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A B S T R A C T   

Prickly pear (Opuntia ficus-indica (L). Mill.) vinegar has been produced by submerged culture using scale labo-
ratory fermenters at three acetification temperatures (30 ◦C, 37 ◦C, and 40 ◦C). Pure thermotolerant Acetic Acid 
Bacteria (AAB) which had been previously submitted to molecular identification by PCR–RFLP of the 16S–23S 
rDNA regions and 16S–23S ITS rDNA sequencing, were used. The AAB used were identified as Acetobacter 
malorum and Gluconobacter oxydans. The acetic fermentation achieved by A. malorum at 30 ◦C and 37 ◦C was 
more efficient, in terms of acidity, than that accomplished by G. oxydans. The chemical analysis revealed the 
presence of 85 individual volatile compounds and 17 polyphenolic compounds. The concentration of approxi-
mately half the volatile compounds was significantly affected by fermentation temperature, with clearly lower 
concentrations as temperature increased, whereas few significant differences were observed when comparing the 
vinegars produced by the two AAB species. Regarding phenolic compounds, significant increases were registered 
when temperature changed from 30 ◦C to 40 ◦C. Furthermore, the vinegars produced by A. malorum presented a 
greater concentration of phenolic compounds than those produced by G. oxydans.   

1. Introduction 

Vinegar production by submerged culture was investigated for the 
first time in 1923 but it was only at the end of the 1940 s that it was 
implemented to industrial vinegar production inspired by the use of this 
methodology in the industrial production of penicillin (Solieri and 
Giudici, 2009). Thus, vinegar production technologies have been 
generally moving from the traditional surface culture methods to 
quicker processes based on submerged fermentation. Submerged 
fermentation is particularly preferred for industrial production because 
of its larger capacity (Callejón et al., 2009). Nevertheless and although 
shorter times and greater yields are some of its advantages (De Ory et al., 
1999), certain parameters of the oxidative conversion such as oxygen, 
alcohol content, acidity, and temperature must be strictly monitored and 

controlled (Solieri and Giudici, 2009). 
Submerged fermentation is an aerobic vinegar production process 

where the ethanol that is present in certain liquid substances like wine or 
spirits is oxidized and turned into acetic acid by the action of Acetic Acid 
Bacteria (AAB) under controlled conditions (Gullo et al., 2014). Over the 
last decade different molecular methods have been used and developed 
for the regular identification of the AAB through the amplification of 
different genomic regions by Polymerase Chain Reaction (PCR). 
Although new and improved molecular identification methods have 
been developed, the identification of AAB at species level still presents 
some difficulties. Such difficulties are due to the high similarity of the 
16 S rDNA gene sequences between the different bacteria species. 
Because of this similarity, each species cannot be easily distinguished by 
just amplifying and sequencing this gene and, therefore, other molecular 
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targets are required for a reliable discrimination (Raspor and Goranovič, 
2008). 

Several papers have described an alternative DNA-target for bacteria 
identification consisting on the analysis of the 16–23 S rRNA gene In-
ternal Transcribed Spacer (ITS) region (Barry et al., 1991; Sievers et al., 
1996). Thanks to the higher sequence variability of this region, when 
compared against the 16 S rDNA sequence, AAB species can be suc-
cessfully differentiated by sequencing the 16S–23S rDNA (ITS) region 
(Trcek and Teuber, 2002). ITS also allows to determine the conserved 
sequences with useful roles (antitermination sequences and tRNA genes) 
(Sievers et al., 1996). Given that sequencing is nowadays a relatively 
economic process, Restriction Fragment Length Polymorphism (RFLP) 
analysis can be also proposed for routine analysis both in ecological and 
industrial studies, since this method does not require any special 
equipment. Thus, the RFLP of the 16S–23S rDNA (ITS) region is the most 
widely used technique currently used for the identification of AAB in 
numerous taxonomic studies. This method is based on the PCR ampli-
fication of the same 16S–23S (ITS) fragment and its digestion by re-
striction enzymes. This last step is followed by the electrophoretic 
separation of the resulting DNA fragments (Cleenwerck and De Vos, 
2008; Poblet et al., 2000; Ruiz et al., 2000). Since restriction patterns are 
specific for each species, they can be successfully identified. 

Apart from grape, that has been traditionally the most employed fruit 
for vinegar production in western countries, many other fruits have been 
explored for the elaboration of vinegars, the most common being apple, 
different berries, persimmon, strawberry, pineapple, cherry, orange, 
mango, or banana, among others (Luzón-Quintana et al., 2021). For 
example, Cejudo-Bastante et al., (2016, 2018) employed orange as 
substrate to obtain vinegar and studied the volatile and polyphenolic 
composition of the final product, and Úbeda et al., (2011, 2016) pro-
duced and studied vinegars from persimmon or strawberry. Other fruits 
such as pomegranate (Kharchoufi et al., 2018), tomato (Cejudo-Bastante 
et al., 2017; Kim et al., 2021), date, ginger, mulberry, or soybean (Pyo 
et al., 2021) have been employed as raw material for the production of 
vinegar, and even hawthorn vinegar has been recently produced 
(Özdemir et al., 2022). In many cases, not the fruits but their derivatives 
have been employed because their healthy properties (Ousaaid et al., 
2022). For example, Citrus bergamia byproducts have been used for 
vinegar production to preserve bioactive compounds and to valorize 
wastes (Di Donna et al., 2020; Giuffrè et al., 2019). 

Moroccan prickly pears (Opuntia ficus-indica (L). Mill.) are ripe and 
ready for harvesting and consumption from July until August, present-
ing a medium sugar content around 140 g/kg fruit. When intended to be 
used for vinegar production, the fruit should be kept at 30 ◦C, but the 
oxidative reactions that take place during the acetification process 
generates large amounts of heat and the temperature of the bioreactors 
generally increase by 2–3 ◦C, which affects AAB growth due to the 
denaturation of essential enzymes (Ory and Romero, 1998). The pro-
duction of acetic acid by mesophilic strains may present serious in-
conveniences in industrial production processes. This problem needs to 
be overcome by testing and evaluating AAB strains that can produce 
vinegar at high temperatures, so that the cost of cooling the acetators 
can be minimize by enabling a stable fermentation process without any 
bacterial growth deficiencies. Although temperature is one of the vari-
ables that affect acetic fermentation, little is known regarding its effect 
on acetification processes (Fregapane et al., 2001). In this sense, just a 
few papers that deal with the problem of acetification processes at 
temperatures over 30 ◦C have been published (Es-sbata et al., 2020; 
Maal et al., 2011; Ndoye et al., 2006). 

Therefore, the present study has two main objectives as follows: the 
first one is to confirm the suitability of the ITS of the 16–23 S rRNA gene 
to identify the AAB strains at species level by means of PCR followed by 
the molecular sequencing of the amplified 16S–23S rDNA ITS region and 
finally by the specific RFLPs of these fragments. The second objective is 
to compare the performance of the submerged culture against semi- 
continuous processes by using two different and previously identified 

species of thermotolerant acetic acid bacteria at different temperature 
levels (30, 37, and 40 ◦C) and to determine the effect of these parameters 
on the volatile and phenolic composition of the final vinegars. To the 
best of our knowledge, this is the first time that a study of this kind has 
been conducted. 

2. Materials and methods 

2.1. Molecular identification of a started culture 

All the microorganisms used in this research study were isolated 
from Moroccan prickly pear fruits (O. ficus-indica) from different regions 
as described in a previous study (Es-sbata et al., 2020). Approximately 5 
g of fruit were placed in a broth medium and incubated at 30 ◦C for one 
week, then an appropriate dilution was realized and 100 µL of the 
diluted sample were plated in bromocresol purple (BCP) agar as a se-
lective medium. The plates were incubated at 30 ◦C for 4 days and the 
colonies that presented a yellowish aspect were selected. The AAB to be 
used were primarily screened by gram staining and according to the 
metabolism of catalase and oxidase. From each strain that had been 
selected through the primary screening, a fresh single colony was picked 
from an overnight culture and placed in a yeast extract, peptone, and 
glucose (YPG) medium. 10 µL of the overnight culture was mixed with 
90 µL of molecular biology grade water in a 0.2 mL tube. Then, the cells 
strain was lysed by temperature (heating at 95 ◦C/10 min and then 
cooled down to 4 ◦C). The supernatant comprising the released DNA was 
used for PCR amplification. 

2.1.1. PCR amplification and electrophoresis 
The 16–23 S rRNA gene regions of the bacterial isolates were 

amplified following the method previously described by Trček and 
Teuber (2002). The PCR amplification was performed in 100 µL solu-
tions containing 30 µL of the released DNA (template), 50 µL of com-
mercial PCR master mix (NZYTaq II 2 × Colourless Master Mix) from 
NZYTech (Lisbon, Portugal) and 10 µL of 2.5 µmol of each primer: ITS1 
5’-TGCGGYTGGATCACCTCCT-3’ and ITS2 5’ GTGCCWAGGCATC-
CACCG-3’. The synthesized oligonucleotide primers were supplied by 
STAB VIDA, LDA (Caparica, Portugal). The amplification was performed 
by means of a T100 Thermal Cycler (Bio-Rad, USA) under the same 
conditions as described in a previous study (Trcek and Teuber, 2002). 
The PCR products were purified, following the manufacturer’s in-
structions, using NZYGelpure PCR purification kits supplied by NZYTech 
(Lisbon, Portugal). The purified DNA was detected by electrophoresis of 
a 1 % (w/v) agarose gel in 0.5 × TBE running buffer. The gel was 
visualized by means of Safe ImagerTM. The lengths of the amplified 
products and the restriction fragments of the 16–23 S rRNA gene regions 
were estimated by comparison against a DNA ladder (NZYDNA Ladder 
II, Nzytech, Lisbon, Portugal) using the software application ImageJ and 
Microsoft Excel. 

2.1.2. Sequencing 
The PCR products in the 16S–23S rRNA (300 ng DNA) gene Internal 

Transcribed Spacer (ITS) region previously purified were directly 
sequenced by STAB VIDA, LDA (Caparica, Portugal) using one of the 
primers ITS1 or ITS2 according to the Sanger method. The DNA se-
quences of the ITS regions were compared against those in the GenBank 
database. 

2.1.3. Restriction of the purified DNA 
10 µL (500 ng DNA) of the purified PCR product from the 16–23 S 

rRNA gene regions were separately digested by the restriction enzymes 
HaeIII and HpaII according to the instructions by the manufacturer (New 
England Biolabs, Ipswich, England). The restriction patterns were 
determined in a 2.5 % (w/v) agarose gel. 
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2.2. Samples 

The prickly pear fruits (O. ficus-indica) were harvested by an expe-
rienced picker during August 2019 from a wild cultivar at Marrakesh- 
Safi region in Morocco (coordinates: 31◦37′N 8◦0′W), which is known 
for soil rich in limestone. Its climate is generally arid to semi-arid with 
an average rainfall of 300 mm per year. The fruits were harvested during 
their mature stage when the fruit changes color from yellowish to red-
dish. ◦Brix measurement showed that the initial sugar content was 14.24 
ºBrix. Then, the fruits were manually peeled off and the pulp was frozen 
stored at − 80 ◦C until analyses. The pulp was crushed using a conven-
tional blender in order to extract the juice, and it was manually filtered 
using a mosquito net, in order to eliminate the seeds. The liquid obtained 
from that operation was stored at 4 ◦C until analysis. The ◦Brix, ºBaumé , 
pH, and density values of the final juice were measured at 20 ◦C by 
means of an Anton Paar DMA 4,500 M densimeter (Graz, Austria). 

2.3. Alcoholic fermentation 

The prickly pear juice was subjected to alcoholic fermentation in 
laboratory scale stainless-steel tanks. Mosquito nets were used to cover 
the tank tops in order to avoid the contamination of the juice by insects. 
Around 62.5 kg of fruit were employed to obtain a total volume of 50 L 
of juice, that was divided into two 25 L tanks and were fermented at 
controlled temperature (22 ◦C) to prevent any losses of volatile com-
pounds during the process. 60 mg/L of total sulfur dioxide (potassium 
metabisulphite, Agrovin, Spain) were added to the juice to prevent the 
development of any undesirable microorganisms. Also, 0.35 g/L of 
diammonium phosphate were added to enrich the matrix. 0.20 g/L of 
Saccharomyces cerevisiae active dry yeast (Enartis Ferm SB, Trecate, 
Italy) previously dissolved and activated for 20 min at 35 ◦C were added 
to the juice to start off the alcoholic fermentation. At the end of the 
process, after eight days, when the ◦Brix value was around 1º the sugar 
content was increased, by adding 3.5 kg of commercial white refined 
beet sugar (AB Azucarera Iberia, Madrid, Spain) to each 25 L tank, until 
14 ºBrix were reached (equal to the initial ◦Brix value). The final wine, 
obtained after 21 days from the beginning of the process, was centri-
fuged at 15,000 g for 10 min and stored at 4 ºC. 

2.4. Submerged culture acetification 

The submerged culture process was carried out at three tempera-
tures: 30 ◦C, 37 ◦C, and 40 ◦C and two different species of acetic bacteria 
were used as follows: Acetobacter malorum and Gluconobacter oxydans. In 
order to develop the starting culture, the wine was inoculated with a 
mixture at 10 % (v/v) of prickly pear wine and water containing the 
corresponding AAB previously activated in a broth medium, incubated 
at 30 ◦C for 24 h with continuous agitation and submitted to aeration (1 
L/h⋅L) in a 8 L Frings acetator (Heinrich Frings, Bonn, Germany). When 
the acetic acid degree was around 1º (g acetic acid/100 mL of vinegar), 
the starting culture was considered to be finished, and 1 L of prickly pear 
wine was added to the tank to start the acetification process. A notice-
able rate of ethanol consumption by AAB could be observed at the 
beginning of the process. When the ethanol-content decreasing rate 
reached 0.1 % ethanol/hour, another 1 L of prickly pear wine was added 
to obtain an optimum acetic/alcohol medium for bacterial growth. 
Finally, an undetermined amount of prickly pear wine was added to 
make up to 3 L of matrix, the aeration flow was set at 7.5 L/h⋅L and 0.35 
g/L of diammonium phosphate (Actimax Plus +, Agrovin) were added as 
nutrient. The loading/unloading steps of the acetator was determined by 
the alcohol concentration as measured by means of an alcohol sensor 
(Alkosens, Heinrich Frings, Bonn, Germany). The unloading step was 
started when the alcohol concentration of the matrix reached 0.3 %, 
then 1 L of vinegar was unloaded. To start a new cycle, 1 L of fresh wine 
was slowly added at 0.25 L/h to prevent any sharp changes in alcohol 
content or medium temperature until a total of 3 L was reached. All the 

procedures were controlled by a computer application (Acetomat S7, 
Siemens AG, Munich, Germany). After each cycle was completed, a 
specific volume was sampled to determine the acidity of the substrate by 
titration with NaOH using phenolphthalein as the indicator. The acidity 
content was expressed as g of acetic acid per 100 mL of vinegar. 

2.5. Analysis of volatile compounds 

The volatile compounds in the prickly pear samples (juice, wine, and 
vinegar) were determined by SBSE-GC-MS, following a previously 
optimized methodology (Guerrero et al., 2006). Twenty-five mL of each 
sample were pipetted and poured into a 100 mL Erlenmeyer flask con-
taining 84 µL of a solution formed by 4-methyl-2 pentanol, as the in-
ternal standard (2.27 g/L in Milli-Q water containing 80 g/L of acetic 
acid) and 5.85 g of NaCl. After the salt was diluted in the liquid, a 
polydimethylsiloxane commercial stir bar was submerged in it and the 
flask was placed on a 15-position magnetic agitator (Gerstel, Mülheim 
an der Ruhr, Germany) to carry out the extraction. A commercial TDS-2 
thermal desorption unit (Gerstel) connected to a 
programmed-temperature vaporization (PTV) injector CIS-4 (Gerstel) 
was employed for the desorption of the stir bars. The PTV was installed 
onto the chromatographic system. The desorption temperature was 
configured from 40 ºC up to 300 ºC at 60 ºC/min (held for 10 min) under 
a 75 mL/min helium flow. The desorbed analytes were cryofocused with 
liquid nitrogen at − 140 ºC. Finally, the PTV system was configured from 
− 140 ºC up to 300 ºC at 10 ºC/s (held for 5 min) and the analytes were 
analyzed by Gas Chromatography–Mass Spectrometry (GC-MS). An 
Agilent 6890 GC (Agilent, Little Falls, DE, USA), equipped with a 
DB-Wax capillary column (J&W Scientific, Folsom, CA, USA), 60 m 
length × 0.25 mm i.d. with a 0.25 µm coating, which was coupled to an 
Agilent 5973 N MS detection system used on the electron impact mode. 
A 1.0 mL/min helium flow was used as the carrier gas. Each peak was 
identified by analogy of its mass spectra according to Wiley library and 
confirmed by the linear retention indices found in the literature (Bru-
na-Maynou et al., 2020; Chanivet et al., 2021; Leonés et al., 2019) 
together with the use of commercial standards (Sigma, Steinheim, 
Germany) (Table 2). To determine the semi-quantitative data, the mo-
lecular ion peak area in relation to the internal standard was measured. 
All the analyses were performed in duplicate. 

2.6. Analysis of phenolic compounds 

The polyphenolic compounds content in the prickly pear samples 
(juice, wine, and vinegar) was determined by means of a Waters Acquity 
UPLC system (Waters Corps. Milford, MA, USA), equipped with a Diode 
Array Detector (DAD) and with an Acquity UPLC BEH C18 column (100 
mm length x 2.1 mm/ID of 1.7 µm particle size). The analysis were 
conducted according to the conditions and method proposed by Schwarz 
et al. (2009). All the samples were previously prepared by filtering them 
through 0.22 µm nylon filters (Scharlab, Barcelona, Spain). The phenolic 
compounds were identified by comparing their ultraviolet-visible 
spectra (UV–VIS) and retention times in their DAD chromatograms ob-
tained at 280 nm (for gallic acid, hydroxy-tyrosol, epigallocatechin, 
catechin, tyrosol, vanillic acid, syringic acid, ethyl gallate, m-coumaric 
acid, hesperidin and naringenin), at 320 nm (for protocatechualdehyde, 
p-coumaric acid, ferulic acid, quercetin, and cinnamic acid) and at 255 
nm (for p-hydroxybenzoic acid) against those obtained for the com-
mercial standards (Sigma, Steinheim, Germany; Fluka, Buchs, 
Switzerland; and East Kodak, Rochester, USA). Each one of the identified 
compounds was quantified by comparing its calibration curve against 
the corresponding standard at seven different concentration levels, with 
the exception of hydroxy-tyrosol, which was quantified as tyrosol. All 
the analyses were conducted in duplicate. 
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2.7. Statistical analysis 

An Analysis of Variance (ANOVA) with Tukey’s test was used to 
determine any significant differences between the groups of samples, 
followed by a Principal Component Analysis (PCA) to obtain a clearer 
picture of any correlations between the studied samples regarding their 
phenolic and volatile compounds. Also, a Cluster Analysis (CA) was 
carried out to detect any similarities between the samples. The statistical 
significance was established at p < 0.05 and the results were analyzed 
using the software application Statistica 12.5 (StatSoft, Inc., Tulsa, 
USA). 

3. Results and discussion 

3.1. Molecular identification of the started culture 

The preliminary analysis for the AAB screening showed that all the 
tested strains were gram negative, oxidase negative and catalase posi-
tive. Since phenotypic analyses of AAB are highly time-consuming and 
inexact, other molecular methods for AAB identification are necessary. 
Thus, heat shock lysis was successfully used to extract DNA from 10 
strains. The sequences of the 16S–23S rDNA gene region of the selected 
strains were favorably amplified, and just a small amount of the colony 
was required to be used as target DNA to perform the PCR amplification. 
The required amount of the amplified product was successfully obtained 
regardless of the amount of cell extract. The length of the PCR products 
of the 16S–23S ITS rDNA gene was approximately 850 bp and 720 bp for 
Acetobacter and Gluconobacter species respectively. 

3.1.1. Sequencing of the PCR product of the 16S–23S rRNA gene region 
The purified PCR product of the 16S–23S rRNA gene region of the 10 

strains were selected for sequencing. The alignment of the nucleotide 
sequences of the 16S–23S rDNA spacer region with those deposited in 
the GenBank databases revealed that eight of the ten strains were very 
closely related to Acetobacter malorum with 100 % similarity, whereas 
the remaining two strains presented 100 % homology with Glucono-
bacter oxydans. According to the sequencing results, Acetobacter malorum 
seems to be the most abundant species in prickly pear fruit. According to 
the literature, the initial description of A. malorum has been found in 
fresh fruit but it is also associated to fruit processing. For example, this 
species has been isolated from South Australian grapes (Mateo et al., 
2014), and from Spanish fermented grape must in the Canary Islands 
(Valera et al., 2011). The sequencing of the 16S–23S rRNA gene internal 
transcribed spacer region of AAB isolated from different grape musts 
from Tarragona revealed the presence of A. malorum and G. oxydans 
(Navarro et al., 2013). A. malorum has also been isolated from some 
fermented foods, such as persimmon (Hidalgo et al., 2012). This bacteria 
has been employed as a starter culture to produce vinegar using different 
fruits, such as strawberry (Hidalgo et al., 2013). A previous study where 
34 different Acetobacter strains were subjected to polyphasic analysis led 
to proposing Acetobacter malorum as a new species for the first time 
(Cleenwerck et al., 2002). 

3.1.2. Restriction analysis of the 16S–23S rDNA spacer regions 
The PCR–RFLP of the 16S–23S rDNA regions allows a cheaper and 

faster identification of AAB compared to other time-consuming molec-
ular methods that need a larger amount of cells and involve a complex 
DNA extraction process (Poblet et al., 2000). This method to distinguish 
AAB species is recommended for routine molecular laboratory analysis. 
The length of the amplified product of the 16S–23S ITS rDNA was 
approximately 850 bp for Acetobacter and 720 bp for Gluconobacter 
species. The sequences of the 16–23S rRNA gene in the Gluconobacter 
genus are shorter by 96–140 bp than those in other AAB genera (Trček 
and Barja, 2015). The digestion by two restriction endonucleases, 
namely HaeIII and HpaII, of the purified PCR products from the 10 
selected AAB strains resulted in different restriction profiles with a 

pattern that would hardly allow to discriminate between AAB groups. 
The HaeIII restriction enzyme produced between two and three restric-
tion fragments, while HpaII produced between two to four fragments 
(Fig. 1). Due to the poor visibility and limited resolution of the agarose 
gel electrophoresis and in order to avoid uncertainty, only the fragments 
that were longer than 100 bp were considered for restriction pattern 
analysis. The analysis of the molecular weight of the RFLP fragments of 
the 16S–23S rDNA gene showed that Acetobacter malorum species pre-
sented the same number of fragments produced by two enzymes. The 
approximate mean fragment size in these species when digested by 
HaeIII or HpaII were 342, 442 bp and 177, 195, 225, 295 bp respectively. 
On the other hand, the approximate size of the fragments of Glucono-
bacter oxydans species obtained from the digestion by HaeIII or HpaII 
were 161, 218, 356 bp and 175, 514 bp respectively. The difference 
between the sum of the fragment sizes when obtained from the digestion 
by HaeIII or by HpaII was probably due to the generation of small 
fragments that got lost during the electrophoresis. These two enzymes 
had also been used in a previous study that showed that the patterns 
obtained through them would result in 12 different restriction groups 
(Trcek and Teuber, 2002). After a comparative analysis of the restriction 
profile obtained for G. oxydans against a profile that had been previously 
described in a database (Trcek and Teuber, 2002), none of the restriction 
profiles obtained by our study was similar to those described in such 
database. This difference might be explained by a mutation in the re-
striction site of these enzymes, which would result in the loss of that site 
or in the creation of a new site. Thus, the G. oxydans species that had 
been identified by digestion in such previous study produced a different 
profile from the one obtained in our study. It is well known that, any 
modification of DNA sequences (insertion, deletion or substitution) 
frequently leads to the rearrangement of its restriction sites, which re-
sults in the polymorphism or mutation of a single base-pair in a re-
striction fragment pattern and, consequently, the size of such restriction 
fragment is also altered (Karp et al., 1998). The G. oxydans strains 
identified in our study corresponded to a thermotolerant bacteria (37 
ºC), which may explain the mutation in the 16S–23S rDNA gene as a 
result of the adaptation of these bacteria to high temperatures. This 
observation had been also noted in a previous research review (Saichana 
et al., 2015). Concerning A. malorum, no similar analysis by PCR-RFLP of 
its 16S–23S rDNA gene has been conducted up to date and therefore, the 
profile obtained in the present study should be considered as the first 
published HaeIII, HpaII RFLP pattern of A. malorum. 

3.2. Submerged culture vinegar production 

The analytical parameters of the juice obtained after crushing and 
filtering the pulp, and before adding any sugar, were determined as 
follow: the initial sugar content was 14.24 ºBrix or equivalent to 7.92 
ºBaumé , with 6.06 pH and a density of 1.055 g/mL. The juice acidity 
was determined by titration with NaOH, and the acid concentration was 
0.82 g/100 mL expressed as citric acid. When the alcoholic fermentation 
of the prickly pear juice was accomplished, the ◦Brix value was around 
1º and the alcohol concentration was 5.3 % (v/v). In order to augment 
the final alcoholic degree, the sugar content was raised until 14 ºBrix 
degree was reached again. The final alcoholic concentration of the 
resulting prickly pear wine was 8.7 % before the acetification process 
was started. Then, semi-continuous acetic fermentations by Acetobacter 
malorum or Gluconobacer oxydans in 8 L laboratory scale bioreactors 
were conducted. Vinegar is nowadays produced at industrial scale by 
means of mesophilic acetic acid bacteria (AAB). However, this method 
involves inevitable temperature variations during the acetic fermenta-
tion that may cause process disruptions. This could be chiefly avoided by 
using AAB strains with the capability to survive high temperatures. For 
this reason, two different bacterial strains with the ability to produce 
vinegar at high temperatures have been tested and their fermentation 
performances have been evaluated. Thus, the vinegar made by using 
Acetobacter malorum reached a higher acidity when compared to that 
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achieved by Gluconobacer oxydans at 30 ◦C and 40 ◦C, whereas no sig-
nificant differences were found at 37 ◦C (Table 1; p ˂ 0.05). It was also 
evident that the acetic acid concentration produced at 30 ◦C by either of 
these two AAB was higher than that reached at any of the other tem-
peratures. Furthermore, acidity increased from cycle 1 to cycle 4, with 
maximum concentrations of 8.78 ± 0.04 g/100 mL and 8.32 ± 0.09 g/ 
100 mL produced respectively by Acetobacter malorum and Gluconobacer 
oxydans. At 37 ◦C, the acidity produced by A. malorum increased more 
slowly, reaching a maximum value of 7.82 ± 0.12 g/100 mL in the 
fourth cycle of fermentation. Contrariwise, the acidity produced by 
G. oxydans went gradually from 8.28 ± 0.12 g/100 mL down to 7.52 
± 0.17 g/100 mL in the third cycle of fermentation and then this falling 
trend stopped in the fourth cycle. The culture that was maintained at 
40 ◦C stopped fermenting during the second cycle, probably due to a 
combination of factors that affected AAB growth, such as a nutrient-poor 
culture, the high acidity of the medium, the high temperature, and the 
use of non-thermally adapted AAB. It can, therefore, be affirmed that 
A. malorum and G. oxydans were successfully tested as potential starter 
cultures for acetic fermentation and that A. malorum was more efficient 
in terms of greater yields of acetic acid as well as with regard to its 
production capability at high temperature (37 ◦C). The greater content 
of acetic acid produced by Acetobacter bacteria compared to that ach-
ieved by Gluconobacter bacteria may be explained by the stronger 
resistance of Acetobacter bacteria cells to acetic acid (Gomes et al., 
2018). Gluconobacter species have not been widely used in the vinegar 
industry because they oxidate ethanol at a slower rate than Acetobacter 
species (Muynck et al., 2007). In fact, Acetobacter species are more 
suitable to oxidize ethanol rather than glucose, whereas Gluconobacter 
bacteria have a stronger capacity to oxidize glucose rather than ethanol. 
This is probably the main reason why Acetobacter species are often 

preferred for vinegar making, while Gluconobacter species are used to 
produce gluconate or ketogluconate (Saeki, 1993). However, this ca-
pacity of Gluconobacter strains to perform the oxidative fermentation of 
various sugars, sugar alcohols, and sugar acids leads to the formation of 
a number of metabolites that are appreciated in some vinegars (Saichana 
et al., 2015). 

3.3. Volatile compounds 

In the present study, a total of 85 VOCs (Volatile Organic Com-
pounds) from different chemical families have been identified by Stir 
Bar Sorptive Extraction–Gas Chromatography–Mass Spectrometry 
(SBSE-GC-MS) in three kinds of prickly pear samples: juice, wine, and 
vinegar. The statistical differences between the prickly pear samples in 
terms of volatile composition were determined by Analysis of Variance 
(ANOVA, p < 0.05). As can be seen in Table 2, the majority of the vol-
atile compounds exhibited significant differences depending on the 
matrix. In this study, ethyl acetate was found to be the most abundant 
compound among the esters and it was the predominant compound in 
prickly pear wine and vinegar. This ester is produced from acetyl-CoA 
and ethanol, and its abundance in fermented beverages can affect the 
flavor of the final product (Herrero et al., 2006). The ethyl acetate is 
formed during the alcoholic fermentation caused by Saccharomyces 
cerevisiae (Nordström, 1961) which can explain its high concentration in 
the wine. On the contrary, during the acetification process, the con-
centration of ethyl acetate usually decreases due to its hydrolysis 
(Baena-Ruano et al., 2010). A significant reduction of some volatile 
compounds, such as hexanal, 1-pentanol, 3-hexen-1-ol, (Z)-, cyclo-
pentene, or β-citronellol, was noticed during the acetification process. 
Cejudo-Bastante et al. reported reductions during the production of 

Fig. 1. RFLP-PCR profiles of 16–23S rDNA ITS region of AAB strains. Restriction with HpaII (a) and HaeIII (b) enzymes were visualized on 2.5 % agarose gel 
electrophoresis. From line 1 to line 8: Acetobacter strains, lines 9 and 10 Gluconobacter strains. M= 100 bp. 

Table 1 
Acidity measurements of vinegar samples obtained by submerged culture and using two different AAB at different temperatures (N = 3). Analysis of the variance 
(ANOVA) taking into account the type of bacteria and the temperature employed. The values used for the ANOVA were those from the last cycle for each temperature 
and bacteria.   

Acetobacter malorum Gluconobacter oxydans ANOVA (Bacteria) 
Acidity (g acetic acid/100 mL) Acidity (g acetic acid/100 mL) 
Mean±SD Mean±SD p-value 

30 ◦C Cycle 1 
Cycle 2 
Cycle 3 
Cycle 4 

6.89 ± 0.06 
7.82 ± 0.04 
8.50 ± 0.00 
8.78 ± 0.04 

6.28 ± 0.03 
7.24 ± 0.07 
7.84 ± 0.07 
8.32 ± 0.09 

0.0012 

37 ◦C Cycle 1 
Cycle 2 
Cycle 3 
Cycle 4 

7.40 ± 0.09 
7.60 ± 0.09 
7.74 ± 0.06 
7.82 ± 0.12 

8.28 ± 0.12 
7.60 ± 0.15 
7.52 ± 0.17 
FS 

0.0568 

40 ◦C Cycle 1 
Cycle 2 

7.84 ± 0.09 
FS 

7.06 ± 0.15 
FS 

0.0015 

ANOVA (Temperature) p-value 0.0000 0.0001  

FS: fermentation stop 
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Table 2 
Mean relative areas and standard deviations for volatile compounds identified by SBSE-GC-MS in different prickly pear matrices (juice, wine, vinegar).  

Compounds RT (min) Juice Wine Vinegar ANOVA 

Mean±SD Mean±SD Mean±SD F ratio p-value 

ethyl acetate 8.89 0.3421 ± 0.0428 a 13.96 ± 1.17 b 2.234 ± 1.348 a 78.5 0.0000* 
1,3-dioxolane, 2,4,5-trimethyl- 11.72 ND 0.1049 ± 0.0517 0.3327 ± 0.4793 0.633 0.5462 
diacetyl 13.08 0.0055 ± 0.0003 ND 0.0035 ± 0.0083 0.275 0.7637 
isobutyl acetate 15.00 0.0058 ± 0.0002 0.0915 ± 0.0004 0.1147 ± 0.1215 0.817 0.4631 
hexanal 18.01 0.0110 ± 0.0001 b 0.0028 ± 0.0002 a 0.0023 ± 0.0012 a 52.1 0.0000* 
2-methyl-1-propanol 19.04 0.0022 ± 0.0004 a 0.0334 ± 0.0003 b 0.0146 ± 0.0109 ab 5.02 0.0242* 
isoamyl acetate 19.74 0.0555 ± 0.0161 0.8122 ± 0.0257 0.6198 ± 0.6553 0.930 0.4191 
acetic acid, pentyl ester 21.59 0.0321 ± 0.0017 0.0093 ± 0.0003 0.0703 ± 0.1238 0.304 0.7426 
2,6-dimethyl-4-heptanone 21.69 0.0062 ± 0.0005 0.0086 ± 0.0011 0.0108 ± 0.0247 0.038 0.9622 
2-methyl-1-butanol 23.11 0.0032 ± 0.0025 a 0.4001 ± 0.0296 b 0.0788 ± 0.0717 a 22.9 0.0001* 
3-methyl-1-butanol 23.24 0.0050 ± 0.0005 a 0.3833 ± 0.0314c 0.1176 ± 0.0599 b 25.8 0.0000* 
furan, 2-pentyl- 23.67 0.0068 ± 0.0009 b ND a ND a 645 0.0000* 
hexanoic acid, ethyl ester 23.85 0.0115 ± 0.0017 ab 0.0287 ± 0.0257 b 0.0069 ± 0.0074 a 4.22 0.0385* 
styrene 24.50 0.0015 ± 0.0002 0.0075 ± 0.0031 0.0051 ± 0.0024 3.30 0.0692 
1-pentanol 24.58 0.0039 ± 0.0001c 0.0025 ± 0.0002 b ND a 4923 0.0000* 
hexyl acetate 25.50 0.0460 ± 0.0055 0.0108 ± 0.0027 0.0487 ± 0.0726 0.277 0.7622 
acetoin 25.72 ND a ND a 0.2413 ± 0.0683 b 22.1 0.0001* 
acetol 26.08 0.0079 ± 0.0008 a 0.0489 ± 0.0150 b ND a 117 0.0000* 
2-octanone 26.12 0.0068 ± 0.0005 a 0.0132 ± 0.0031 ab 0.0293 ± 0.0107 b 5.96 0.0146* 
3-hexen-1-ol, acetate, (Z) 26.90 0.0054 ± 0.0000 ND 0.0009 ± 0.0027 3.17 0.0752 
e-3-hexenyl acetate 26.91 0.0054 ± 0.0001 0.0028 ± 0.0004 0.0012 ± 0.0029 2.22 0.1475 
2-hexen-1-ol, acetate, (E) 27.45 0.0304 ± 0.0032 b ND a ND a 1010 0.0000* 
ethyl lactate 27.55 0.0005 ± 0.0000 a 0.2038 ± 0.0148 ab 0.2208 ± 0.1043 b 4.53 0.0321* 
1-hexanol 28.14 0.0288 ± 0.0009 b 0.0334 ± 0.0028c ND a 2132 0.0000* 
3-hexen-1-ol, (E)- 28.41 0.0033 ± 0.0005 b 0.0046 ± 0.0021 b ND a 64.4 0.0000* 
3-hexen-1-ol, (Z)- 29.20 0.0025 ± 0.0003c 0.0022 ± 0.0001 b ND a 1,449 0.0000* 
2-hexen-1-ol, (E)- 29.89 0.0072 ± 0.0007 b ND a ND a 1,108 0.0000* 
acetic acid 30.79 0.0444 ± 0.0003 a 0.0503 ± 0.0043 a 0.4289 ± 0.1972 b 6.64 0.0103* 
2-octenal 31.31 0.0268 ± 0.0040 b ND a ND a 498 0.0000* 
octanoic acid, ethyl ester 31.46 ND a 0.1203 ± 0.0103 b 0.0006 ± 0.0015 a 1,249 0.0000* 
1-heptanol 31.82 0.0033 ± 0.0001 b 0.0056 ± 0.0008c ND a 617 0.0000* 
2,4-heptadienal, (E,E)- 32.29 0.0037 ± 0.0010 b ND a ND a 149 0.0000* 
cis-linalooloxide 32.61 0.0003 ± 0.0000 0.0013 ± 0.0005 0.0012 ± 0.0010 0.857 0.4468 
4-octenoic acid, ethyl ester, (Z)- 32.73 ND a 0.0041 ± 0.0001 b ND a 24,988 0.0000* 
1-hexanol, 2-ethyl- 33.05 0.0016 ± 0.0001 a 0.0097 ± 0.0009 ab 0.0120 ± 0.0054 b 3.76 0.0514 
cyclopentene 34.17 0.0012 ± 0.0001c 0.0011 ± 0.0001 b ND a 1472 0.0000* 
benzaldehyde 34.41 0.0012 ± 0.0001 a 0.0015 ± 0.0001 a 0.0045 ± 0.0021 b 4.14 0.0404* 
2,3-butanediol 34.67 0.0010 ± 0.0002 a 0.0059 ± 0.0008 ab 0.0090 ± 0.0040 b 4.25 0.0378* 
linalool 35.02 0.0190 ± 0.0007 a 0.0673 ± 0.0007 b 0.0106 ± 0.0068 a 69.9 0.0000* 
nonenal 35.14 0.0075 ± 0.0008 b ND a ND a 905 0.0000* 
isobutyric acid 35.40 0.0047 ± 0.0006 0.0221 ± 0.0012 0.0210 ± 0.0111 2.27 0.1421 
1-octanol 35.53 0.0079 ± 0.0006 b 0.0339 ± 0.0005c ND a 19,951 0.0000* 
trans-2-cis-6-nonadienal 36.82 0.0117 ± 0.0008 b 0.0314 ± 0.0023c ND a 1,975 0.0000* 
trans-2-decenol 37.43 0.0066 ± 0.0001 b ND a ND a 150,573 0.0000* 
butanoic acid 37.65 ND ND 0.0009 ± 0.0013 0.886 0.4357 
sulfide, allyl methyl 38.12 0.0022 ± 0.0001 0.0115 ± 0.0005 0.0084 ± 0.0077 0.949 0.4123 
decanoic acid, ethyl ester 38.82 ND a 0.0248 ± 0.0022 b ND a 1404 0.0000* 
isovaleric acid 39.17 ND a ND a 0.0713 ± 0.0372 b 6.51 0.0110* 
1-nonanol 39.23 0.0180 ± 0.0004 b 0.1010 ± 0.0064c ND a 2748 0.0000* 
butanedioic acid, diethyl ester 39.62 ND a 0.0166 ± 0.0007 b 0.0183 ± 0.0038 b 23.1 0.0001* 
trans, cis-2,6-nonadienyl acetate 40.23 0.0220 ± 0.0030 b ND a ND a 592 0.0000* 
α-terpineol 40.76 0.0048 ± 0.0001 a 0.0235 ± 0.0005 b 0.0117 ± 0.0037 a 15.5 0.0004* 
2-nonen-1-ol, (E)- 41.13 0.0518 ± 0.0029 b ND a 0.0009 ± 0.0009 a 1710 0.0000* 
cis-6-nonenol 41.22 0.0394 ± 0.0026 b 0.2145 ± 0.0073c 0.0012 ± 0.0017 a 5460 0.0000* 
benzyl acetate 41.59 0.0131 ± 0.0042 0.0046 ± 0.0002 0.0151 ± 0.0129 0.659 0.5335 
β-citronellol 42.96 0.1333 ± 0.0019c 0.0239 ± 0.0014 b 0.0041 ± 0.0020 a 3,836 0.0000* 
trans, cis-2,6-nonadien-1-ol 42.96 0.1340 ± 0.0011 b ND a 0.0001 ± 0.0003 a 79,529 0.0000* 
methyl salicylate 43.47 0.0196 ± 0.0012 b 0.0256 ± 0.0002c 0.0046 ± 0.0019 a 160 0.0000* 
ethyl phenylacetate 43.60 0.0027 ± 0.0000 a 0.0223 ± 0.0003 b 0.0153 ± 0.0038 b 16.7 0.0003* 
phenethyl acetate 44.78 0.0383 ± 0.0049 0.1995 ± 0.0011 0.2811 ± 0.2164 1.32 0.2997 
2,4-decadienal 44.98 0.0065 ± 0.0019 b ND a ND a 139 0.0000* 
β-damascenone 45.24 ND a 0.0075 ± 0.0048 b 0.0004 ± 0.0007 a 20.4 0.0001* 
hexanoic acid 45.41 0.0048 ± 0.0002 a 0.0119 ± 0.0012 a 0.0285 ± 0.0059 b 21.2 0.0001* 
geraniol 45.74 0.0067 ± 0.0004 a 0.0167 ± 0.0001 b 0.0062 ± 0.0030 a 12.1 0.0011* 
cis-geranylacetone 46.28 0.0018 ± 0.0002 a 0.0129 ± 0.0012 b 0.0056 ± 0.0031 a 8.16 0.0050* 
benzyl alcohol 46.58 0.0043 ± 0.0001 0.0072 ± 0.0001 0.0061 ± 0.0014 2.49 0.1212 
benzenepropanoic acid, ethyl ester 47.18 ND a 0.0420 ± 0.0018c 0.0094 ± 0.0037 b 90.4 0.0000* 
phenylethyl alcohol 47.88 0.0096 ± 0.0011 a 0.1723 ± 0.0041 b 0.1640 ± 0.0338 b 21.9 0.0001* 
3-phenyl-1-propanol, acetate 49.09 0.0038 ± 0.0015 0.0092 ± 0.0008 0.0107 ± 0.0094 0.535 0.5975 
2,4-decadien-1-ol 50.65 0.0030 ± 0.0004 b ND a ND a 699 0.0000* 
phenol 50.73 0.0012 ± 0.0004 a 0.0045 ± 0.0008 b 0.0038 ± 0.0012 b 4.74 0.0283* 
4-hydroxynonanoic acid lactone 52.19 0.0225 ± 0.0014 0.0315 ± 0.0003 0.0329 ± 0.0168 0.393 0.6823 
benzenepropanol 52.31 ND a 0.0046 ± 0.0004 b 0.0027 ± 0.0012 b 8.79 0.0038* 

(continued on next page) 
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orange vinegar in both surface and submerged cultures for some similar 
compounds such as β-citronellol (Cejudo-Bastante et al., 2018). A sig-
nificant increment in certain VOCs, such as acetoin, isovaleric acid, 
hexanoic acid, acetic acid, benzaldehyde, or dihydromethyl jasmonate 
was observed as the juice turned into vinegar. Similar results have been 
reported in the production of lemon vinegar by submerged culture, in 
which significant increases were observed during the acetic fermenta-
tion process (Leonés et al., 2019). The hydrolysis of ethyl esters, such as 
ethyl acetate, hexanoic acid ethyl ester, ethyl cinnamate, and octanoic 
acid ethyl ester, took place during the acetification process because of 
the active oxidation of the ethanol by the AAB. The concentration 
registered for most volatile compounds decreased as the medium turned 
from prickly pear wine into prickly pear vinegar. Many compounds are 
usually degraded during acetic fermentation, and this phenomenon is 
more pronounced when submerged culture acetification process is 
employed, due to the higher yield achieved (Luzón-Quintana et al., 
2021). These results are in agreement with those obtained by other 
authors, who found a significant loss of volatile compounds during the 
submerged acetification of tomato wine (Cejudo-Bastante et al., 2017) 
and lemon wine (Leonés et al., 2019). The same process was observed 
during the submerged acetification of Sherry wines (Morales et al., 

2001). 
The data obtained were submitted to a multivariate statistical study 

(Principal Component Analysis, PCA), which revealed the presence of 9 
PCs that could explain 96.95 % of the total variability (eigenvalue > 1).  
Fig. 2 represents the distribution of the samples on the plane formed by 
the first two PCs. As can be seen, PC1 separated the juice from the wine 
and the vinegar samples, whereas PC2 allowed to distinguish the wine 
samples from the juice and the vinegar ones. The volatile compounds 
that contributed more and with a greater influence on PC1 were as 
follows: beta-citronellol, trans, cis-2,6-nonadien-1-ol, trans-2-decenol, 2- 
nonen-1-ol, (E)-, and 2-octenoic acid. Regarding PC2, the compounds 
that showed a stronger influence were as follows: γ-dodecalactone, 
linalool, octanoic acid ethyl ester, 4-octenoic acid ethyl ester (Z)-, dec-
anoic acid ethyl ester, and thymol. 

To confirm these results, the data were also submitted to a hierar-
chical agglomeration cluster analysis (Fig. 3). The squared Euclidean 
distance as metric and the Ward method as the amalgamation rule were 
employed to set up the clusters. As illustrated by the dendrogram, four 
groups were obtained: the first group agglomerated the wine samples, 
the second one comprised the juice and vinegar produced by A. malorum 
at 30 ◦C and 37 ◦C, the third group included the vinegars produced by 

Table 2 (continued ) 

Compounds RT (min) Juice Wine Vinegar ANOVA 

Mean±SD Mean±SD Mean±SD F ratio p-value 

octanoic acid 52.57 0.0275 ± 0.0023 a 0.1683 ± 0.0031 b 0.1458 ± 0.0311 b 16.3 0.0003* 
ethyl cinnamate 55.18 ND a 0.0135 ± 0.0000c 0.0034 ± 0.0010 b 129 0.0000* 
cinnamyl acetate 55.67 0.0030 ± 0.0007 0.0010 ± 0.0001 0.0025 ± 0.0083 0.039 0.9616 
nonanoic acid 55.92 0.0136 ± 0.0003 a 0.0817 ± 0.0008 b 0.0628 ± 0.0255 b 4.84 0.0267* 
thymol 56.40 0.0027 ± 0.0001 a 0.0146 ± 0.0003c 0.0051 ± 0.0011 b 80.1 0.0000* 
2-octenoic acid 56.43 0.0042 ± 0.0004 b ND a ND a 1354 0.0000* 
decanoic acid 59.15 0.0253 ± 0.0118 a 0.1164 ± 0.0007 b 0.0475 ± 0.0271 a 7.86 0.0058* 
2-nonenoic acid 59.62 0.0089 ± 0.0007 b 0.0016 ± 0.0004 a 0.0015 ± 0.0017 a 19.8 0.0001* 
dihydromethyl jasmonate 59.95 ND a ND a 0.0051 ± 0.0028 b 5.74 0.0163* 
ɣ-dodecalactone 63.08 0.0136 ± 0.0031 a 0.0530 ± 0.0008 b 0.0100 ± 0.0055 a 61.1 0.0000* 
dodecanoic acid 66.58 0.0166 ± 0.0086 0.1231 ± 0.0053 0.0626 ± 0.0665 1.53 0.2524 
tetradecanoic acid 78.46 0.0052 ± 0.0004 0.0123 ± 0.0014 0.0090 ± 0.0059 0.835 0.4556  

* Values are significantly different at p < 0.05. Different letters in the same row indicate significant differences according to Tukey’s test; ND: Not detected. 

Fig. 2. : PCA on volatile compounds. Distribution of all samples onto the plane defined by the first two PCs. J: prickly pear juice; W: prickly pear wine; V A30 / V A37 
/ V A40: prickly pear vinegar produced by Acetobacter malorum at 30 ◦C, 37 ◦C, and 40 ◦C; V G30 / V G37 / V G40: prickly pear vinegar produced by Gluconobacter 
oxydans at 30 ◦C, 37 ◦C, and 40 ◦C. 
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G. oxydans at 37 ◦C and at 40 ◦C together with those produced by 
A. malorum at 40 ◦C, and the last group contained the vinegar produced 
by G. oxydans at 30 ◦C. This distribution revealed that the first group 
(wine) presented a more distinctive volatile composition compared to 
the other groups. In the case of the vinegar samples (V), it seemed that 
both AAB species and fermentation temperatures had a clear influence 
on volatile compounds content, which is in agreement with the grouping 
observed. 

Table 3 shows the mean values and the results from the analysis of 
variance (ANOVA) of the data on volatile compounds in the vinegar 
samples according to temperature. It can be seen that the abundance of 
approximately half the identified volatile compounds was significantly 
affected (p < 0.05) by the fermentation temperature. It can be observed 
that the abundance of some of the volatile compounds, especially esters 
(isobutyl acetate, isoamyl acetate, benzyl acetate, phenethyl acetate, 
and 3-phenyl-1-propanol acetate) in the vinegar produced at 30 ◦C was 
higher than their abundance in the vinegars obtained at 37 ◦C and 40 ◦C. 
This could be explained by the evaporation of these compounds at 
higher temperatures or could also be related to the incapacity of AAB to 
produce large amounts of these compounds at high temperatures. It is a 
fact that above 30 ◦C bacterial damage and volatile compounds evapo-
ration are increased, which in turn may affect the yield and quality of the 
final vinegar. It seems clear that the content of some VOCs, and 
particularly some acids, such as: nonanoic acid, decanoic acid, 2-none-
noic acid, dodecanoic acid, and tetradecanoic acid, in the vinegar pro-
duced at 37 ◦C was significantly higher compared to the values 
measured in the vinegars produced at 30 ◦C or 40 ◦C. On the other hand, 
the abundance levels of some terpenes such as geraniol, linalool and also 
dihydromethyl jasmonate were similar in the vinegar produced at 30 ◦C 
and 37 ◦C. The optimal temperature for AAB growth is generally be-
tween 25 and 30 ◦C, whereas they can tolerate temperatures up to 40 ◦C 
(Es-sbata et al., 2020). As it has been reported in other studies, this fact 
could allow to improve the productivity of the process by slightly 
increasing the fermentation temperature. Other authors proposed the 
implementation of a temperature gradient during the acetification pro-
cess as a suitable solution to reduce the loss of volatile compounds and to 

favor the oxidation process (Fregapane et al., 2001). In their study the 
researchers observed that the total productivity of acetic acid when a 
temperature gradient was applied (from 30 ◦C to 32 ◦C) increased by 
approximately 20 % with respect to a regular isothermal acetification 
process at 30 ◦C. 

In order to determine the impact from different AABs on the volatile 
composition of the vinegar, the prickly pear wine was fermented by 
A. malorum and G. oxydans into acetic acid through a semi-continuous 
process in a bioreactor at laboratory scale. Table 4 shows the impact 
of the AAB strains on the volatile composition of the prickly pear vine-
gars. As can be seen, despite the considerable influence from the AAB 
strains on the volatile composition of the vinegars, it was not as signif-
icant as that from temperature, and only some of the compounds studied 
were affected by the use of the different species of AAB. Nevertheless, 
the content of certain compounds such as 1,3-dioxolane 2,4,5-trimethyl- 
; 2-methyl-1-propanol; acetic acid pentyl ester; 2-methyl-1-butanol; 
hexyl acetate; ethyl lactate; cis-6-nonenol; beta-citronellol; β-dam-
ascenone, thymol; and γ-dodecalactone was higher in the vinegars 
produced by G. oxydans compared to those vinegars produced by 
A. malorum. Only the abundance levels of just three volatile compounds, 
namely butanoic acid, isovaleric acid, and 4-hydroxynonanoic acid 
lactone were higher in the vinegars produced by A. malorum than in 
those produced by G. oxydans. This may explain the distinctive flavor 
that Gluconobacter gives to vinegars as a result of its capacity to oxidize 
ethanol under acidic conditions (Saeki, 1993). 

3.4. Phenolic compounds 

In this study, a total of 17 polyphenolic compounds have been 
identified in prickly pear samples of different types: juice, wine and 
vinegar. The data were submitted to analysis of variance (ANOVA, 
p < 0.05) to determine the statistical differences between polyphenolic 
compounds content and prickly pear sample types. Table 5 shows the 
mean concentrations of the studied polyphenolic compounds depending 
on the matrix. During the acetification by submerged culture, 9 of the 17 
compounds maintained similar concentration levels throughout the 

Fig. 3. Cluster analysis of volatile compounds of prickly pear samples. J: prickly pear juice; W: prickly pear wine; V A30 / V A37 / V A40: prickly pear vinegar 
produced by Acetobacter malorum at 30 ◦C, 37 ◦C, and 40 ◦C; V G30 / V G37 / V G40: prickly pear vinegar produced by Gluconobacter oxydans at 30 ◦C, 37 ◦C, 
and 40 ◦C. 
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Table 3 
Mean relative areas and standard deviations for volatile compounds identified 
by SBSE-GC-MS in prickly pear vinegars produced at 30 ◦C, 37 ◦C and 40 ◦C. 
Analysis of the variance (ANOVA).  

Compounds 30 ◦C 37 ◦C 40 ◦C ANOVA 

Mean±SD Mean±SD Mean±SD F 
ratio 

p- 
value 

ethyl acetate 2.758 
± 2.118 

1.591 
± 0.8577 

2.354 
± 0.7165 

0.734 0.5065 

1,3-dioxolane, 
2,4,5-trimethyl- 

0.0972 
± 0.1057 

0.1950 
± 0.2104 

0.7060 
± 0.7085 

2.30 0.1559 

diacetyl 0.0106 
± 0.0124 

0.0000 
± 0.0000 

0.0000 
± 0.0000 

2.92 0.1048 

isobutyl acetate 0.2390 
± 0.1474 
b 

0.0595 
± 0.0228 
a 

0.0455 
± 0.0281 
a 

6.06 0.0215 
* 

hexanal 0.0030 
± 0.0006 
b 

0.0011 
± 0.0012 
a 

0.0027 
± 0.0008 
ab 

5.27 0.0305 
* 

2-methyl-1- 
propanol 

0.0152 
± 0.0103 

0.0208 
± 0.0103 

0.0079 
± 0.0104 

1.58 0.2574 

isoamyl acetate 1.351 
± 0.6837 
b 

0.3321 
± 0.1217 
a 

0.1760 
± 0.0773 
a 

10.0 0.0051 
* 

acetic acid, pentyl 
ester 

0.0037 
± 0.0046 

0.0697 
± 0.1379 

0.1375 
± 0.1588 

1.21 0.3414 

2,6-dimethyl-4- 
heptanone 

0.0289 
± 0.0391 

ND 0.0033 
± 0.0067 

1.90 0.2037 

2-methyl-1-butanol 0.0661 
± 0.0692 

0.0790 
± 0.0851 

0.0914 
± 0.0799 

0.104 0.9019 

3-methyl-1-butanol 0.1387 
± 0.0259 

0.1161 
± 0.0860 

0.0979 
± 0.0630 

0.416 0.6715 

hexanoic acid, ethyl 
ester 

0.0069 
± 0.0081 
ab 

0.0137 
± 0.0025 
b 

ND a 7.76 0.0110 
* 

styrene 0.0065 
± 0.0024 

0.0058 
± 0.0018 

0.0030 
± 0.0016 

3.43 0.0777 

hexyl acetate 0.0330 
± 0.0630 

0.0275 
± 0.0533 

0.0855 
± 0.0988 

0.741 0.5033 

acetoin 0.2719 
± 0.1074 

0.2079 
± 0.0520 

0.2443 
± 0.0108 

0.860 0.4551 

2-octanone 0.0401 
± 0.0050 
b 

0.0238 
± 0.0065 
a 

0.0240 
± 0.0108 
a 

5.71 0.0250 
* 

3-hexen-1-ol, 
acetate, (Z) 

0.0028 
± 0.0044 

ND ND 1.61 0.2512 

E-3-hexenyl acetate 0.0037 
± 0.0043 

ND ND 2.98 0.1014 

ethyl lactate 0.1384 
± 0.0874 

0.2372 
± 0.0951 

0.2869 
± 0.0890 

2.78 0.1144 

acetic acid 0.4603 
± 0.2053 

0.3124 
± 0.1890 

0.5140 
± 0.1886 

1.15 0.3582 

octanoic acid, ethyl 
ester 

0.0019 
± 0.0022 

ND ND 2.80 0.1129 

cis-linalooloxide 0.0009 
± 0.0010 

0.0021 
± 0.0008 

0.0008 
± 0.0009 

2.43 0.1430 

2-ethyl-1-hexanol 0.0118 
± 0.0038 

0.0155 
± 0.0042 

0.0085 
± 0.0064 

2.03 0.1870 

benzaldehyde 0.0037 
± 0.0011 

0.0041 
± 0.0015 

0.0057 
± 0.0030 

0.994 0.4071 

2,3-butanediol 0.0073 
± 0.0020 

0.0114 
± 0.0052 

0.0081 
± 0.0037 

1.27 0.3259 

linalool 0.0145 
± 0.0043 
b 

0.0139 
± 0.0055 
b 

0.0035 
± 0.0045 
a 

6.61 0.0171 
* 

isobutyric acid 0.0299 
± 0.0147 

0.0140 
± 0.0055 

0.0192 
± 0.0059 

2.80 0.1128 

butanoic acid 0.0007 
± 0.0008 

0.0013 
± 0.0021 

0.0008 
± 0.0010 

0.229 0.7999 

sulfide, allyl methyl 0.0178 
± 0.0047 
b 

0.0057 
± 0.0017 
a 

0.0017 
± 0.0012 
a 

31.4 0.0001 
* 

isovaleric acid 0.0577 
± 0.0186 

0.0725 
± 0.0602 

0.0837 
± 0.0255 

0.443 0.6552 

butanedioic acid, 
diethyl ester 

0.0154 
± 0.0029 

0.0195 
± 0.0040 

0.0201 
± 0.0034 

2.18 0.1689 

α-terpineol 2.80 0.1129  

Table 3 (continued ) 

Compounds 30 ◦C 37 ◦C 40 ◦C ANOVA 

Mean±SD Mean±SD Mean±SD F 
ratio 

p- 
value 

0.0122 
± 0.0023 

0.0142 
± 0.0023 

0.0088 
± 0.0046 

2-nonen-1-ol, (E)- 0.0014 
± 0.0008 
b 

ND a 0.0014 
± 0.0006 
b 

7.20 0.0136 
* 

cis-6-nonenol 0.0005 
± 0.0006 

0.0006 
± 0.0007 

0.0023 
± 0.0027 

1.45 0.2840 

benzyl acetate 0.0276 
± 0.0052 
b 

0.0155 
± 0.0123 
ab 

0.0022 
± 0.0017 
a 

10.7 0.0042 
* 

β-citronellol 0.0034 
± 0.0023 

0.0058 
± 0.0008 

0.0031 
± 0.0016 

3.26 0.0856 

trans, cis-2,6- 
nonadien-1-ol 

ND ND 0.0004 
± 0.0005 

2.41 0.1443 

methyl salicylate 0.0052 
± 0.0019 

0.0056 
± 0.0017 

0.0028 
± 0.0008 

3.85 0.0618 

ethyl phenylacetate 0.0116 
± 0.0032 
a 

0.0172 
± 0.0033 
b 

0.0172 
± 0.0016 
b 

5.29 0.0302 
* 

phenethyl acetate 0.5091 
± 0.1818 
b 

0.2305 
± 0.1546 
a 

0.1037 
± 0.0099 
a 

9.04 0.0070 
* 

β-damascenone 0.0005 
± 0.0006 

0.0008 
± 0.0009 

ND 1.53 0.2661 

hexanoic acid 0.0270 
± 0.0028 

0.0293 
± 0.0105 

0.0292 
± 0.0024 

0.165 0.8504 

geraniol 0.0082 
± 0.0011 
b 

0.0075 
± 0.0026 
b 

0.0030 
± 0.0022 
a 

7.33 0.0129 
* 

cis-geranylacetone 0.0064 
± 0.0020 
ab 

0.0078 
± 0.0027 
b 

0.0026 
± 0.0021 
a 

5.52 0.0272 
* 

benzyl alcohol 0.0055 
± 0.0014 

0.0062 
± 0.0018 

0.0066 
± 0.0013 

0.507 0.6184 

benzenepropanoic 
acid, ethyl ester 

0.0093 
± 0.0038 

0.0119 
± 0.0025 

0.0071 
± 0.0038 

1.96 0.1953 

phenylethyl alcohol 0.1378 
± 0.0225 
a 

0.1575 
± 0.0334 
ab 

0.1966 
± 0.0129 
b 

6.00 0.0221 
* 

3-phenyl-1- 
propanol, acetate 

0.0197 
± 0.0120 
b 

0.0072 
± 0.0038 
ab 

0.0051 
± 0.0012 
a 

4.65 0.0410 
* 

phenol 0.0033 
± 0.0007 

0.0041 
± 0.0008 

0.0039 
± 0.0020 

0.430 0.6632 

4-hydroxynonanoic 
acid lactone 

0.0218 
± 0.0022 

0.0426 
± 0.0216 

0.0343 
± 0.0164 

1.78 0.2222 

benzenepropanol 0.0026 
± 0.0007 

0.0023 
± 0.0009 

0.0031 
± 0.0019 

0.434 0.6608 

octanoic acid 0.1377 
± 0.0270 

0.1685 
± 0.0332 

0.1312 
± 0.0255 

1.92 0.2018 

ethyl cinnamate 0.0030 
± 0.0012 

0.0043 
± 0.0007 

0.0030 
± 0.0005 

2.96 0.1026 

cinnamyl acetate 0.0074 
± 0.0143 

ND ND 1.06 0.3837 

nonanoic acid 0.0636 
± 0.0301 
ab 

0.0834 
± 0.0095 
b 

0.0412 
± 0.0139 
a 

4.49 0.0442 
* 

thymol 0.0045 
± 0.0013 

0.0060 
± 0.0007 

0.0048 
± 0.0010 

2.45 0.1406 

decanoic acid 0.0472 
± 0.0329 
ab 

0.0700 
± 0.0144 
b 

0.0252 
± 0.0079 
a 

4.45 0.0452 
* 

2-nonenoic acid 0.0014 
± 0.0016 
ab 

0.0032 
± 0.0010 
b 

ND a 8.39 0.0088 
* 

dihydromethyl 
jasmonate 

0.0063 
± 0.0010 
b 

0.0073 
± 0.0023 
b 

0.0018 
± 0.0007 
a 

15.5 0.0012 
* 

ɣ-dodecalactone 0.0089 
± 0.0056 

0.0138 
± 0.0049 

0.0073 
± 0.0047 

1.81 0.2183 

dodecanoic acid 0.0692 
± 0.0782 
ab 

0.1151 
± 0.0413 
b 

0.0037 
± 0.0017 
a 

4.81 0.0379 
* 

(continued on next page) 
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process. A previous work on the phenolic composition of prickly pear 
fruits showed that gallic acid, 3,4-dihydroxybenzoic acid, and rutin were 
the dominant compounds (Juhaimi et al., 2020). A small number of 
phenolic compounds such as, gallic acid, catechin, syringic acid, 
p-coumaric acid, naringenin and quercetin have been also determined in 
Tunisian prickly pear vinegar produced by traditional homemade pro-
cedures (Ben Hammouda et al., 2021). The polyphenol profiles of 
prickly pear beverages like juice, wine or vinegar, depend on certain 
parameters such as, environmental conditions, plant genotypes, matu-
rity stages of the fruits, harvesting time, storage time and storage 
method or food processing procedures (Kahramanoğlu et al., 2020). In 
the present study, the concentration of some of such polyphenolic 
compounds such as hydroxy-tyrosol, ethyl gallate, hesperidin, nar-
ingenin and p-hydroxybenzoic acid was higher in the juice and 
decreased as it was transformed into wine or vinegar. As can be seen in 
Table 5, tyrosol was the main phenolic compound in prickly pear juice 
followed by hesperidin and p-hydroxybenzoic acid. The concentration of 
tyrosol was not significantly affected by the vinegar production process 
and remained invariable in the prickly pear samples. This component 
was also found as the major component in several commercial aroma-
tized vinegars (Cejudo-Bastante et al., 2012). Vanillic acid was the only 
phenolic compound that was exclusively detected in prickly pear vine-
gar. However, other compounds, such as m-coumaric acid disappeared 
as the medium transformed from prickly pear juice into prickly pear 
vinegar. 

The data obtained were submitted to a multivariate statistical study 
(principal component analysis, PCA) to determine the compounds that 
presented the greatest variability in the prickly pear samples. The 
analysis revealed the presence of 3 PCs that could explain 85.48 % of the 
total variability (eigenvalues > 1). PC1 and PC2 accounted, respectively, 
for 43.2 % and 28.5 % of the total variability. Fig. 4 shows that PC2 
separated the different samples according to their matrix. The com-
pounds that contributed the most to PC2 were hydroxy-tyrosol, ethyl 
gallate, m-coumaric acid, and p-hydroxybenzoic acid. 

Numerous studies have investigated the phenolic composition of 
juices, wines, and vinegars, but scarce information has been found on 
the influence of the acetification conditions on the phenolic composition 
of vinegar (Hornedo-Ortega et al., 2017). Table 6 presents the impact 
from temperature on the phenolic composition of prickly pear vinegars. 
As can be seen, 14 compounds were identified, and the concentration of 
8 of them were significantly affected (p < 0.05) by their fermentation 
temperature. Catechin was the only compound that presented a lower 
concentration when the fermentation temperature went up from 30 ◦C 
to 40 ◦C. On the other hand, the concentration levels of p-coumaric acid, 
ferulic acid, quercetin, and cinnamic acid significantly increased when 
the acetification temperature was increased. In a previous study carried 
out using different bacteria inocula and temperatures in the production 
of prickly pear vinegar by surface culture was also observed an increase 
in many phenolic compounds as the value of temperature was increased 
(Es-sbata et al., 2020). A possible hypothesis could be that these com-
pounds were produced and/or released during the fermentation process 
from other compounds, perhaps other higher molecular weight phenolic 
compounds, and that it was favored at high temperature. More studies 
should be carried out in order to confirm this possible explanation. It can 
be therefore said that increasing the acetification temperature does not 

Table 3 (continued ) 

Compounds 30 ◦C 37 ◦C 40 ◦C ANOVA 

Mean±SD Mean±SD Mean±SD F 
ratio 

p- 
value 

tetradecanoic acid 0.0092 
± 0.0056 
ab 

0.0147 
± 0.0022 
b 

0.0031 
± 0.0016 
a 

10.2 0.0048 
*  

* Values are significantly different at p < 0.05. For each row, different letters 
indicate significant differences (Tukey’s test); ND: not detected. 

Table 4 
Mean relative areas and standard deviations for volatile compounds identified 
by SBSE-GC-MS in prickly pear vinegars produced by two different AAB. Anal-
ysis of variance (ANOVA).  

Compounds Acetobacter 
malorum 

Gluconobacter 
oxydans 

ANOVA 

Mean±SD Mean±SD F 
ratio 

p-value 

ethyl acetate 1.605 
± 1.086 

2.864 ± 1.368 3.11 0.1081 

1,3-dioxolane, 2,4,5- 
trimethyl- 

0.0379 
± 0.0437 a 

0.6275 
± 0.5431 b 

7.02 0.0243 * 

diacetyl ND 0.0071 
± 0.0110 

2.45 0.1482 

isobutyl acetate 0.0586 
± 0.0443 

0.1707 
± 0.1515 

3.02 0.1128 

hexanal 0.0022 
± 0.0018 

0.0023 
± 0.0004 

0.004 0.9506 

2-methyl-1-propanol 0.0075 
± 0.0063 a 

0.0217 
± 0.0100 b 

8.71 0.0145 * 

isoamyl acetate 0.3714 
± 0.3193 

0.8681 
± 0.8335 

1.85 0.2028 

acetic acid, pentyl ester ND a 0.1406 
± 0.1479 b 

5.42 0.0421 * 

2,6-dimethyl-4- 
heptanone 

0.0034 
± 0.0083 

0.0181 
± 0.0339 

1.07 0.3241 

2-methyl-1-butanol 0.0287 
± 0.0061 a 

0.1290 
± 0.0723 b 

11.4 0.0069 * 

3-methyl-1-butanol 0.0682 
± 0.0409 

0.1670 
± 0.0189 

28.8 0.0003 * 

hexanoic acid, ethyl 
ester 

0.0042 
± 0.0064 

0.0096 
± 0.0077 

1.77 0.2121 

styrene 0.0045 
± 0.0027 

0.0057 
± 0.0020 

0.709 0.4194 

hexyl acetate ND a 0.0974 
± 0.0768 b 

9.64 0.0111 * 

acetoin 0.2781 
± 0.0756 

0.2046 
± 0.0361 

4.61 0.0573 

2-octanone 0.0285 
± 0.0100 

0.0302 
± 0.0122 

0.072 0.7931 

3-hexen-1-ol, acetate, 
(Z) 

ND 0.0019 
± 0.0037 

1.52 0.2454 

E-3-hexenyl acetate ND 0.0025 
± 0.0038 

2.48 0.1457 

ethyl lactate 0.1450 
± 0.0724 a 

0.2966 
± 0.0699 b 

13.6 0.0042 * 

acetic acid 0.4229 
± 0.2226 

0.4349 
± 0.1895 

0.010 0.9217 

octanoic acid, ethyl 
ester 

ND 0.0013 
± 0.0020 

2.37 0.1541 

cis-linalooloxide 0.0013 
± 0.0012 

0.0012 
± 0.0010 

0.033 0.8578 

2-ethyl-1-hexanol 0.0116 
± 0.0031 

0.0123 
± 0.0073 

0.047 0.8317 

benzaldehyde 0.0041 
± 0.0014 

0.0049 
± 0.0026 

0.396 0.5430 

2,3-butanediol 0.0092 
± 0.0042 

0.0087 
± 0.0040 

0.050 0.8269 

linalool 0.0071 
± 0.0048 

0.0142 
± 0.0070 

4.07 0.0711 

isobutyric acid 0.0230 
± 0.0156 

0.0190 
± 0.0044 

0.368 0.5572 

butanoic acid 0.0018 
± 0.0013 b 

ND a 11.9 0.0061 * 

sulfide, allyl methyl 0.0076 
± 0.0053 

0.0093 
± 0.0099 

0.138 0.7179 

isovaleric acid 0.0938 
± 0.0390 b 

0.0489 
± 0.0176 a 

6.59 0.0280 * 

butanedioic acid, 
diethyl ester 

0.0167 
± 0.0045 

0.0200 
± 0.0024 

2.40 0.1518 

α-terpineol 0.0111 
± 0.0026 

0.0123 
± 0.0048 

0.299 0.5960 

2-nonen-1-ol, (E)- 0.0012 
± 0.0010 

0.0007 
± 0.0008 

1.00 0.3388 

cis-6-nonenol ND a 0.0023 
± 0.0018 b 

9.71 0.0109 * 

benzyl acetate 0.399 0.5414 

(continued on next page) 
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reduce the phenolic compounds levels in the vinegars in general. Given 
that vinegars with a greater phenolic content could be produced at 
higher temperatures, cooling costs could be reduced while healthier 
vinegars would be obtained. 

Table 7 presents the mean concentrations and standard deviations of 
the phenolic compounds identified in the prickly pear vinegar produced 
by submerged culture using two different AAB previously isolated from 
prickly pear fruit. 8 out of the 14 identified compounds were signifi-
cantly influenced by the starter culture. As can be seen, the concentra-
tion levels of those compounds (catechin, tyrosol, hesperidin, p- 
coumaric acid, ferulic acid, quercetin, cinnamic acid, and p- 

hydroxybenzoic) were higher in the vinegars produced by Acetobacter 
malorum compared to those detected in the vinegars produced by Glu-
conobacter oxydans. On the other hand, the rest of the identified com-
pounds were not affected by the fact of using different AAB species as the 
starter culture. A previous study reported that Acetobacter species were 
more efficient for acetic acid production than Gluconobacter and Gluco-
nacetobacter species, and this difference was explained by the higher 
stability of the Alcohol Dehydrogenase (ADH) activity, under acidic 
conditions, in Acetobacter species (Matsushita et al., 1994). 

Kim et al. (2021) found that, on the one hand, yeast and acetic acid 
bacteria strain and, on the other, the temperature of the alcoholic 
fermentation and that of the acetic fermentation have an effect on the 
production of the final metabolites in tomato vinegar, which suggests 
that the content levels of each metabolite in the final vinegar could be 
adjusted to the desired level by controlling the fermentation conditions. 
Lee et al. (2019) observed that the final composition of a Kujippong 
(Cudrania tricuspidata) vinegar depended on the specific Acetobacter 
pasteurianus strain employed. 

4. Conclusions 

In this study, 85 individual volatile compounds from different fam-
ilies and 17 polyphenolic compounds have been identified in prickly 
pear (O. ficus-indica) vinegars. The AAB used have been identified as 
Acetobacter malorum and Gluconobacter oxydans. The vinegars’ volatile 
compounds concentration levels were significantly affected by 

Table 4 (continued ) 

Compounds Acetobacter 
malorum 

Gluconobacter 
oxydans 

ANOVA 

Mean±SD Mean±SD F 
ratio 

p-value 

0.0175 
± 0.0113 

0.0126 
± 0.0150 

β-citronellol 0.0031 
± 0.0018 

0.0051 
± 0.0018 

3.61 0.0863 

trans, cis-2,6-nonadien- 
1-ol 

ND 0.0003 
± 0.0005 

2.11 0.1762 

methyl salicylate 0.0039 
± 0.0014 

0.0053 
± 0.0022 

1.81 0.2077 

ethyl phenylacetate 0.0150 
± 0.0054 

0.0156 
± 0.0013 

0.066 0.8020 

phenethyl acetate 0.2749 
± 0.1345 

0.2873 
± 0.2914 

0.008 0.9269 

β-damascenone ND a 0.0009 
± 0.0007 b 

8.73 0.0144 * 

hexanoic acid 0.0308 
± 0.0077 

0.0262 
± 0.0023 

1.92 0.1952 

geraniol 0.0052 
± 0.0037 

0.0072 
± 0.0021 

1.36 0.2697 

cis-geranylacetone 0.0063 
± 0.0028 

0.0049 
± 0.0034 

0.531 0.4829 

benzyl alcohol 0.0069 
± 0.0014 

0.0053 
± 0.0011 

4.69 0.0554 

benzenepropanoic 
acid, ethyl ester 

0.0081 
± 0.0026 

0.0108 
± 0.0044 

1.75 0.2142 

phenylethyl alcohol 0.1717 
± 0.0344 

0.1563 
± 0.0344 

0.603 0.4551 

3-phenyl-1-propanol, 
acetate 

0.0085 
± 0.0060 

0.0128 
± 0.0122 

0.607 0.4537 

phenol 0.0040 
± 0.0016 

0.0036 
± 0.0008 

0.277 0.6102 

4-hydroxynonanoic 
acid lactone 

0.0426 
± 0.0196 b 

0.0233 
± 0.0033 a 

5.62 0.0392 * 

benzenepropanol 0.0025 
± 0.0010 

0.0028 
± 0.0015 

0.264 0.6179 

octanoic acid 0.1373 
± 0.0421 

0.1543 
± 0.0134 

0.892 0.3671 

ethyl cinnamate 0.0029 
± 0.0011 

0.0039 
± 0.0005 

3.57 0.0879 

cinnamyl acetate ND 0.0049 
± 0.0117 

1.06 0.3274 

nonanoic acid 0.0499 
± 0.0264 

0.0756 
± 0.0182 

3.85 0.0780 

thymol 0.0044 
± 0.0012 a 

0.0058 
± 0.0006 b 

6.78 0.0263 * 

decanoic acid 0.0342 
± 0.0258 

0.0608 
± 0.0230 

3.55 0.0887 

2-nonenoic acid 0.0008 
± 0.0012 

0.0022 
± 0.0019 

2.48 0.1462 

dihydromethyl 
jasmonate 

0.0057 
± 0.0033 

0.0045 
± 0.0025 

0.477 0.5054 

ɣ-dodecalactone 0.0061 
± 0.0042 a 

0.0139 
± 0.0036 b 

11.8 0.0062 * 

dodecanoic acid 0.0350 
± 0.0534 

0.0903 
± 0.0709 

2.32 0.1583 

tetradecanoic acid 0.0074 
± 0.0067 

0.0107 
± 0.0051 

0.914 0.3614 

* Values are significantly different at p < 0.05. For each row, different letters 
indicate significant differences (Tukey’s test); ND: not detected. 

Table 5 
Mean concentrations (mg/L) and standard deviations for phenolic compounds 
identified by UPLC-DAD in different prickly pear matrices (juice, wine, and 
vinegar). Analysis of variance (ANOVA).  

Compounds Juice Wine Vinegar ANOVA 

Mean 
±SD 

Mean 
±SD 

Mean 
±SD 

F ratio p- 
value 

gallic acid 1.52 
± 0.04 

1.24 
± 0.01 

1.61 
± 0.46 

0.664 0.5208 

hydroxy-tyrosol 4.35 
± 0.18c 

1.67 
± 0.15 b 

ND a 13,192 0.0000 
* 

epigallocatechin ND 5.93 
± 0.17 

5.19 
± 3.45 

2.35 0.1094 

catechin ND a ND a 4.49 
± 2.80 b 

4.91 0.0129 
* 

tyrosol 57.2 
± 2.5 

42.4 
± 1.7 

51.7 
± 14.6 

0.583 0.5670 

vanillic acid ND a ND a 1.09 
± 0.37 b 

16.7 0.0000 
* 

syringic acid 1.66 
± 0.08 

1.70 
± 0.04 

1.80 
± 0.54 

0.101 0.9089 

ethyl gallate 3.58 
± 0.23c 

1.91 
± 0.16 b 

ND a 6833 0.0000 
* 

m-coumaric acid 0.56 
± 0.01 b 

ND a ND a 224,415 0.0000 
* 

hesperidin 15.0 
± 3.6 b 

4.39 
± 0.03 a 

7.62 
± 2.31 a 

11.9 0.0001 
* 

naringenin 4.57 
± 0.88 b 

2.48 
± 0.01 a 

3.62 
± 0.77 
ab 

3.73 0.0334 
* 

protocatechualdehyde 0.957 
± 0.031 

1.29 
± 0.03 

1.36 
± 0.22 

3.20 0.0521 

p-coumaric acid ND ND 0.682 
± 0.673 

1.95 0.1563 

ferulic acid 1.36 
± 0.07 

1.34 
± 0.01 

1.39 
± 0.33 

0.031 0.9670 

quercetin 1.30 
± 0.44 

1.13 
± 0.12 

1.082 
± 0.306 

0.512 0.6025 

cinnamic acid ND 0.0481 
± 0.0207 

0.108 
± 0.090 

1.80 0.1797 

p-hydroxybenzoic 
acid 

9.87 
± 0.47 b 

1.33 
± 0.16 a 

1.64 
± 0.56 a 

214 0.0000 
*  

* Values are significantly different at p < 0.05. For each row, different letters 
indicate significant differences (Tukey’s test); ND: not detected. 
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fermentation temperature, with, in general, higher abundances at lower 
temperatures. Few significant differences in their volatile profiles were 
observed regardless of the AAB species used. Contrarily, most phenolic 

compounds concentration levels were significantly increased as the 
acetification temperature was increased. Moreover, it was observed that 
the concentration of the majority of phenolic compounds in Acetobacter 
malorum vinegars were higher than in Gluconobacter oxydans vinegars. It 
seems clear that changes in the fermentation conditions for prickly pear 
vinegar production can have a significant impact on their polyphenolic 
and volatile composition, with a significant effect of acetification tem-
perature on them and with a noteworthy influence of bacterium strain 
on the phenolic composition of the acetic product obtained. Given 
Morocco’s considerable production of prickly pear, elaborating quality 
vinegar seems to be a suitable exploitation alternative that would 

Fig. 4. PCA on phenolic compounds. Distribution of all the samples onto the plane defined by the first two PCs. J: prickly pear juice; W: prickly pear wine; v- prickly 
pear vinegar. 

Table 6 
Mean concentrations (mg/L) and standard deviations for phenolic compounds 
identified by UPLC-DAD in prickly pear vinegars produced at 30 ◦C, 37 ◦C and 
40 ◦C. Analysis of variance (ANOVA).  

Compounds 30 ◦C 37 ◦C 40 ◦C ANOVA 

Mean±SD Mean 
±SD 

Mean 
±SD 

F 
ratio 

p- 
value 

gallic acid 1.57 
± 0.57 

1.52 
± 0.21 

1.92 
± 0.48 

0.944 0.4031 

epigallocatechin 5.67 
± 3.27 b 

2.88 
± 1.80 a 

9.29 
± 2.64 b 

10.5 0.0003 
* 

catechin 6.77 
± 2.42c 

3.14 
± 0.46 b 

1.57 
± 2.19 a 

43.1 0.0000 
* 

tyrosol 48.3 
± 13.1 

50.3 
± 10.3 

64.3 
± 21.5 

1.55 0.2286 

vanillic acid 0.975 
± 0.338 

1.07 
± 0.27 

1.45 
± 0.46 

2.80 0.0767 

syringic acid 2.10 
± 0.58 b 

1.50 
± 0.26 a 

1.71 
± 0.55 
ab 

6.89 0.0035 
* 

hesperidin 6.91 
± 1.80 

7.45 
± 1.74 

9.92 
± 3.43 

2.70 0.0834 

naringenin 3.30 
± 0.73 

3.70 
± 0.41 

4.32 
± 1.09 

3.21 0.0546 

protocatechualdehyde 1.30 
± 0.22 

1.35 
± 0.15 

1.54 
± 0.31 

1.56 0.2265 

p-coumaric acid ND a 1.10 
± 0.18 b 

1.53 
± 0.50c 

245 0.0000 
* 

ferulic acid 1.28 
± 0.22 a 

1.35 
± 0.26 a 

1.78 
± 0.48 b 

5.62 0.0084 
* 

quercetin 1.03 
± 0.26a 

0.984 
± 0.156 
a 

1.46 
± 0.43 b 

5.55 0.0089 
* 

cinnamic acid 0.0340 
± 0.0331 
a 

0.143 
± 0.061 
b 

0.221 
± 0.088c 

49.8 0.0000 
* 

p-hydroxybenzoic 
acid 

1.85 
± 0.48 b 

1.29 
± 0.39 a 

1.90 
± 0.73 
ab 

8.82 0.0010 
*  

* Values are significantly different at p < 0.05. For each row, different letters 
indicate significant differences (Tukey’s test); ND: not detected. 

Table 7 
Mean concentrations (mg/L) and standard deviation for phenolic compounds 
identified by UPLC-DAD in prickly pear vinegars produced by two different AAB. 
Analysis of variance (ANOVA).  

Compounds Acetobacter 
malorum 

Gluconobacter 
oxydans 

ANOVA 

Mean±SD Mean±SD F 
ratio 

p-value 

gallic acid 1.60 ± 0.37 1.62 ± 0.56 0.528 0.4751 
epigallocatechin 5.49 ± 3.70 4.81 ± 3.19 1.46 0.2369 
catechin 5.22 ± 3.12 b 3.58 ± 2.09 a 15.3 0.0005 

* 
tyrosol 54.3 ± 15.2 b 48.5 ± 13.5 a 4.54 0.0414 

* 
vanillic acid 1.14 ± 0.38 1.03 ± 0.36 2.11 0.1565 
syringic acid 1.78 ± 0.37 1.82 ± 0.71 0.801 0.3789 
hesperidin 8.14 ± 2.53 b 6.97 ± 1.89 a 5.88 0.0215 

* 
naringenin 3.72 ± 0.83 3.50 ± 0.70 3.94 0.0564 
protocatechualdehyde 1.39 ± 0.23 1.32 ± 0.22 3.86 0.0587 
p-coumaric acid 0.836 ± 0.756 

b 
0.490 ± 0.513 a 30.1 0.0000 

* 
ferulic acid 1.48 ± 0.37 b 1.27 ± 0.25 a 12.8 0.0012 

* 
quercetin 1.15 ± 0.32 b 0.994 ± 0.274 a 12.0 0.0016 

* 
cinnamic acid 0.138 ± 0.108 

b 
0.0695 ± 0.0382 
a 

29.6 0.0000 
* 

p-hydroxybenzoic 
acid 

1.90 ± 0.53 b 1.32 ± 0.42 a 23.3 0.0000 
*  

* Values are significantly different at p < 0.05. For each row, different letters 
indicate significant differences (Tukey’s test); ND: not detected. 
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substantially avoid any deadweight losses due to surplus and would 
positively contribute to the country’s economy. 
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