bacteria from the Sherry vinegar, the total tannin content was 
significantly higher than when individual bacteria cultures of Acetobacter malorum or Gluconobacter oxydans were used. 
Temperature appears as a key parameter for the volatile and phenolic composition of red wine vinegar versus the use of 
different acetic acid bacteria.

Keywords  Red wine vinegar · Acetic fermentation · Thermotolerant bacteria · Volatile compounds · Polyphenolic 
compounds

Introduction

Red wine vinegar is a popular condiment used in cooking 
as a dressing. In addition to its culinary use, its interest lies 
in its complex chemical composition and its potential as 
a source of bioactive compounds such as volatiles, antho-
cyanins and polyphenols [1], which are responsible for its 

organoleptic properties, including the characteristic color, 
aroma and flavor of this type of vinegar.

At present, the submerged culture production process is 
the most prevalent in the industry, mainly because it short-
ens production times. However, the final product is a vin-
egar which is less rich in organoleptic properties than those 
obtained by the traditional surface process which, although 
it requires longer production times, the resulting vinegars 
exhibit a more pronounced organoleptic profile [2].

One of the variables to be taken into account is the tem-
perature at which the acetification process takes place. This 
factor determines both the final composition of the vinegars 
and their bacterial activity, and it has been well established 
that, as a general rule, the temperature should be adjusted 
above 30 °C in order to favor such activity. For this reason, 
numerous studies have focused on the influence of tempera-
ture on the production of vinegars using different matrices 
[3–6]. In relation to the temperature factor, and with the 
aim of reducing the costs associated to the cooling of the 
exothermic acetification process, thermotolerant acetic acid 
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bacteria have already proven their suitability, since they 
allow the fermentation of vinegar to take place at tempera-
tures around 37 °C [7].

The most commonly used bacteria for the production of 
wine vinegar are those of the genus Acetobacter, especially 
Acetobacter aceti, although others such as Acetobacter pas-
teurianus or A. polysogenes are also used. Each strain of 
bacteria has different characteristics and capabilities that 
exert certain influences on the processing and on the chemi-
cal composition of the resulting vinegars. For example, A. 
aceti strains produce acetic acid more efficiently than those 
of A. pasteurianus, which results in more acidic wine vin-
egars with a subsequently more intense flavor. Therefore, the 
selection of the acetic bacteria strain can have a significant 
impact on the quality and flavor of the final wine vinegar. 
Other bacteria of the genus Gluconobacter are also used for 
acetification processes. These differ from the above in their 
preference for glucose, rather than alcohol, as the initial sub-
strate for the reaction. In addition, they have a high tolerance 
to alcohol and acidity [8].

The acetification conditions will therefore determine the 
composition of the vinegars obtained. In this regard, poly-
phenols and volatile constituents are of paramount signifi-
cance, as they are the main contributors to the organoleptic 
characteristics of vinegar.

Among polyphenols, anthocyanins and tannins are prob-
ably the most important compounds in red wine vinegar. 
Anthocyanins are natural pigments that are found in grapes 
and other red fruits, and these contribute to the color of vin-
egar. Tannins, on the other hand, are phenolic compounds 
derived from the seeds and skins of grapes and they pro-
vide flavor and structure to the vinegar. These compounds 
are associated with the antioxidant capacity of vinegars 
and, therefore, with their beneficial effect on human health 
[9–11]. Along with these, we also find non-flavonoid poly-
phenols, which are also related to the susceptibility to oxida-
tion of oenological products.

With regard to the aroma of vinegar, volatile compounds 
are the ones which play a fundamental role. This makes the 
analysis of the volatile content of vinegars of great interest 
because of the impact that it has on the sensory properties 
and quality of the final product. There are numerous studies 
that address this influence according to factors such as the 
nature of the matrix, the type of culture, or the bacteria used 
for acetification, among others. Chanivet et al. [12] studied 
the influence of the type of wood on the aging of Sherry 
vinegar and observed that the different samples presented 
a variable volatile profile depending on the botanical ori-
gin of the wood of the cask in which the vinegar had been 
aged. Wang et al. [13] studied the effect of using a bioreac-
tor to produce vinegar of Chinese origin on their volatile 
content. The studies conducted by Chen et al. [14] on the 
other hand, focused on the effect that using mixed cultures 

of Saccharomyces cerevisiae and Lactobacillus plantarum, 
for the alcoholic fermentation of citrus vinegar, had on its 
physicochemical and sensory properties. The authors found 
that these cultures were more efficient than pure cultures 
with regard to the fermentation process.

In summary, we propose that the choice of the bacterial 
strain and the conditions under which the acetification pro-
cess is to be carried out are key factors that must be taken 
into account if a high quality red wine vinegar with the 
appropriate organoleptic and sensory characteristics is to be 
obtained. All these factors will be crucial in its polyphenolic 
and volatile composition.

Taking into account all of the above, this study has been 
aimed to determine the effect of two fermentation tempera-
tures (30 °C and 37 °C) and the use of different bacterial 
inocula which had initially showed to be thermotolerant 
according to the test describe by Sharafi et al. [15] on the 
volatile and phenolic content of final red wine vinegars.

Among the thermotolerant bacteria, one strain of Glu-
conobacter oxydans (AG70), and 3 Acetobacter malorum 
strains (CR23, CR1, and AM17) have been considered. For 
comparative purposes, a mixture of bacteria from a Sherry 
vinegar was also employed. Surface culture was used in all 
acetification processes.

Materials and methods

Acetic fermentation

Red wine and acetic acid bacteria

For the acetification process, a Tempranillo red wine cor-
responding to the 2020 vintage from the Jerez de la Frontera 
production area was used [alcohol, 11.5% (v/v); pH 3.4; total 
acidity, 6 g/L tartaric acid; 25 mg/L free sulfur dioxide].

In order to carry out the acetic fermentation process, 10 
individual colonies of Acetic Acid Bacteria (AAB) resistant 
to ethanol and high temperatures [15, 16], obtained from 
Moroccan prickly pear were previously isolated. After the 
identification analysis, 8 of them were classified as A. malo-
rum (A1-8) (3 CR23 strains, 4 CR1 strains, and 1 AM17 
strain) and 2 as G. oxydans (G1-2) (1 AG70 strain) [16, 17]. 
On the other hand, in order to study the differences between 
the acetification profiles depending on the bacterial inocu-
lants, a mixture of strains obtained from unfiltered Sherry 
vinegar (Jerez, Spain) was used (M).

The selected AAB were cultured in a culture medium 
prior to their use. For this purpose, they were incubated at 
30 °C for 24 h with continuous agitation to promote their 
proliferation. Once the optical density (OD at 600 nm) of the 
suspension exceeded a value of 1.2, the acetic fermentation 



European Food Research and Technology	

process was initiated by inoculating the bacterial culture into 
a red Sherry wine at a concentration of 10% (v/v).

Acetification by surface process

The acetification process was carried out using a surface pro-
cess. For this purpose, 500 mL erlenmeyer flasks previously 
sterilized and lined with absorbent cotton were used. Each 
flask was filled with 250 mL of red wine and inoculated 
with 10% (v/v) of the different inocula of the AAB previ-
ously described together with that obtained from a mixture 
of strains from unfiltered Sherry vinegar.

The trials were conducted in duplicate at two tempera-
tures: 30 °C and 37 °C, in order to determine if tempera-
ture increments would affect the acetification process per-
formance or the final characteristics of the vinegar. During 
the whole process, the flasks were kept without agitation to 
allow a slow diffusion of atmospheric oxygen into the fer-
mentation medium. The total acidity of the different vinegars 
was evaluated throughout the acetification process. For this 
purpose, titration was carried out with NaOH using phenol-
phthalein as an indicator and the total acidity content was 
expressed as grams of acetic acid/100 mL vinegar. When the 
level of acidity ceased to increase for three consecutive eval-
uations (two-week intervals), the fermentation process was 
considered as completed. The samples that have been stud-
ied correspond to the final stage of the acetification process.

Determining the volatile and polyphenolic contents 
in the vinegars

Reactants

In order to determine the volatile content of the samples, 
4-methyl-2-pentanol supplied by Sigma-Aldrich (St Louis, 
Missouri, USA) of the commercial brand Scharlab (Barce-
lona, Spain) was used as internal standard. The rest of the 
volatile commercial standards were acquired from Merck 
KGaA (Darmstadt, Germany), Sigma Aldrich (USA) and 
Fluka (Buchs, Switzerland), all of them presenting puri-
ties higher than 99%. NaCl was purchased from Scharlab 
(Spain).

For the individualized analysis of the polyphenols, Milli-
Q quality water, acetonitrile, (HPLC purity grade; Panreac, 
Barcelona, Spain) and acetic acid (HPLC purity grade; 
Merck, Germany), were used to prepare the eluents for the 
mobile phase. The standards used to prepare the calibration 
lines were purchased from Fluka (Switzerland) and Sigma 
(USA).

The sodium acetate, potassium chloride, and sulfuric acid 
were purchased from Sigma Aldrich (USA).

Determination of total anthocyanins and tannins

The total anthocyanin content of each sample was deter-
mined according to the Giusti and Wrolstad method [18]. 
First, the samples were filtered and diluted 1:5. Then 600 μL 
of each sample were added to 2.4 mL of sodium acetate (pH 
4.5) or 2.4 mL of potassium chloride buffer (pH 1). After 
15 min, the absorbances at 520 and 700 nm of both solutions 
(pH 1.0 and 4.5) were measured.

The results were calculated as follows: A = (A520 − A700
)pH1.0 − (A520 − A700)pH4.5; C (mg/L) = (A × molecular weight 
× dilution factor × 1000)/εl; The molecular weight of cya-
nidin 3-glucoside is 449.7.0 g/mol and ɛ is 26,900/mol. 
1 = path length (1 cm).

As for total tannins, they were quantified using the vanil-
lin method [19]. In this case, the results were expressed as 
mg/L epicatechin equivalents. The measurements, in both 
cases, were performed in triplicate and using a UV–vis. 
spectrophotometer (Spectronic Helios, Thermo Electron 
Corporation, Waltham, USA).

Determination of the low molecular weight phenolic 
content

The low molecular weight polyphenols were determined by 
Ultra High Performance Liquid Chromatography (UPLC) 
following the procedure used by Chanivet et al. [12]. The 
measurements were carried out in a Waters Acquity UPLC 
equipment (Waters Corp., Milford, USA) with an Acquity 
UPLC BEH C18 column (2.1 × 100 mm internal diameter 
and 1.7 μm particle size) of the same brand, coupled to a 
UV–Vis photodiode array detector (PDA). The temperature 
was maintained at 47 °C during the measurement process. 
The injection volume was 2.5 μL, with a 0.7 mL/min flow 
rate and an analysis time (run time) of 6.5 min.

The binary phase system employed consisted of an aque-
ous phase, or phase A, (95% Milli-Q water, 3% acetonitrile 
and 2% acetic acid) and an organic phase, or phase B, (85% 
acetonitrile, 13% Milli-Q water and 2% acetic acid). The gra-
dient used during the 6.5 min of the analyses was from 100 
to 90% of A in 3 min and from 90 to 25% of A in 2.5 min. 
Finally, the column was washed with 100% of B for 3 min 
and stabilized with 100% of A for 3 more minutes.

The samples were fed into the equipment after being fil-
tered through a 0.22 µm nylon filter (Filter-Lab, Barcelona, 
Spain).

The results were processed with the software Empower 
Pro (Waters Corp., USA) to identify the compounds by 
comparison of their retention times and UV–Vis spectra 
with those obtained from the injection of commercial 
standards (Sigma Aldrich, Spain). The absorbances at 
280 nm (for benzoic derivatives) and at 320 nm (for cin-
namic derivatives) were used for quantification purposes. 
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Finally, their concentration values were calculated using 
calibration lines that had been previously constructed from 
commercial standards, using at least 7 concentration points 
and covering the range of concentrations expected to be 
found in the samples.

Determination of the volatile content by SBSE‑GC–MS

The study of the volatile content of the samples was car-
ried out by Stir Bar Sorptive Extraction (SBSE) follow-
ing the procedure described by Es-sbata et al. [17]. The 
analyses were performed in duplicate. For extraction, 
25 mL of sample along with 5.85 g of NaCl and 84 μL 
of internal standard, 4-methyl-2-pentanol (2.2894 g/L in 
Milli-Q water containing 80 g/L acetic acid) were trans-
ferred into 100 mL erlenmeyer flasks at room tempera-
ture. The stir bars (polydimethylsiloxane stirs bars, 10 mm 
length × 0.5 mm film thickness) were then added and the 
contents of the flask were sealed with parafilm. The opti-
mum extraction conditions were: 25 °C, 1250 rpm and 
120 min. The agitation was carried out in a 15-position 
panel of the commercial brand Gerstel (Gerstel, Müllheim 
a/d Ruhr, Germany).

Once the extraction process was completed, the Twister 
was placed in the TDS-2 thermal desorption unit (Gerstel, 
Germany), equipped with an MPS 2L autosampler (Gerstel, 
Germany) with capacity for 98 stirring bars and connected 
to a CIS-4 injector with Programmed Temperature Vaporiza-
tion (PTV) (Gerstel, Germany). The desorption temperature 
was programmed from 40 to 300 °C at a rate of 60 °C/min 
under a 75 mL/min helium flow rate. The desorbed com-
pounds were cryoconcentrated in the PTV system using liq-
uid nitrogen at a temperature of − 140 °C. Subsequently, a 
temperature ramp from − 140 to 300 °C (10 °C/s) was used 
and maintained for 5 min.

Finally, a gas chromatograph with a Agilent 6890 GC-
5973N MS mass spectrometer type detector (Agilent Tech-
nologies, Palo Alto, CA, USA) was used for the GC–MS 
analyses. The capillary column used was a DB-Wax model 
(J&W Scientific, Folsom, CA, USA) of 60 m × 0.25 mm 
internal diameter with a 0.25 μm coating. A 1 mL/min 
helium flow rate was used as carrier gas.

The different volatile compounds were identified by 
means of mass spectra analogy based on Wiley library 
(Wiley Registry of Mass Spectral Data, 7th Edition, 2000). 
In order to confirm the identified compounds, the linear 
retention index of each compound was determined using a 
DB-Wax column and the results were compared against the 
data found in the bibliography [12, 20].

For the quantification, the measurement of the relative 
area of the base peak of each compound in relation to that of 
the internal standard, 4-methyl-2-pentanol, was used.

Statistical study

The statistical study was conducted by means of Statgraphics 
Centurion XVI software (Statpoint, Virginia, USA). Analy-
sis of Variance (ANOVA) and Tukey's test, Cluster Analy-
sis (CA), and Principal Component Analysis (PCA) were 
applied to treat the data from the different measurements 
and experiences.

Results and discussion

General parameters: total acidity, total 
anthocyanins and total tannins

The red wine vinegar samples that had fermented at 30 °C 
presented significantly higher acidity values (p < 0.05) than 
those corresponding to the vinegars subjected to the fer-
mentation process at 37 °C (Table 1). This behavior was 
observed for each of the three genera of bacteria studied, 
even when two genera had displayed thermotolerant char-
acteristics in a previous study [16].

These results are in agreement with previous findings, 
such as those reported by Ndoye et al. [21] who observed 
that at temperatures above 30 °C, Acetobacter strains ceased 
their acetic acid production. Similarly, Es-sbata et al. [17] 
had observed, for these same genera of acetic bacteria, a 
higher production of acetic acid in prickly pear vinegar 
samples that were acetified at 30 °C compared to those fer-
mented at higher temperatures. Zheng et al. [22] in turn, 
observed that both acetic acid content and temperature were 
variables that greatly affected bacteria populations.

High temperatures can destroy acetic acid bacteria and 
increase the evaporation of volatile compounds, such as 
ethanol or acetic acid, and therefore, reduce bacterial activ-
ity and thus the acidity of the samples [23]. However, Saeki 
et al. [24] observed that at temperatures above 37 °C, cer-
tain strains of acetic acid bacteria (Acetobacter rancens sub-
species pasteurianus,, Acetobacter lovaniensis subspecies 
lovaniensis, Acetobacter aceti subspecies liquefaciens, and 
Acetobacter xylinum subspecies xylinum) produced signifi-
cant amounts of acetic acid.

Table 1   Means and standard deviations of acidity values (g acetic 
acid/100 mL of vinegar) for vinegar samples fermented at 30 °C and 
37  °C with Acetobacter malorum (A), Gluconobacter oxydans (G) 
and mixture of bacteria (M)

Type of bacterium 30 °C 37 °C

Acetobacter malorum (A) 6.17 ± 1.29 3.82 ± 2.11
Gluconobacter oxydans (G) 6.57 ± 1.01 3.04 ± 1.75
Mixture of bacteria (M) 5.86 ± 1.28 4.33 ± 0.58
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In terms of total anthocyanin and condensed tannin con-
tents, as can be seen from Fig. 1A, the anthocyanin fraction 
showed clear losses with respect to the starting wine, rang-
ing from 7 to 14% with respect to the initial red wine. Thus, 
the vinegars produced at 37 °C showed higher losses, with 
temperature being a significant factor regarding the total 
anthocyanin content of the resulting vinegars (ANOVA, 
p < 0.05), while the genus bacteria variable proved not to be 
significant with regard to total anthocyanin content, since all 
the vinegars registered statistically similar losses, regardless 
of the bacteria used.

On the other hand, the total tannin content experienced 
small increases during the acetification process (Fig. 1B), 
close to 8% in those vinegars that had been obtained by 
using the mixture of bacteria from Sherry vinegar, and no 
significantly different increments could be associated to their 
fermentation temperature (ANOVA, p < 0.05). Those vin-
egars fermented by the mixture of bacteria from a Sherry 
wine vinegar exhibited significant different increments 
respect to those fermented by A. malorum and G. oxydans.

Other authors found significant losses of anthocyanins 
during the acetic fermentation process of strawberry vin-
egars, which they attributed to the oxidative processes that 
took place in a medium with a large amount of oxygen, 
as in their study they used submerged fermentation to 
produce the vinegars [25]. Similar results were found by 
[26–28] when using different alcoholic matrices. In our 
case, the lower losses with respect to those observed in 
the above mentioned studies could be due to the lower 
availability of oxygen during the acetification process, as 
the surface process was employed.

On the other hand, the small increases in the condensed 
tannin content registered for all vinegars with respect to 
the starting wine were also observed by [29]. According 
to these authors, the increments in tannin contents when 
producing persimmon vinegar could be due to the breaking 
of cell walls induced by the acetic bacteria and the release 
of this type of compounds to the liquid medium during the 
fermentation process.
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Fig. 1   Changes (%, mean values) and standard deviations of total anthocyanins (A; mg/L cyanidin 3-glucoside equivalents) and condense tan-
nins (B; mg/L epicatechin equivalents). Filled square at 30 °C; empty square at 37 °C
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Low molecular weight phenolic compounds 
and furans

The characterization of the polyphenolic content in the red 
wine vinegar samples allowed to identify a total of 23 com-
pounds. A Multivariate Analysis of Variance (MANOVA, 
p < 0.05) was carried out in order to detect any significant 
differences between the polyphenolic profiles of the samples 
studied. The concentration of each compound was taken as 
the dependent variable, with the type of bacteria, the temper-
ature and the interaction between the two (type of bacteria-
temperature) being the independent variable in each case. 
Table 2 shows the data resulting from this analysis.

Most of the low molecular weight phenolic compounds 
found were acids, such as benzoic acid, syringic acid, caffeic 
acid or gallic acid. Some flavonoid-type compounds such as 
catechin or epicatechin were also identified. The analysis of 
variance revealed that temperature was the variable with the 
greatest influence on the low molecular weight polyphenolic 
composition, with more than half of the compounds present-
ing values of p < 0.05 in contrast with the effect attributable 

to bacterial genus or to the temperature-bacteria interaction, 
which were variables of little significance regarding the evo-
lution of the polyphenolic content in the red wine vinegar 
samples studied.

Table 3 shows the mean concentrations of each of the 
polyphenolic compounds, as well as their standard devia-
tion, for the vinegars produced at 30 °C and 37 °C and for 
those obtained by fermentation through the different genera 
of acetic acid bacteria used.

As can be seen from Table 3, there was no marked trend 
regarding the influence of temperature on the phenolic con-
tents of the samples, with some of them showing a greater 
presence of these compounds when the fermentation temper-
ature had been 30 °C, as in the case of p-coumaric acid and 
caffeic acid. In contrast, when a higher temperature had been 
used, some of the samples exhibited a greater concentration 
of specific polyphenols, such as procatechualdehyde or caf-
taric acid (Table 3). On the other hand, certain compounds 
such as HMF (5-hydroxymethylfurfural) or furoic acid, 
which had been derived from sugar dehydration, showed 
higher concentrations at higher temperatures, as higher 

Table 2   Effect of temperature 
and type of bacteria on phenolic 
compounds and furfurals of a 
red wine vinegar produced by 
surface culture

Multivariate analysis of variance (MANOVA)
HMF 5-hydroxymethylfurfural, CPCT cis-p-coutaric acid, TPCT trans p-coutaric acid
*Values were significant at p < 0.05

Compounds Temperature Type of bacteria Temperature-type of 
Bacteria

F ratio p value F ratio p value F ratio p value

Gallic acid 3.39 0.0691 1.22 0.3003 0.94 0.3964
HMF 23.43 0.0000* 2.25 0.1123 1.17 0.3153
Protocatechuic acid 1.68 0.1984 2.50 0.0881 0.46 0.6358
Protocatechualdehyde 44.80 0.0000* 2.52 0.0871 2.00 0.1413
Tyrosol 12.38 0.0007* 0.37 0.6930 0.26 0.7746
Catechin 16.80 0.0001* 2.41 0.0963 0.08 0.9238
Vanillic acid 0.98 0.3262 1.74 0.1814 0.08 0.9199
Syringic acid 0.00 0.9513 0.60 0.5498 1.04 0.3564
Isovanillic acid 0.01 0.9428 0.33 0.7232 0.62 0.5398
Epicatechin 1.37 0.2426 0.17 0.8441 1.72 0.1847
Ethyl gallate 15.37 0.0002* 0.05 0.9534 1.23 0.2983
Benzoic acid 10.42 0.0018* 1.51 0.2266 1.88 0.1589
Caftaric acid 7.53 0.0075* 1.34 0.2673 4.50 0.0140*
CPCT 0.07 0.7914 2.89 0.0612 0.23 0.7923
TPCT 23.85 0.0000* 5.91 0.0040* 8.23 0.0006*
Caffeic acid 56.06 0.0000* 0.13 0.8822 0.65 0.5238
p-Coumaric acid 17.26 0.0001* 0.07 0.9315 1.68 0.1925
Syringialdehyde 77.75 0.0000* 0.80 0.4547 0.58 0.5601
Ferulic acid 2.97 0.0885 0.65 0.5233 0.46 0.6331
Ethyl caffeate 7.57 0.0073* 0.34 0.7098 1.49 0.2318
Ethyl coumarate 2.01 0.1604 0.42 0.6589 1.69 0.1908
Furoic acid 34.19 0.0000* 2.54 0.0852 2.54 0.0852
p-Hydroxy benzoic acid 5.65 0.0198* 1.01 0.3686 0.25 0.7799
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levels of dehydration had been reached. Syringic acid was 
the most abundant compound in the vinegar samples studied, 
followed by tyrosol and gallic acid, the latter matching the 
results obtained by [1] for Sherry vinegar samples and by 
[30] in their comparative studies on the polyphenolic content 
of traditionally and industrially produced wine vinegars.

The data from the individualized low molecular weight 
polyphenol and furan analyses were subjected to multi-
variate statistical analysis (Principal Component Analy-
sis, PCA), where a total of 5 principal components (PCs) 
were identified that explained 79.1% of the total variability 
between the samples (eigenvalues > 1). Figure 2 displays the 
graphical representation of the red wine vinegar samples 
distributed in the orthogonal plane defined by the first two 
principal components 1 and 2.

PC2 separated the samples according to their fermenta-
tion temperatures, with positive values assigned to those fer-
mented at 37 °C and negative values to the samples obtained 
through a 30 °C fermentation process. With regard to this 
principal component (PC2), the most significant compounds 
were 5-hydroxymethylfurfural, protocatechualdehyde, tyro-
sol and furoic acid, all of them with positive values, as well 
as syringialdehyde, with a negative value.

Finally, these results were subjected to Cluster Analysis 
(CA) (Fig. 3). Three groups can be clearly distinguished as 
follows: two groups on the left, with a marked greater pres-
ence of the vinegars obtained at 37 °C, and one group on 

Table 3   Mean concentrations 
(mg/L) and standard deviations 
of phenolic compounds and 
furfurals identified by UPLC-
DAD in a red wine vinegar 
produced by surface culture 
method at different temperatures 
and with different type of 
bacteria

HMF 5-hydroxymethylfurfural, CPCT cis-p-coutaric acid, TPCT trans p-coutaric acid, A Acetobacter 
malorum, G Gluconobacter oxydans, M mixture of bacteria

Compounds Temperature Type of Bacteria

30 °C 37 °C A G M

Gallic acid 14.9 ± 5.3 12.6 ± 6.5 14.3 ± 5.9 11.8 ± 7.0 13.3 ± 4.9
HMF 1.48 ± 0.74 2.44 ± 0.85 2.02 ± 0.90 1.60 ± 0.94 2.20 ± 1.07
Protocatechuic acid 2.93 ± 3.23 2.32 ± 0.92 2.66 ± 2.25 1.76 ± 0.82 4.02 ± 4.42
Protocatechualdehyde 1.49 ± 0.38 3.75 ± 1.30 1.39 ± 0.23 1.69 ± 0.45 1.80 ± 0.44
Tyrosol 20.0 ± 5.8 31.9 ± 15.7 25.3 ± 14.0 27.1 ± 11.1 28.9 ± 19.4
Catechin 13.2 ± 5.5 5.9 ± 6.8 10.4 ± 7.5 7.07 ± 5.86 7.40 ± 5.25
Vanillic acid 5.55 ± 8.62 8.61 ± 10.79 8.26 ± 11.27 3.85 ± 1.32 3.97 ± 2.79
Syringic acid 23.5 ± 8.7 21.0 ± 8.8 22.3 ± 9.3 20.8 ± 8.0 24.9 ± 5.5
Isovanillic acid 0.784 ± 0.688 1.14 ± 2.29 1.04 ± 1.95 0.660 ± 0.616 0.898 ± 0.182
Epicatechin 6.84 ± 2.53 7.19 ± 1.66 7.09 ± 2.05 6.78 ± 2.73 6.83 ± 1.74
Ethyl gallate 4.29 ± 1.60 2.92 ± 0.54 3.62 ± 1.33 3.53 ± 1.78 3.56 ± 0.86
Benzoic acid 2.57 ± 1.67 0.810 ± 1.169 1.81 ± 1.86 1.13 ± 1.21 1.87 ± 0.32
Caftaric acid 5.35 ± 2.45 5.85 ± 2.37 5.80 ± 2.34 4.75 ± 2.11 5.74 ± 3.30
CPCT 3.35 ± 1.33 3.38 ± 1.12 3.24 ± 1.12 3.35 ± 1.57 4.34 ± 0.83
TPCT 1.63 ± 0.57 1.91 ± 0.45 1.87 ± 0.48 1.45 ± 0.43 1.63 ± 0.79
Caffeic acid 8.49 ± 3.31 3.00 ± 1.17 5.76 ± 3.60 5.53 ± 4.14 6.08 ± 4.09
p-Coumaric acid 17.8 ± 7.9 10.1 ± 6.9 13.8 ± 8.07 13.9 ± 9.0 14.9 ± 10.0
Syringialdehyde 1.79 ± 0.88 0.108 ± 0.346 0.975 ± 1.054 0.775 ± 1.169 1.11 ± 1.19
Ferulic acid 1.37 ± 0.60 1.08 ± 0.42 1.19 ± 0.53 1.22 ± 0.65 1.41 ± 0.35
Ethyl caffeate 1.24 ± 0.26 0.929 ± 0.378 1.06 ± 0.39 1.13 ± 0.27 1.12 ± 0.23
Ethyl coumarate 2.77 ± 1.08 3.38 ± 1.67 3.01 ± 1.46 3.37 ± 1.61 3.05 ± 0.59
Furoic acid 9.65 ± 3.25 15.8 ± 4.8 12.8 ± 4.9 11.3 ± 5.1 15.1 ± 6.4
p-Hydroxy benzoic acid 4.21 ± 1.75 3.21 ± 1.55 3.87 ± 1.71 3.26 ± 1.89 3.40 ± 1.33
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Fig. 2   PCA on polyphenolic compounds. Distribution of all the vin-
egar samples on the plane defined by the first two PCs. A 30/A 37: 
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Gluconobacter oxydans at 30 °C and 37 °C, respectively; M 30/M 37: 
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the right, where the majority of the vinegars had been pro-
duced at 30 °C. As already noted according to the ANOVA, 
it was again the temperature the factor to exert the greatest 
influence on the low molecular weight phenolic and furanic 
fractions of the vinegars, even if such influence did not has 
a clear sign.

Volatile compounds

During the analysis of the red wine vinegar samples by 
SBSE-GS-MS, a total of 57 volatile compounds of different 
nature were detected, including esters, acetates, aldehydes, 
alcohols, ketones and terpenes, among others, which con-
tribute with different notes to the aroma of the red wine 
vinegar.

In order to determine the possible significant differences 
between the amounts of these volatile compounds in the vin-
egar samples studied, a Multivariate Statistical Analysis of 
Variance (MANOVA, p < 0.05) was carried out, where the 
relative area of each compound, calculated as the area of 
the base peak of each compound with respect to the area of 
the base peak of the internal standard, would be the depend-
ent variable, and the temperature, type of bacteria and the 
interaction between these two (type of bacteria-temperature) 
would be taken as the independent variable in each case. 
Table 4 shows the results from this analysis.

As can be seen, in the same way as for the low 
molecular weight phenolic compounds, most of the 

volatile compounds that were identified presented values 
of p < 0.05 and were therefore significantly affected by 
temperature. These were expected results, given that as 
compounds of a volatile nature and with a high vapor pres-
sure, temperature would be a factor that a priori should 
be regarded as rather relevant. In fact, similar results had 
also been observed in previous studies with vinegars made 
from other matrices, as in the case of prickly pear vinegar 
[17].

Regarding the relationship between the type of bacteria 
and the content of volatile compounds, there was practically 
no significant variation in the content of volatiles in the vin-
egar samples studied. Other researchers have reported slight 
variations in the aromatic profile of rice vinegar that could 
be attributable to the type of bacteria used in the fermenta-
tion process [31], where bacteria of the genus Acetobacter 
proved to be somewhat more determinant or even predomi-
nant, as in the case of Zhejiang pink vinegar [32], where this 
genus was the main protagonist in its fermentation.

Finally, the interaction between temperature and acetic 
bacterial genus showed no correlation with regard to the pro-
duction of virtually all volatile compounds. That is, all of the 
bacteria tested were equally affected by temperature changes 
in terms of their ability to produce volatile compounds.

Table 5 shows the mean relative areas of each of the vola-
tile compounds, as well as their standard deviation, for all 
the vinegars produced at 30 °C and 37 °C and for those 
produced by fermentation using different bacteria.
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Table 4   Effect of temperature 
and type of bacteria on volatile 
compounds of a red wine 
vinegars produced by surface 
culture. Manova Analysis

Compounds Temperature Type of Bacteria Temperature-Type of 
Bacteria

F ratio p value F ratio p value F ratio p value

Esters and acetates
Ethyl acetate 23.39 0.0000* 1.39 0.2581 1.37 0.2632
Isobutyl acetate 20.63 0.0000* 0.51 0.6031 0.35 0.7078
Ethyl butyrate 11.28 0.0014* 0.02 0.9836 3.15 0.0502
Butyl acetate 9.39 0.0033* 0.40 0.6722 0.51 0.6027
Ethyl isovalerate 2.81 0.0989 0.55 0.5773 0.60 0.5532
Isoamyl acetate 30.91 0.0000* 0.21 0.8110 0.12 0.8899
Ethyl hexanoate 2.44 0.1231 0.38 0.6851 0.14 0.8686
Ethyl octanoate 0.96 0.3318 1.17 0.3187 1.01 0.3707
Hexyl acetate 30.39 0.0000* 11.24 0.0001* 12.98 0.0000*
Ethyl lactate 15.75 0.0002* 0.37 0.6936 0.02 0.9781
cis-3-Hexenyl acetate 11.77 0.0011* 8.69 0.0005 8.69 0.0005
Diethyl succinate 15.30 0.0002* 0.72 0.4894 0.47 0.6271
Benzyl acetate 52.70 0.0000* 0.19 0.8314 0.63 0.5365
Ethyl decanoate 0.06 0.8041 0.80 0.4535 1.06 0.3514
Isopentyl hexanoate 0.27 0.6032 0.79 0.4606 1.16 0.3218
Methyl salicylate 7.22 0.0093* 0.47 0.6299 0.16 0.8526
Ethyl phenylacetate 5.27 0.0253* 0.03 0.9745 1.02 0.3685
Phenethyl acetate 19.30 0.0000* 0.05 0.9541 1.26 0.2904
Ethyl Dodecanoate 0.01 0.9409 0.76 0.4718 0.88 0.4182
Ethyl miristate 0.58 0.4483 0.78 0.4633 0.73 0.4871
Ethyl palmitate 0.01 0.9427 0.53 0.5927 1.29 0.2836
Ethyl vanillate 5.39 0.0237* 1.80 0.1734 2.30 0.1094
Aldehydes, alcohols and ketones
2,6-Dimethyl-4-heptanol 57.89 0.0000* 0.12 0.8879 0.07 0.9322
2,6-Dimethyl-4-heptanone 19.33 0.0000* 1.19 0.3114 1.52 0.2263
Benzaldehyde 0.03 0.8571 0.82 0.4444 2.80 0.0688
2-Methyl-1-butanol 20.61 0.0000* 0.36 0.7011 0.51 0.6037
3-Methyl-1-butanol 22.52 0.0000* 0.33 0.7181 0.62 0.5390
Guaiacol 1.76 0.1899 1.43 0.2463 1.01 0.3686
Benzyl alcohol 9.04 0.0039* 0.31 0.7346 0.03 0.9681
Phenylethyl alcohol 1.12 0.2941 0.18 0.8319 0.06 0.9389
p-Ethylguaiacol 3.86 0.0541 0.94 0.3979 0.03 0.9713
4-Ethylphenol 2.26 0.1383 0.81 0.4503 0.70 0.4987
Nonanal 3.48 0.0670 0.72 0.4908 0.30 0.7402
Decanal 0.67 0.4163 0.47 0.6252 0.41 0.6667
Styrene 22.31 0.0000* 1.87 0.1634 2.26 0.1137
2-Undecanone 2.73 0.1034 1.95 0.1514 0.60 0.5522
trans-Geranylacetone 1.05 0.3100 1.12 0.3342 0.81 0.4485
Acetoin 0.08 0.7843 1.19 0.3124 0.08 0.9200
2-Octanone 16.59 0.0001* 2.25 0.1139 3.33 0.0425
4-Vinylphenol 0.04 0.8515 0.32 0.7258 0.16 0.8540
Methoxy eugenol 0.03 0.8650 1.51 0.2287 0.59 0.5602
Acids
Acetic acid 2.14 0.1484 1.54 0.2227 2.01 0.1426
Isobutyric acid 26.44 0.0000* 1.84 0.1683 0.97 0.3849
Butanoic acid 7.01 0.0103* 1.08 0.3473 0.50 0.6073
Isovaleric acid 67.80 0.0000* 2.66 0.0780 2.91 0.0624
Hexanoic acid 5.33 0.0245* 2.14 0.1269 1.01 0.3719
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It has been observed that, as a general rule, volatile com-
pounds increased their average relative area in those cases 
in which fermentation had been conducted at lower tem-
peratures, with a higher presence in those cases. It is worth 
noting the particular case of acid-type compounds, which, 
unlike the rest of the volatiles, were found to increase their 
content in the final vinegar when fermented at 37 °C and 
therefore, presented greater relative areas at higher acetifica-
tion temperatures. Other authors such as [33] also observed 
this effect and assumed that it could possibly due to the 
metabolism of acetic acid bacteria, which produces a large 
amount of acetic acid and other organic acids during fermen-
tation processes at elevated temperatures. Other compounds, 
such as γ-Butyrolactone or δ-Decalactone, which are derived 
from the organic acids produced during the vinegar produc-
tion process, were found to also increase their presence at a 
fermentation temperature of 37 °C [34]. Other authors have 
detected increments of this type of compounds during the 
acetification process that seem to be linked to high tem-
peratures, give that high temperatures favor changes in the 
content of organic acids [35].

Ethyl acetate, diethyl succinate and phenyl acetate, in the 
case of esters and acetates, and phenethyl alcohol, in the case 
of alcohols, were the volatile compounds with the greatest 
presence in the red wine vinegar produced at 30 °C. Other 
authors such as [36] observed that as the temperature of the 
process was increased, the concentration and the presence of 
this type of volatile compounds decreased notably.

The presence of esters and acetates in wine vinegars, 
which has been extensively demonstrated by numerous 
studies, contributes with floral and fruity aroma notes [37], 
providing a positive effect on the sensory characteristics, 
not only of this type of vinegars, but also of vinegars of 

different nature, such as cherry vinegars [38]. In the case 
of alcohols, they arise from the conversion of fermentable 
sugars by the bacteria during the fermentation process [39]. 
A high concentration of these compounds softens the flavor 
of the vinegars, by neutralizing the pungent effect of certain 
acids, such as acetic acid, which is the main one found in 
vinegars [40].

Finally, the data from the volatile analysis were subjected 
to multivariate statistical analysis (principal component anal-
ysis, PCA), where a total of 12 principal components (PC) 
were identified that explained 95.5% of the total variability 
between the samples (eigenvalues > 1). Figure 4 shows the 
distribution of all the vinegar samples on the plane defined 
by the principal components 1 and 2.

As can be seen, PC1 separated the vinegars produced at 
a temperature of 30 °C, with positive values for this com-
ponent, from the vinegars produced at 37 °C, which were in 
the negative region of this principal component. PC1 was 
mainly related to esters and acetates, all of which presented 
positive values, with ethyl acetate, isobutyl acetate, ethyl 
butyrate and isoamyl acetate standing out among the lat-
ter. This confirms the greater presence of this type of com-
pounds in the vinegars fermented at 30 °C, a fact that had 
already been confirmed through the MANOVA that had been 
conducted. On the other hand, PC2 was related to a great 
extent with certain acids such as octanoic acid, nonanoic 
acid or decanoic acid and with alcohols, including benzyl 
alcohol, p-ethylguaiacol and 4-ethylphenol.

In addition, and following the approach adopted for 
the study of the phenolic profiles, these data were also 
subjected to Cluster Analysis (CA) (Fig. 5). The analy-
sis was based on Ward's method and the squared Euclid-
ean distance was used as the metric for comparison. As 

Table 4   (continued) Compounds Temperature Type of Bacteria Temperature-Type of 
Bacteria

F ratio p value F ratio p value F ratio p value

Octanoic acid 3.96 0.0511 1.11 0.3357 0.24 0.7870
Nonanoic acid 2.89 0.0942 0.28 0.7600 0.60 0.5546
Decanoic acid 1.86 0.1772 0.63 0.5339 1.22 0.3015
Dodecanoic acid 13.96 0.0004* 0.37 0.6897 1.41 0.2510
Terpenes
α-Terpineol 25.78 0.0000* 0.78 0.4617 0.27 0.7620
cis-Linalool oxide 0.18 0.6699 1.14 0.3274 1.60 0.2109
Linalool 12.59 0.0008* 0.28 0.7542 0.43 0.6530
Miscellaneous
γ-Butyrolactone 16.25 0.0002* 1.64 0.2029 0.43 0.6501
Whiskylactone 2.04 0.1589 1.03 0.3634 0.65 0.5260
δ-Decalactone 11.90 0.0010* 0.33 0.7191 1.22 0.3034
2-Furaldehyde 3.75 0.0575 0.17 0.8432 1.65 0.2014

*Values were significant at p < 0.05
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Table 5   Mean relative areas and standard deviations of volatile compounds identified by SBSE-GC–MS in a red wine vinegar produced by sur-
face culture method at 30 °C and 37 °C

Compounds Temperature Type of Bacteria

30 °C 37 °C A G M

Esters and acetates
Ethyl acetate 1.260 ± 0.849 0.1772 ± 0.0928 0.9182 ± 0.7974 0.5881 ± 0.4132 1.371 ± 1.679
Isobutyl acetate 0.0529 ± 0.0343 0.0036 ± 0.0031 0.0382 ± 0.0386 0.0267 ± 0.0227 0.0428 ± 0.0423
Ethyl butyrate 0.0050 ± 0.0028 0.0008 ± 0.001 0.0037 ± 0.0033 0.0037 ± 0.0029 0.0026 ± 0.0008
Butyl acetate 0.0013 ± 0.0011 0.0000 ± 0.0002 0.0008 ± 0.0001 0.0009 ± 0.0009 0.0015 ± 0.0021
Ethyl isovalerate 0.0046 ± 0.0061 0.0003 ± 0.0005 0.0037 ± 0.0061 0.0013 ± 0.0009 0.0024 ± 0.0014
Isoamyl acetate 0.3271 ± 0.1804 0.0319 ± 0.0123 0.2250 ± 0.1964 0.2184 ± 0.2099 0.2787 ± 0.2697
Ethyl hexanoate 0.0339 ± 0.0416 0.0093 ± 0.0056 0.0286 ± 0.0409 0.0171 ± 0.0165 0.0203 ± 0.0097
Ethyl octanoate 0.0730 ± 0.1171 0.0076 ± 0.0056 0.0662 ± 0.1142 0.0108 ± 0.0078 0.0113 ± 0.0041
Hexyl acetate 0.0340 ± 0.0576 0.0080 ± 0.0270 0.0110 ± 0.0317 0.0403 ± 0.0490 0.1099 ± 0.0800
Ethyl lactate 0.1089 ± 0.0584 0.0368 ± 0.0230 0.0824 ± 0.0521 0.0966 ± 0.0790 0.0810 ± 0.0844
cis-3-Hexenyl acetate 0.0006 ± 0.0002 nd nd nd 0.0042 ± 0.0025
Diethyl succinate 1.615 ± 0.499 1.033 ± 0.405 1.364 ± 0.548 1.553 ± 0.569 1.608 ± 0.416
Benzyl acetate 0.0812 ± 0.0215 0.0245 ± 0.0148 0.0638 ± 0.0340 0.0580 ± 0.0339 0.0589 ± 0.0287
Ethyl decanoate 0.0796 ± 0.0613 0.0215 ± 0.0091 0.0785 ± 0.0157 0.0101 ± 0.0091 0.0146 ± 0.0091
Isopentyl hexanoate 0.0015 ± 0.0023 0.0004 ± 0.0002 0.0014 ± 0.0023 0.0004 ± 0.0001 0.0004 ± 0.0002
Methyl salicylate 0.0049 ± 0.0022 0.0012 ± 0.0007 0.0039 ± 0.0021 0.0027 ± 0.0019 0.0031 ± 0.0021
Ethyl phenylacetate 0.0304 ± 0.0213 0.0139 ± 0.0071 0.0245 ± 0.0116 0.0281 ± 0.0178 0.0224 ± 0.0097
Phenethyl acetate 3.501 ± 1.276 1.507 ± 0.797 2.876 ± 1.574 2.593 ± 1.214 3.007 ± 1.272
Ethyl dodecanoate 0.0245 ± 0.0136 0.0094 ± 0.0017 0.0254 ± 0.0051 0.0035 ± 0.0014 0.0049 ± 0.0016
Ethyl miristate 0.0196 ± 0.0041 0.0010 ± 0.0005 0.0179 ± 0.0040 0.0010 ± 0.0005 0.0027 ± 0.0007
Ethyl palmitate 0.0126 ± 0.0111 0.0051 ± 0.0036 0.0122 ± 0.0020 0.0044 ± 0.0023 0.0046 ± 0.0005
Ethyl vanillate 0.1055 ± 0.0351 0.1607 ± 0.0512 0.1276 ± 0.0534 0.1108 ± 0.0359 0.1206 ± 0.0164
Aldehydes, alcohols and ketones
2,6-Dimethyl-4-heptanol 0.0148 ± 0.0040 0.0045 ± 0.0024 0.0114 ± 0.0061 0.0110 ± 0.0068 0.0117 ± 0.0051
2,6-Dimethyl-4-heptanone 0.0431 ± 0.0264 0.0024 ± 0.0006 0.0331 ± 0.0303 0.0184 ± 0.0243 0.0238 ± 0.0249
Benzaldehyde 0.0213 ± 0.0073 0.0169 ± 0.0059 0.0207 ± 0.0076 0.0191 ± 0.0042 0.0146 ± 0.0067
2-Methyl-1-butanol 0.0561 ± 0.0362 0.0035 ± 0.0025 0.0378 ± 0.0391 0.0465 ± 0.0436 0.0283 ± 0.0225
3-Methyl-1-butanol 0.0787 ± 0.0482 0.0068 ± 0.0051 0.0545 ± 0.0520 0.0637 ± 0.0617 0.0389 ± 0.0306
Guaiacol 0.01765 ± 0.0044 0.0200 ± 0.0049 0.0188 ± 0.0049 0.0169 ± 0.0036 0.0188 ± 0.0044
Benzyl alcohol 0.0168 ± 0.0047 0.0242 ± 0.0097 0.0195 ± 0.0084 0.0179 ± 0.0051 0.0202 ± 0.0051
Phenylethyl alcohol 1.269 ± 0.297 1.497 ± 0.713 1.331 ± 0.537 1.420 ± 0.361 1.311 ± 0.188
p-Ethylguaiacol 0.0136 ± 0.0056 0.0097 ± 0.0029 0.0129 ± 0.0057 0.0107 ± 0.0032 0.0113 ± 0.0025
4-Ethylphenol 0.0383 ± 0.0096 0.0350 ± 0.0118 0.0376 ± 0.0109 0.03453 ± 0.010 0.0392 ± 0.0073
Nonanal 0.0097 ± 0.0104 0.0021 ± 0.0023 0.0081 ± 0.0106 0.0039 ± 0.0031 0.0062 ± 0.0029
Decanal 0.0051 ± 0.0009 0.0013 ± 0.0001 0.0046 ± 0.0087 0.0015 ± 0.0013 0.0026 ± 0.0016
Styrene 0.0265 ± 0.0033 0.0033 ± 0.0027 0.0204 ± 0.0131 0.0033 ± 0.0027 0.0187 ± 0.0154
2-Undecanone 0.0034 ± 0.0021 0.0018 ± 0.0010 0.0032 ± 0.0022 0.0019 ± 0.0008 0.0021 ± 0.0003
trans-Geranylacetone 0.0149 ± 0.0091 0.0027 ± 0.0009 0.0136 ± 0.0022 0.0031 ± 0.0024 0.0037 ± 0.0015
Acetoin 0.2367 ± 0.0700 0.2509 ± 0.0808 0.2293 ± 0.0910 0.2509 ± 0.0808 0.0276 ± 0.0081
2-Octanone 0.1278 ± 0.0863 0.0365 ± 0.0954 0.1016 ± 0.0984 0.0450 ± 0.0193 0.1680 ± 0.1490
4-Vinylphenol 0.0558 ± 0.0359 0.0591 ± 0.0244 0.0579 ± 0.0365 0.0513 ± 0.0152 0.0599 ± 0.0202
Methoxy eugenol 0.0107 ± 0.0039 0.0115 ± 0.0037 0.0114 ± 0.0041 0.0094 ± 0.0033 0.0107 ± 0.0016
Acids
Acetic acid 0.5345 ± 0.3757 0.5477 ± 0.3387 0.5706 ± 0.3939 0.3574 ± 0.1983 0.6487 ± 0.2200
Isobutyric acid 0.0614 ± 0.0298 0.1367 ± 0.0566 0.0902 ± 0.0578 0.0698 ± 0.0334 0.0905 ± 0.0549
Butanoic acid 0.0128 ± 0.0097 0.04622 ± 0.0477 0.0264 ± 0.0372 0.0154 ± 0.0096 0.0211 ± 0.0144
Isovaleric acid 0.0836 ± 0.0248 0.7021 ± 0.3899 0.2969 ± 0.3744 0.2150 ± 0.2893 0.3817 ± 0.4900
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expected, the vinegars were grouped according to their 
fermentation temperature, resulting in two groups that 
separated the vinegars fermented at 30 °C from those 

whose fermentation temperature was set at 37 °C. On the 
other hand, small subclusters of samples were registered 
that attended to the type of G/A/M bacteria, although 
this was not a variable that significantly affected the 
volatile compounds present in the samples, as previously 
mentioned.

Conclusion

We can therefore conclude that although the different 
strains of acetic acid bacteria had shown initially their 
resistance to high temperatures during the acetic fermen-
tation process, the results obtained from our study have 
evidenced that when the surface culture acetification pro-
cess was conducted at higher temperatures, the resulting 
vinegars presented poorer volatile profiles. With regard 
to their phenolic compounds content, anthocyanins, in 
particular, were confirmed to present significant temper-
ature-dependent losses in all the cases. Tannins, on the 
other hand, increased independently from the fermentation 
temperature. With respect to the vinegar's content of low 
molecular weight polyphenols and furfurals, although the 
factor temperature was significant for a high number of 
compounds, no clear trend was observed. The strain of 
bacteria used did not prove to be a significant factor for 
practically none of the analytical parameters considered, 
although the mixture of bacteria from Sherry vinegar gave 
rise to vinegars with a higher total tannin content.

Table 5   (continued)

Compounds Temperature Type of Bacteria

30 °C 37 °C A G M

Hexanoic acid 0.2279 ± 0.0948 0.3064 ± 0.1290 0.2659 ± 0.1211 0.2040 ± 0.0678 0.2597 ± 0.0988
Octanoic acid 0.7261 ± 0.2941 0.9131 ± 0.2906 0.8072 ± 0.3220 0.6831 ± 0.2490 0.8488 ± 0.2358
Nonanoic acid 0.0464 ± 0.0210 0.0339 ± 0.0136 0.0432 ± 0.0189 0.0406 ± 0.0269 0.0381 ± 0.0073
Decanoic acid 0.2046 ± 0.0886 0.2284 ± 0.0896 0.2195 ± 0.0977 0.1914 ± 0.0409 0.1991 ± 0.088
Dodecanoic acid 0.0175 ± 0.0095 0.0281 ± 0.0100 0.0217 ± 0.0113 0.0194 ± 0.0070 0.0189 ± 0.0139
Terpenes
α-Terpineol 0.0091 ± 0.0037 0.0026 ± 0.0013 0.0073 ± 0.0047 0.0062 ± 0.0035 0.0056 ± 0.0029
cis-Linalool oxide 0.0038 ± 0.0017 0.0063 ± 0.0021 0.0065 ± 0.0019 0.0073 ± 0.0020 0.0067 ± 0.0013
Linalool 0.0081 ± 0.0048 0.0022 ± 0.0011 0.0064 ± 0.0051 0.0059 ± 0.0047 0.0046 ± 0.0024
Miscellaneous
γ-Butyrolactone 0.0096 ± 0.0057 0.0257 ± 0.0147 0.0161 ± 0.0137 0.0114 ± 0.0006 0.0131 ± 0.0078
Whiskylactone 0.3083 ± 0.1126 0.3835 ± 0.1224 0.3440 ± 0.1224 0.3059 ± 0.0846 0.3041 ± 0.0644
δ-Decalactone 0.0183 ± 0.0067 0.0305 ± 0.0133 0.0226 ± 0.0119 0.0215 ± 0.0058 0.0219 ± 0.0123
2-Furaldehyde 0.0063 ± 0.0043 0.0074 ± 0.0041 0.0070 ± 0.0045 0.0057 ± 0.0031 0.0061 ± 0.0037

A Acetobacter malorum, G Gluconobacter oxydans, M mixture of bacteria, nd not detected

Fig. 4   PCA on volatile compounds. Distribution of all the vinegar 
samples on the plane defined by the first two PCs. A 30/A 37: Ace-
tobacter malorum at 30 °C and 37 °C, respectively; G 30/G 37: Glu-
conobacter oxydans at 30  °C and 37  °C, respectively; M 30/M 37: 
Mixture of bacteria at 30 °C and 37 °C, respectively
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