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Aroma Compound Evolution during Fermentation

Niël van Wyk 1,2,†
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Microorganisms involved in the fermentation process play a significant role in shaping
the aromatic characteristics of the final food product. During fermentation, various precur-
sor compounds undergo transformation into aroma-active compounds due to microbial
activity. Understanding the timing, mechanisms, and reasons behind the release of these
compounds is essential to ensuring the consistent development of fermentation products,
such as wine or beer, with well-defined aroma profiles.

The aim of the Special Edition titled “Aroma Compound Evolution during Fermen-
tation” was to present new investigations conducted in this field. The edition featured
ten publications (nine original research papers and one review) covering diverse topics.
Special mention should be given to papers focusing on the aroma profiles of non-traditional
foodstuffs [1–3].

Wine-related studies included:
Badura et al. [4] investigated apiculate yeasts belonging to the Hanseniaspora genus in

simultaneous inoculations with Saccharomyces cerevisiae during grape must fermentation.
Aroma profiles were compared, and distinct differences were observed between the two
lineages of Hanseniaspora, impacting the final product. The study also revealed that specific
Hanseniaspora species esterify citronellol into citronellyl acetate, which is a significant aroma
molecule.

Guittin et al. [5] implemented an online monitoring system to measure acetaldehyde
during wine fermentation, emphasizing the role of temperature in the dynamic produc-
tion of this critical yeast fermentation metabolite, which affects wine quality, including
its aroma.

Gottardi et al. [6] compared the performance of seven S. cerevisiae strains on a pilot
scale (0.9 hL) and highlighted significant differences among the strains. The study aimed
to simulate wine fermentations more closely to real-world scenarios than small-scale
laboratory experiments.

Vicente et al. [7] used two popular non-Saccharomyces yeasts, Schizosaccharomyces pombe
and Lachancea thermotolerans, in a sequential wine fermentation with S. cerevisiae. The study
demonstrated that these yeasts not only dramatically influenced the final aroma profile but
also converted malic acid into less tart lactic acid, resulting in the expected organic acid
modulation.

Agarbati et al. [8] investigated the use of another non-Saccharomyces yeast, Metschnikovia
pulcherrima, in wine fermentation. The addition of this yeast altered the wine aroma and
also had a meaningful impact on the biocontrol of the wild microflora population.

Beer-related study:
Roberts et al. [9] explored geraniol, an important hops-derived terpene that imparts a

floral aroma to beer. The study used two different measuring techniques and demonstrated
that geraniol can undergo transformation into several different compounds during beer
fermentation.

Non-conventional fermentations:

Fermentation 2023, 9, 797. https://doi.org/10.3390/fermentation9090797 https://www.mdpi.com/journal/fermentation1
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Liu et al. [2] reported on the aroma compounds that are produced during the fermen-
tation of lamb liver paste. Hung et al. [1] showed what effect the addition of starter cultures
like Bacillus subtilis and S. cerevisiae can have on the analytical and sensory composition
of seaweed. With the addition of the basidiomycete Laetiporus persicinus to cocoa pulp,
Klis et al. [3] showed that this fungus produced several interesting aromas that imparted
tropical notes to the fermented product. Finally, Meneses Queral et al. [10] wrote a review
discussing the aroma compounds that are present during the fermentation process of cocoa.

Overall, these studies contribute valuable insights into the evolution of aroma dur-
ing fermentation, enhancing our understanding of the factors influencing the aromatic
characteristics of fermented food and beverage products.
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University. The Hesse State Ministry of Higher Education, Research and the Arts for the Hesse initiative
for scientific and economic excellence (LOEWE) in the framework of AROMAplus (https://www.
hs-geisenheim.de/aromaplus/) (accessed on 28 August 2023) and the Macquarie-led national Centre
of Excellence in Synthetic Biology funded by the Australian Government thorough its agency, the
Australian Research Council are thanks for funding.
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Effects of Fermentation on the Physicochemical Properties and
Aroma of Lamb Liver Paste

Ting Liu 1, Taiwu Zhang 1, Lirong Yang 1, Yanni Zhang 1, Letian Kang 1, Le Yang 1, Yujia Zhai 2, Ye Jin 1,

Lihua Zhao 1 and Yan Duan 1,*

1 College of Food Science and Engineering, Inner Mongolia Agricultural University, 306 Zhaowuda Road,
Hohhot 010018, China

2 Institute of Product Quality Inspection, Inner Mongolia Autonomous Region, Shihua Road,
Hohhot 010070, China

* Correspondence: duanyan@imau.edu.cn

Abstract: The probiotic fermentation of lamb liver paste is a new method with which to utilize sheep
by-products and address the issue of waste. In this study, a pH meter, chromaticity meter, texture
analyzer, and gas chromatograph–mass spectrometer (GC–MS) were used to determine various
indicators. The objective was to investigate the effect of fermentation on the physical properties
and aroma of lamb liver paste. The results showed that the L* (brightness), a* (redness), and b*
(yellowness) of the samples were significantly higher in the starter fermentation group than in the
other two groups after storage for 0, 1, 7, 14, 21, and 28 days (p < 0.05). In addition, cohesiveness,
adhesion, and chewiness were lower in the starter fermentation group after 7 days (p < 0.05). TVB-N
and fat were lower in the starter fermentation group compared to the sterilization group at 28 days.
pH was significantly lower in the starter fermentation group at the beginning of storage, and lactic
acid bacteria numbers were significantly higher than in the sterilization groups (p < 0.05). Important
aroma compounds, such as 2-undecenal, 1-octen-3-ol, and anethole, were significantly higher in the
starter fermentation group than in the sterilization group (p < 0.05). Fermented lamb liver paste is a
new by-product that exhibits a high degree of freshness and a low degree of fat oxidation during
storage. This study provides a theoretical basis for future industrial production.

Keywords: lamb liver; by-product; GC–MS; texture; volatile compounds

1. Introduction

Lamb meat is tender, tasty, unique in flavor, rich in nutrients, and loved by consumers.
It also contributes to sustainable development in animal husbandry and the meat industry.
The high demand for lamb has led to an increase in the production of sheep by-products.
However, these by-products have not been efficiently utilized, resulting in great economic
losses in animal husbandry and negative impacts on the ecological environment. A low
comprehensive utilization rate of sheep by-products, a lack of product variety, and resource
waste are problems associated with the process of animal slaughter. To address these issues,
animal liver is worthy of attention in terms of converting animal by-products into valuable
animal products. The vitamin (vitamin B2, vitamin C, and vitamin A), mineral (trace
element selenium) [1,2], and other nutrient contents in animal liver are higher than those in
milk, eggs, meat, fish, and other foods. The nutrients in lamb liver are components of many
enzymes and coenzymes in human biochemical metabolism, which accelerate the body’s
metabolism, relieve visual fatigue, and enhance the body’s immunity [3–5]. Consequently,
fermented products can both alleviate these problems and provide benefits to the body.

Fermentation technology refers to the artificial application of methods (conditions
such as temperature and pH) to control microorganisms (bacteria, yeast, etc.) to use organic
matter as a medium for fermentation. The addition of probiotics induces host digestive pro-
tease and peptidase activity and also improves the absorption of small peptides and amino

Fermentation 2022, 8, 676. https://doi.org/10.3390/fermentation8120676 https://www.mdpi.com/journal/fermentation3
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acids in the organism by improving epithelial absorption and enhancing translocation [6].
Moreover, endogenous meat enzyme activity, microbial growth, and lipid oxidation reac-
tions are partly responsible for the production of many aroma and carrion compounds [7].
Studies have found that, when lactic acid bacteria are added to fermented sausages, their
metabolites (lactic acid, formic acid, acetic acid, etc.) give the product a special sour fla-
vor [8,9]. Casaburi used two strains with differing abilities to decompose protein and fat
as starter cultures to make fermented sausage. The experiment proved that both strains
improved the nutritional quality of fermented sausage [10]. Antara found that after mix-
ing Lactobacillus plantarum and Pediococcus lactis into sausages, the control of enterotoxin
production by metabolizing lactic acid extended the shelf life of fermented sausages [11].
The Xing TK study showed that the addition of lactic acid bacteria and Staphylococcus
significantly promoted the accumulation of free amino acids during the fermentation of
beef jerky sausage [12]. In summary, the fermentation technology used for meat products
is sophisticated, but there are few reports on the fermentation of by-products.

Microorganisms decompose sugars to produce acids, reducing the pH value of meat
products. The rapid production of lactic acid, resulting in a decrease in pH, inhibits
the growth of pathogenic and spoilage microorganisms and prolongs the shelf life of
fermented foods. The pH value is often used to measure the maturity of fermented meat
products and indicates the fermentation stage according to the evaluation index. This is
used to establish the best fermentation time for the fermented product. In addition, other
metabolites, such as lactic acid, acetic acid, propionic acid, benzoic acid, hydrogen peroxide,
and bacteriocins, improve food safety [13]. Therefore, with the continuous improvement of
comprehensive animal liver processing technology, animal liver will eventually be utilized
to its full potential. Therefore, this experiment investigated the effects of fermentation
on the probiotic count, texture, and aroma of lamb liver paste. The fermented lamb liver
paste in this study had a pleasant aroma and represents a high-value sheep by-product.
Moreover, it increases the variety of sheep by-products available, which will act to reduce
waste in this industry.

2. Materials and Methods

2.1. Preparation of Fermented Lamb Liver Paste (Basic Recipe and Process Flow)

The preparation of goat liver paste refers to the “Liver Paste” product in the GOST
12319-77 standard report [14]. (1) Trimming: Raw lamb livers were trimmed for membranes,
bile ducts, and other inclusions, and rinsed of blood. (2) Maceration: Trimmed lamb livers
were macerated in 1% salt water for 3 h. (3) Pickling: According to the recipe (salt 2.5%,
sugar 2%, Chinese rice cooking wine 3%, sodium nitrite 50 mg/kg, and vitamin C 0.05%),
the livers were pickled at 0–4 ◦C for 12 h. (4) Cooking: The pickled lamb livers were cooked
for 8–10 min (star anise 0.05%, pepper 0.05%, chili 0.1%, cinnamon 0.1%, dahurica 0.1%,
garlic 0.5%, and fresh ginger 0.5%), and then placed on a rack to cool at room temperature.
(5) Mixing: The cooled lamb livers were cut into pieces, and the small pieces were put into a
ZB-40 chopper (Ruiheng Food Machinery Factory) for grinding. Spices (five-spice powder
0.3%, black pepper powder 0.2%, ginger powder 0.2%, salt 1.5%, sugar 1.5%, and corn
starch 4%), emulsifier 3% (glycerol monostearate: sodium caseinate = 1:1), thickening agent
5% (sodium carboxymethyl cellulose: β-cyclodextrin = 4:1), ice water 40%, corn germ oil
9%, and starter culture 0.02% were continually added during mixing. (6) Fermentation and
storage: The mixed filling was fermented in a humidity chamber at a constant temperature
(39 ◦C, 7 h) to obtain the finished product, which was vacuum packed and stored at 4 ◦C in
a refrigerator.

2.2. Experimental Design Grouping of Mutton Liver Paste during Storage

Starter fermentation group (SF): 0.02% starter F-1 Bactoferm® (Staphylococcus xylosus
DD-34 and Pediococcus pentosaceus PCFF-1, Chr. Hansen Holding A/S, Hørsholm, Denmark)
was added to basic formula lamb liver paste before fermenting in a humidity box at a
constant temperature (39 ◦C, 7 h). Natural fermentation group (NF): basic formula lamb
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liver paste with no starter culture added was fermented in a humidity box at a constant
temperature (39 ◦C, 7 h). Sterilization treatment group (ST): the basic formula was sterilized
at a high temperature (121 ◦C, 10 min) without adding the starter culture.

The changes in microbes and physicochemical indexes of the three lamb liver paste
groups were compared on day 0, the 1st day, 7th day, 14th day, 21st day, and 28th day of
storage. In order to explore the quality changes in the lamb liver paste during storage, the
most suitable storage period was selected to provide a theoretical basis.

2.3. Indicator Measurement
2.3.1. Microbial Analysis

Under sterile conditions on an ultraclean bench (Haier Co., Ltd., Qindao, China), 25 g
of the sample was weighed from the middle of the saucer, added to 225 mL of sterile
physiological saline, vigorously shaken for 30 min, and then diluted in gradient after
mixing. The appropriate dilution was selected for pouring into agar medium plates, and
after culturing at 37 ◦C for 48 h, a count was performed. PCA medium (plate counting agar
medium) was used to measure the total number of colonies. PCA medium ingredients:
tryptone 5.0 g, yeast extract 2.5 g, glucose 1.0 g, agar 15.0 g, distilled water 1000 mL,
and pH 7.0 ± 0.2. MRS medium (de Man, Rogosa, and Sharpe medium) was used to
measure the number of lactic acid bacteria. MRS medium: ingredients: peptone 10.0 g,
beef paste 10.0 g, yeast paste 5.0 g, diammonium hydrogen citrate [(NH4)2HC6H5O7]
2.0 g, glucose (C6H12O6-H2O) 20.0 g, Tween 80 1.0 mL, sodium acetate (CH3COONa-
3H2O) 5.0 g, dipotassium hydrogen phosphate (K2HPO4-3H2O) 2.0 g, magnesium sulfate
(MgSO4-7H2O) 0.58 g, manganese sulfate (MnSO4-H2O) 0.25 g, agar 18.0 g, distilled water
1000 mL, and pH 6.4 ± 0.2.

2.3.2. Determination of Physical and Chemical Indicators

pH value: The pH value was measured following the method described by Perea-Sanz
et al. [15]. Using a portable pH meter (PB-10, Zhicheng Analytical Instrument Manufactur-
ing Co., Ltd., Shanghai, China), which was calibrated in buffers with pH 4.60 and 7.00, each
sample was measured three times. Triplicates were taken. Each 25 g sample was mixed
with 225 mL of normal saline and shaken for 30 min, and the pH value was measured with
a pH meter.

Color: Meat color was measured using a CR-410 chromometer (Konica Minolta, Tokyo,
Japan). Standard white plate parameters were used for calibration (D65 light source;
Y = 92.6, x = 0.3162, y = 0.3324). Lightness (L*), redness (a*), and yellowness (b*) values of
each sample were measured, and the mean values were regarded as the product color [16].

Water activity (Aw): The Aw value was determined with an HD-3A intelligent water
activity meter (Huake Instrument Co., Ltd., Wuxi, China).

Textural properties: The lamb liver paste was placed in a 4 cm cylindrical model and
arranged into a cylindrical shape. We referred to the texture profile analysis method of
Omana et al. [17] and used the TA.XT Express Stable Micro Systems Texture Analyser
(Stable Micro systems Ltd., Godalming, UK). The setting parameters of the texture analyzer
were as follows: “TPA” setting mode, the strain area was 50%, and the aluminum cylinder
probe (diameter 36 mm) was used for double compression cycle test. The compression
cycle of each sample lasts for 5 s, the test speed was 1.5 mm/s, and the lamb liver paste was
measured in three cycles. The hardness, elasticity, cohesion, adhesiveness, and chewiness
of each group of samples were assessed in parallel in the three groups. The parameters
were quantified when the product regained its original position [16].

A simple summary of the procedure for TVB-N should be included [18]. Three parallel
groups were formed for each group of samples. First, 10 g of goat liver paste was transferred
into a distillation tube. Then, 75 mL distilled water was added and homogenized for 30 min.
Next, 1 g of magnesium oxide was added to the distillation tube containing the treated
sample. Finally, TVB-N content was determined by automatic Kjeldahl nitrogen analyzer
(Kjeltec 8200, FOSS, Hilleroed, Denmark).
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Thiobarbituric acid-reactive substances (TBARS): According to the method described
by Gong et al. [19], lipid oxidation was determined by TBARS. Then, 10 g liver samples
were collected and ground, 50 mL of 7.5% trichloroacetic acid was added (containing
0.1% EDTA), the mixture was shaken for 30 min, and the resulting product was filtered
twice with double-layer filter paper. Thereafter, 5 mL of supernatant was aspirated with a
pipette and added to 5 mL of 0.02% MTBA solution. This was then heated in a water bath at
90 ◦C for 40 min. The heated sample was cooled, centrifuged for 5 min (16,000 r/min), and
then, after 1 h, 5 mL of chloroform was added to the supernatant, and it was well shaken.
After standing for stratification, the supernatant was assessed by colorimetry at 532 and
600 nm. TBARS content was expressed as mg malonaldehyde (MDA) per kg liver paste.

TBARS (mg/kg) = (A532−A600)/155 × (1/10) × 72.6 × 1000

Nutritional indicators: The moisture, protein, and fat content of the samples were
determined according to the method described by Perea-Sanz et al. [15]. Three groups of
parallel tests were carried out for each group of samples.

2.4. Analysis of Volatile Compounds

The vacuum-preserved lamb liver paste was removed from the 4 ◦C refrigerator, 5 g of
the sample was placed into a 20 mL sample bottle, and 5 mL of saturated sodium chloride
solution and 1 μL of 2-methyl-3-heptanone solution (0.168 μg/mL) were added. The mixed
sample was placed in the rotor, shaken, and placed on a magnetic stirrer. The extraction
head was inserted into the sample bottle at a distance of 1 cm from the sample and removed
after adsorption at 60 ◦C for 45 min. Then, the GC injection port was inserted, and the
sample underwent desorption at 250 ◦C for 4 min.

Referring to the method by Luo et al. [20], analyses were performed on a Trace
1300 Series GC gas chromatograph fitted with an ISQ mass spectrometer and a Xcalibur
ChemStationa (Thermo Fisher Scientific, Waltham, MA, USA). A DB-5 chromatographic
column (TR-5MS 30 m × 0.25 mm, film thickness 0.25 μm) with Helium as the carrier
gas was used for the gas chromatograph–mass spectrometer (GC–MS) determination of
volatile aroma components. The carrier gas flow rate was 1.0 mL/min, and the temperature
of the inlet and the interface was 250 ◦C. Heating program: The initial temperature was
40 ◦C. This was maintained for 3 min, increased to 150 ◦C at 4 ◦C /min, and then held for
1 min before increasing to 200 ◦C at 5 ◦C/min, again increasing to 230 ◦C at 20 ◦C/min,
and holding for 5 min, with no split injection. The ion source temperature was 250 ◦C,
the transmission line temperature was 250 ◦C, the mass scanning range was m/z 30–400,
and the solvent delay was 1 min. The mass spectrum was qualitatively analyzed with
MEANLIB (MathWorks, Inc., R2006a), library database (NIST MS Search Program 2.0),
and Wiley Library, and the matching degree was greater than 98% as the identification
basis. Additionally, 2-Methyl-3-heptanone was selected to be the internal standard for
the determination of volatile flavor compounds. Quantitative analyses were carried out
according to the peak area of 2-methyl-3-heptanone of known mass concentration.

2.5. Data Analysis

An analysis of variance (ANOVA) test and Pearson correlation analysis were per-
formed using the Statistical Package for the Social Science (SPSS Inc., version 26.0). Values
are expressed as mean ± standard deviation (RSD). p-values less than 0.05 were considered
statistically significant. The origin version from 2021 developed by OriginLab was used for
mapping. PCA diagrams were drawn using the R Programming Language “factoextra” (R
version 4.1.1).

3. Results

3.1. The Total Number of Colonies and the Number of Lactic Acid Bacteria

Changes in the total number of colonies during storage of lamb liver paste are shown
in Figure 1A and Table S1. On day 0 of storage, the total number of colonies in the SF group
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was significantly higher than in the other two groups (p < 0.05), while the total number of
colonies in the ST group in each storage period was significantly lower (p < 0.05). On the
28th day of storage, the total number of colonies in the three groups significantly increased
(p < 0.05), and the total number of colonies in the ST group was significantly lower than in
the other two groups (p < 0.05).

Figure 1. The changing trend of the total number of colonies and the number of lactic acid bacteria in
lamb liver paste during the storage period. Note: yellow represents the natural fermentation group
(NF); blue represents the starter fermentation group (SF); red represents the sterilization group (ST).
(A) represents the change of the total colony number of the lamb liver paste with the storage time,
and (B) represents the change of the lactic acid bacteria colony count of the lamb liver paste with the
storage time.

The number of lactic acid bacteria during the storage of lamb liver paste is shown
in Figure 1B and Table S2. During the whole storage period, the number of lactic acid
bacteria in the ST group was significantly lower than in the other two groups (p < 0.05). The
high-temperature treatment inhibited the activity of lactic acid bacteria, and the number of
lactic acid bacteria in the SF group was significantly higher than in the NF group on the 1st
day. The SF group and NF group had more lactic acid bacteria than the ST group.

3.2. pH Value

Acidic metabolites reduce the pH of the fermented product and increase the acidity of
the product. As can be seen from Figure 2 and Table S3, after the 1st day of fermentation,
the pH value of the SF group was 4.32, which was significantly lower than that of the other
two groups (p < 0.05). The pH value of the SF group changed less during the storage period.
In the NF group, the pH value decreased rapidly from 5.89 to 4.43 on the 7th day and then
leveled off. There was no significant change in pH in the ST group (p > 0.05).
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Figure 2. Change trend of pH value of lamb liver paste during storage period. Note: yellow
represents the natural fermentation group (NF); blue represents the starter fermentation group (SF);
red represents the sterilization group (ST).

3.3. Aw Value

Changes in the Aw value of lamb liver paste during storage are shown in Figure 3 and
Table S4. The changing trend of the Aw value of the three groups of lamb liver paste is the
same. During the whole storage process, there was no significant change in the Aw value
of lamb liver paste in the three groups, and the Aw value was around 0.86.

Figure 3. Change trend of Aw value of lamb liver paste during storage period. Note: yellow
represents the natural fermentation group (NF); blue represents the starter fermentation group (SF);
red represents the sterilization group (ST).
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3.4. Chromatic Properties

The changes in L*, a*, and b* during the storage process of lamb liver paste are shown
in Figure 4. Figure 4A and Table S5 show the increase in L* in the NF group and the SF
group with the prolongation of storage time. The ST group had a significantly lower L*
than other groups on the 28th day (p < 0.05). Figure 4B and Table S6 show that the a* values
of lamb liver paste in the three groups did not change on day 0. The a* of the SF group was
significantly higher than those of the other two groups, and the a* of the NF group was
significantly higher than that of the ST group after 1 day of storage (p < 0.05). With the
increase in storage time (Figure 4C and Table S7), the b* of lamb liver paste in the three
groups also increased. The b* of the SF group was significantly higher than in the other
two groups (p < 0.05).

Figure 4. Change trend of color difference (a*, b*, L*) of lamb liver paste during storage period. Note:
yellow represents the natural fermentation group (NF); blue represents the starter fermentation group
(SF); red represents the sterilization group (ST). (A) represents the change of the Lightness value (L*)
of the lamb liver paste with the storage time, (B) represents the change of the Redness value (a*) of
the lamb liver paste with the storage time, and (C) represents the change of the Yellowness value (b*)
of the lamb liver paste with the storage time.

3.5. Texture

The textural properties reflect the tissue structure and physical state of lamb liver
paste. The textural properties of lamb liver paste throughout the storage period are shown
in Table 1. The hardness, elasticity, cohesion, adhesiveness, and chewiness of the SF group
were significantly higher than the other two groups on day 0 (p < 0.05). The adhesion of
the SF group was significantly higher than the other two groups on the 1st day (p < 0.05),
and there was no significant difference in the other indicators (p > 0.05). The elasticity,
cohesiveness, adhesiveness, and chewiness of the sterilization group were significantly
higher than the other two groups on the 7th day and 14th day of storage (p < 0.05). With
the prolongation of the storage period, there was no significant difference in elasticity
among the three groups on the 21st day and 28th day (p > 0.05). Cohesion, adhesion, and
chewiness were significantly higher in the ST group (p < 0.05), but there was no significant
difference between the NF group and the SF group.
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Table 1. Differences in the texture of lamb liver paste during storage.

Groups 0 d 1 d 7 d 14 d 21 d 28 d

Hardness/g
NF-group 1770.55 ± 67.60 Bb 1963.21 ± 26.12 Aa 1621.91 ± 119.71 Bb 1592.06 ± 45.13 Bc 1367.97 ± 47.51 Cc 1353.04 ± 52.84 Cb

SF-group 1963.45 ± 37.48 ABa 2054.15 ± 55.98 Aa 2017.42 ± 47.64 Aa 1870.76 ± 25.70 Bb 1472.28 ± 12.69 Cb 1409.58 ± 26.61 Cb

ST-group 1844.84 ± 41.44 Cab 1964.04 ± 13.45 BCa 2097.47 ± 55.96 Ba 2056.36 ± 92.52 Ba 2262.87 ± 27.78 Aa 2348.97 ± 73.99 Aa

Elasticity
NF-group 0.18 ± 0.01 Ab 0.18 ± 0.01 Aa 0.15 ± 0.01 Ab 0.16 ± 0.03 Aab 0.17 ± 0.05 Aa 0.13 ± 0.02 Aa

SF-group 0.30 ± 0.05 Aa 0.19 ± 0.02 Ba 0.14 ± 0.01 Bb 0.12 ± 0.02 Bb 0.14 ± 0.04 Ba 0.18 ± 0.04 Ba

ST-group 0.18 ± 0.01 Ab 0.18 ± 0.02 Aa 0.18 ± 0.01 Aa 0.17 ± 0.01 Aa 0.18 ± 0.01 Aa 0.19 ± 0.02 Aa

Cohesiveness
NF-group 0.14 ± 0.02 Ab 0.12 ± 0.01 ABa 0.09 ± 0.01 BCb 0.08 ± 0.01 Cb 0.08 ± 0.00 Cb 0.08 ± 0.01 Cb

SF-group 0.19 ± 0.02 Aa 0.12 ± 0.01 Ba 0.10 ± 0.01 Cab 0.09 ± 0.00 Cb 0.09 ± 0.01 Cb 0.08 ± 0.00 Cb

ST-group 0.15 ± 0.01 Ab 0.12 ± 0.00 Ba 0.12 ± 0.00 Ba 0.13 ± 0.01 ABa 0.12 ± 0.00 Ba 0.13 ± 0.01 ABa

Adhesion
NF-group 261.05 ± 8.48 Ab 227.93 ± 3.04 Bc 152.57 ± 10.05 CDc 160.30 ± 11.51 Cb 127.43 ± 14.35 DEb 107.15 ± 8.17 Eb

SF-group 374.55 ± 8.42 Aa 268.12 ± 5.58 Ba 199.36 ± 4.94 Cb 167.51 ± 2.11 Db 121.36 ± 1.52 Eb 116.24 ± 1.62 Eb

ST-group 256.90 ± 1.39 CDb 242.28 ± 5.13 Db 251.53 ± 2.21 Da 283.36 ± 8.57 ABa 274.28 ± 1.60 BCa 296.84 ± 14.48 Aa

Chewiness
NF-group 49.89 ± 1.76 Aab 41.09 ± 1.41 Aa 23.47 ± 3.33 Bb 23.35 ± 5.25 Bb 22.53 ± 8.58 Bb 14.85 ± 1.19 Bb

SF-group 58.71 ± 7.13 Aa 49.99 ± 7.10 Aa 28.51 ± 0.28 Bab 21.34 ± 2.02 BCb 15.79 ± 3.52 Cb 15.68 ± 0.81 Cb

ST-group 44.91 ± 0.92 Ab 41.87 ± 1.98 Aa 41.24 ± 8.24 Aa 51.39 ± 8.47 Aa 42.42 ± 2.02 Aa 41.85 ± 7.55 Aa

Uppercase letters denote significant differences in the same row; lowercase letters denote significant differences in
the same column and the same metric.

3.6. TVB-N Value

The TVB-N value during the storage of lamb liver paste is shown in Figure 5 and
Table S8. TVB-N values represent the freshness of the food, and a higher TVB-N content
indicates higher amino acid destruction. The TVB-N value of the NF group was significantly
higher than those of the other two groups on the 1st day of storage (p < 0.05). The TVB-N
value of the SF group and the ST group were significantly higher than that of the NF group
after 7 days (p < 0.05). After the 28th day, the TVB-N value of the SF group was lower than
those of the other two groups.

Figure 5. Variation trend of TVB-N value during storage of lamb liver paste. Note: yellow repre-
sents the natural fermentation group (NF); blue represents the starter fermentation group (SF); red
represents the sterilization group (ST).

3.7. TBARS Value

The TBARS value indicates the degree of fat oxidation according to the amount of
malondialdehyde—a secondary product—that is formed by fat oxidation. Fat oxidation
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causes spoilage and deterioration of meat quality and reduces the storability of meat. The
higher the TBARS value, the higher the degree of fat oxidation and the greater the spoilage
of the meat. The changes in TBARS values during the storage of lamb liver paste are
shown in Figure 6 and Table S9. The TBARS values of the three groups decreased during
processing and storage with increasing time. The TBARS values were significantly higher
in the NF group than in the other two groups on the 1st day and significantly lower on the
14th day (p < 0.05).

Figure 6. Variation trend of TBARS value during storage of lamb liver paste. Note: yellow repre-
sents the natural fermentation group (NF); blue represents the starter fermentation group (SF); red
represents the sterilization group (ST).

3.8. Basic Nutritional Indicators
3.8.1. Moisture Content

The moisture content of lamb liver paste during storage is shown in Figure 7A and
Table S10. The moisture content of the three groups was similar for all storage days (p > 0.05).

Figure 7. Changes in the basic nutritional quality of lamb liver paste during storage. Note: yellow
represents the natural fermentation group (NF); blue represents the starter fermentation group (SF);
red represents the sterilization group (ST). (A) represents the change of the moisture content of the
lamb liver paste with the storage time, (B) represents the change of the protein content of the lamb
liver paste with the storage time, and (C) represents the change of the fat content of the lamb liver
paste with the storage time.
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3.8.2. Protein Content

The protein content of lamb liver paste during storage is shown in Figure 7B and Table
S11. The protein content of the ST group was significantly lower than that of the NF group
and the fermentation group throughout the storage period (p < 0.05). The protein content
of the NF group was significantly higher than that of the SF group and ST group (p < 0.05).

3.8.3. Fat Content

The fat content of lamb liver paste during storage is shown in Figure 7C and Table S12.
In the ST group, the fat content increased significantly from day 0 to the 1st day, and the
fat content was higher than in the other groups (p < 0.05). Except for the 1st day, the fat
content in the SF group was significantly higher than in the NF group for all the storage
times (p > 0.05).

3.9. Volatile Profile

The differences between groups were analyzed using the dimensionality reduction
method and were ranked by principal component analysis (PCA). It can be seen from
the PCA graph that the aroma of the three groups of samples were well-differentiated
throughout the storage period (Figure 8). The scattered areas of the sample points are
relatively dense, and the differences within the groups are small. The values of PC1 and
PC2 accounted for 97.8%, representing the whole sample, indicating that the lamb liver
pastes with different treatments were different.

The aroma analysis of lamb liver paste is shown in Table 2. Benzaldehyde in the NF
group and SF group was significantly higher than in the ST group (p < 0.05). Octanal,
decanal, 2,4-decadienal, and tetradecanal were significantly higher in the SF group and
NF group as compared to the ST group (p < 0.05). The proportions of 2-undecenal and
2-octenal in the SF group and NF group were significantly higher than in the ST group
(p < 0.01). The content of 1-hexanol in the NF group was significantly higher than in the
other two groups (p < 0.05). Additionally, 1-Heptanol in the SF group was significantly
higher than in the other two groups (p < 0.05). The 1-octen-3-ol in the SF group and the NF
group was significantly higher than in the ST group (p < 0.05). Benzaldehyde, 4-(1-methyl
ethyl)- and anethole in the SF group were significantly higher than in the other two groups
(p < 0.05). Furthermore, 2-Nonanone was significantly higher in the NF group (p < 0.05).

Figure 8. Principal coordinate analysis (PCoA) scatter plot analysis of two groups of samples. Note:
yellow represents the natural fermentation group (NF); blue represents the starter fermentation group
(SF); red represents the sterilization group (ST).
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Table 2. Effects of three processing methods on volatile flavor compounds in lamb liver paste (μg/kg).

Volatile Flavor
Compounds

Groups 0 d 1 d 7 d 14 d 21 d 28 d

Pentanal

NF 7.42 ± 0.85 Db 24.62 ± 0.82 Cb 32.24 ± 3.18 Ba 21.44 ± 2.67 Cb 31.19 ± 1.55 Ba 40.94 ± 3.08 Aa

SF 7.29 ± 0.41 Cb 27.01 ± 1.80 Ba 34.88 ± 3.03 Aa 26.00 ± 3.28 Ba 2.36 ± 0.24 Db 3.25 ± 0.38 Db

ST 20.08 ± 2.68 Aa 4.44 ± 0.57 Cc 15.93 ± 1.05 Bb 16.51 ± 1.50 Bc 1.77 ± 0.10 Db 2.16 ± 0.32 Db

Hexanal

NF 146.18 ± 15.29 Cb 492.83 ± 20.58 Ab 84.92 ± 7.92 Da 380.33 ± 38.01 Bb 18.46 ± 1.22 Ea 16.23 ± 1.97 Eb

SF 112.24 ± 8.49 Dc 540.75 ± 21.68 Ba 662.09 ± 63.30 Aa 451.44 ± 39.54 Ca 15.76 ± 1.45 Eb 18.13 ± 1.78 Eab

ST 413.27 ± 18.15 Aa 64.47 ± 2.09 Cc 272.52 ± 28.61 Bb 274.21 ± 15.69 Ba 17.15 ± 2.36 Dab 19.36 ± 2.01 Da

Heptanal

NF 25.54 ± 1.63 Cb 8.44 ± 1.09 Db 41.82 ± 5.19 Aa 31.50 ± 3.09 Bb 5.36 ± 0.58 Db 4.18 ± 0.36 Db

SF 21.81 ± 1.48 Bc 40.55 ± 2.82 Aa 42.22 ± 3.03 Aa 39.10 ± 6.23 Aa 4.74 ± 0.65 Cb 4.78 ± 0.77 Cb

ST 38.99 ± 2.97 Aa 9.67 ± 1.10 Cb 21.46 ± 1.45 Bb 22.01 ± 1.29 Bc 7.70 ± 0.52 Ca 7.57 ± 1.13 Ca

Octanal

NF 43.54 ± 3.30 Cb 81.70 ± 4.87 Bb 106.83 ± 16.95 Aa 91.79 ± 7.27 Bb 14.16 ± 2.07 Da 18.82 ± 2.26 Da

SF 40.62 ± 5.38 Bb 137.87 ± 20.03 Aa 125.30 ± 15.41 Aa 130.46 ± 10.86 Aa 6.44 ± 0.53 Cb 8.42 ± 0.87 Cb

ST 72.43 ± 12.41 Aa 7.11 ± 1.08 Cc 51.21 ± 3.38 Bb 49.14 ± 3.46 Bc 12.92 ± 1.13 Ca 9.94 ± 0.79 Cb

Nonanal

NF 126.47 ± 15.31 Cb 168.31 ± 17.91 Aa 158.63 ± 12.55 Ba 145.30 ± 12.91 Cb 34.67 ± 1.82 Db 30.51 ± 3.23 Db

SF 127.41 ± 10.25 Cb 145.92 ± 15.58 Cb 165.23 ± 6.47 Ba 184.53 ± 18.41 Aa 27.10 ± 3.70 Dc 30.52 ± 3.48 Db

ST 167.78 ± 13.44 Aa 55.53 ± 6.50 Cc 91.29 ± 10.52 Bb 94.32 ± 7.34 Bc 42.44 ± 4.37 Ca 43.65 ± 3.68 Ca

Benzaldehyde

NF 60.94 ± 4.13 Cb 112.34 ± 14.23 Ba 130.81 ± 15.94 Aa 99.75 ± 5.07 Bb 38.25 ± 3.93 Db 32.26 ± 2.68 Db

SF 36.13 ± 3.74 Bc 118.83 ± 14.76 Aa 113.52 ± 5.31 Ab 115.86 ± 7.56 Aa 34.12 ± 2.09 Bb 34.69 ± 4.06 Bb

ST 97.58 ± 9.94 Aa 59.12 ± 6.16 Cb 83.73 ± 5.10 Bc 85.84 ± 5.34 Bc 51.45 ± 4.55 Ca 48.79 ± 6.37 Ca

Tetradecanal

NF 1.77 ± 0.18 Ec 4.72 ± 0.40 Db 7.30 ± 0.62 Ba 5.72 ± 0.25 Cb 12.41 ± 0.87 Aa 6.25 ± 0.55 Cb

SF 6.88 ± 0.48 Ba 7.42 ± 0.67 Aa 4.57 ± 0.57 Cb 7.61 ± 0.52 Aa 4.98 ± 0.52 Cb 6.30 ± 0.60 Bb

ST 1.77 ± 0.18 Db 5.10 ± 0.66 Cb 4.56 ± 0.66 Cb 4.35 ± 0.39 Cc 12.14 ± 1.54 Aa 8.81 ± 1.23 Ba

2-Undecenal

NF 10.16 ± 1.00 Ca 55.30 ± 5.80 Bb 89.24 ± 11.83 Aa 65.28 ± 6.48 Bb 2.90 ± 0.27 Ca 2.36 ± 0.30 Ca

SF 13.65 ± 1.03 Ca 92.88 ± 8.53 Aa 77.12 ± 4.86 Bb 85.07 ± 13.86 Ba 2.32 ± 0.13 Cb 2.39 ± 0.33 Ca

ST 10.01 ± 1.42 Ba 3.88 ± 0.23 Cc 18.31 ± 1.68 Ac 19.21 ± 2.47 Ac 1.86 ± 0.19 Cc 1.91 ± 0.20 Cb

2-Octenal

NF 45.60 ± 3.01 Db 168.06 ± 15.66 Bb 212.57 ± 10.47 Aa 146.82 ± 10.09 Cb 12.18 ± 0.70 Ea 14.16 ± 1.19 Ea

SF 37.79 ± 2.31 Cb 216.19 ± 22.17 Aa 222.56 ± 15.11 Aa 168.40 ± 14.09 Ba 9.86 ± 0.58 Db 11.00 ± 1.84 Db

ST 102.38 ± 9.95 Aa 18.30 ± 1.21 Cc 93.61 ± 4.96 Bb 90.52 ± 8.31 Bc 8.77 ± 0.67 Cc 11.58 ± 0.34 Cb

2-Nonenal

NF 2.85 ± 0.21 Db 5.95 ± 0.54 Bb 7.05 ± 1.08 Ab 6.01 ± 0.49 Bb 7.13 ± 0.31 Aa 4.04 ± 0.17 Ca

SF 2.60 ± 0.29 Db 10.97 ± 0.88 Ba 23.27 ± 3.46 Aa 6.68 ± 0.52 Ca 1.84 ± 0.28 Db 3.57 ± 0.26 Db

ST 6.62 ± 0.68 Ba 1.49 ± 0.14 Dc 2.89 ± 0.24 Cc 2.97 ± 0.28 Cc 7.44 ± 0.76 Aa 1.71 ± 0.21 Dc

2-Decenal

NF 14.38 ± 0.84 Db 62.14 ± 3.81 Ca 117.49 ± 6.83 Aa 82.98 ± 8.66 Bb 7.39 ± 0.73 Da 6.49 ± 0.75 Da

SF 15.83 ± 2.52 Db 63.46 ± 2.84 Ba 46.77 ± 4.38 Cb 99.53 ± 8.95 Aa 5.14 ± 0.34 Eb 5.70 ± 0.33 Eb

ST 38.45 ± 4.53 Aa 8.19 ± 1.00 Cb 28.32 ± 1.55 Bc 29.78 ± 3.33 Bc 5.79 ± 0.49 Cb 4.99 ± 0.24 Cb

2,4-Decadienal

NF 3.86 ± 0.39 Dc 15.30 ± 1.79 Cb 26.54 ± 2.53 Ba 35.84 ± 4.29 Aa 28.55 ± 1.54 Bb 25.66 ± 4.09 Ba

SF 4.73 ± 0.57 Db 30.18 ± 2.57 Ca 25.08 ± 2.05 Ca 31.94 ± 2.91 Ba 36.25 ± 5.58 Aa 29.43 ± 2.05 Ca

ST 9.32 ± 0.39 Aa 4.52 ± 0.63 Cc 8.22 ± 0.68 Bb 7.51 ± 0.43 Bb 4.56 ± 0.77 Cc 4.04 ± 0.31 Cb

2,4-
Dodecadienal

NF 18.98 ± 0.98 Bb 89.33 ± 7.75 Aa 53.79 ± 4.28 Ba 82.05 ± 6.75 Ab 5.47 ± 0.61 Da 3.36 ± 0.21 Db

SF 19.27 ± 1.99 Bb 12.24 ± 1.76 Cb 11.75 ± 1.50 Cc 118.49 ± 8.87 Aa 3.27 ± 0.25 Db 3.32 ± 0.25 Db

ST 62.12 ± 2.93 Aa 9.22 ± 0.84 Cb 38.86 ± 5.48 Bb 38.38 ± 4.03 Bc 5.62 ± 0.75 Ca 5.11 ± 0.35 Ca
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Table 2. Cont.

Volatile Flavor
Compounds

Groups 0 d 1 d 7 d 14 d 21 d 28 d

1-Hexanol

NF 9.59 ± 0.76 Ba 3.78 ± 0.38 Db 11.34 ± 1.07 Aa 7.47 ± 1.03 Ca 2.89 ± 0.20 Ea 2.14 ± 0.19 Ea

SF 2.96 ± 0.10 Cb 4.40 ± 0.30 Ba 3.82 ± 0.36 Bb 5.17 ± 0.44 Ab 3.08 ± 0.23 Ca 0.98 ± 0.46 Db

ST 1.38 ± 0.22 Bc 2.06 ± 0.34 Ac 2.12 ± 0.22 Ac 2.15 ± 0.28 Ac 2.34 ± 0.31 Ab 1.39 ± 0.20 Bb

1-Heptanol

NF 3.75 ± 0.29 Cc 19.05 ± 2.20 Bb 27.14 ± 2.97 Aa 16.08 ± 1.87 Bb 3.83 ± 0.43 Ca 1.76 ± 0.18 Cc

SF 12.06 ± 1.25 Ca 25.44 ± 2.56 Ba 23.68 ± 3.67 Ba 46.03 ± 3.55 Aa 2.88 ± 0.19 Db 3.00 ± 0.19 Db

ST 5.27 ± 1.04 Bb 17.58 ± 1.56 Ab 3.30 ± 0.55 Cb 3.26 ± 0.24 Cc 3.63 ± 0.37 Ca 3.99 ± 0.63 Ca

1-Octanol

NF 6.35 ± 0.37 Db 15.24 ± 1.63 Ba 18.52 ± 2.35 Aa 12.58 ± 1.73 Cb 7.13 ± 0.21 Da 4.78 ± 0.41 Da

SF 6.06 ± 0.66 Cb 15.99 ± 1.33 Ba 19.37 ± 1.25 Aa 15.96 ± 1.71 Ba 3.28 ± 0.28 Db 2.44 ± 0.22 Db

ST 9.88 ± 0.62 Aa 3.41 ± 0.24 Cb 7.92 ± 0.93 Bb 7.83 ± 0.91 Bc 1.85 ± 0.11 Dc 1.86 ± 0.19 Dc

1-Octen-3-ol

NF 78.13 ± 2.42 Cab 109.64 ± 6.39 Aa 89.92 ± 5.07 Ba 60.79 ± 4.45 Db 7.96 ± 0.77 Eb 6.77 ± 0.71 Eb

SF 72.55 ± 4.8 Cb 91.86 ± 10.26 Ab 84.32 ± 8.81 Ba 76.48 ± 4.86 Ca 10.45 ± 0.67 Da 10.66 ± 1.05 Da

ST 85.34 ± 7.21 Aa 19.50 ± 1.85 Cc 51.85 ± 3.94 Bb 47.36 ± 3.87 Bc 7.31 ± 0.91 Db 9.31 ± 1.31 Da

Benzaldehyde,
4-(1-methyl

lethyl)-

NF 24.14 ± 2.46 Ab 15.39 ± 1.17 Bb 11.68 ± 0.73 Cb 8.17 ± 1.17 Dc 7.56 ± 0.35 Db 6.54 ± 0.58 Dc

SF 31.69 ± 2.50 Ca 101.55 ± 10.90 Aa 83.26 ± 11.65 Ba 16.57 ± 2.12 Da 15.98 ± 2.35 Da 15.48 ± 1.19 Da

ST 15.34 ± 0.66 Bc 19.08 ± 0.90 Ab 14.19 ± 0.80 Bb 13.75 ± 1.24 Bb 18.45 ± 2.00 Aa 15.89 ± 1.82 Ba

2-Heptanone

NF 2.82 ± 0.16 Db 6.97 ± 0.65 Aa 4.99 ± 0.44 Ba 3.19 ± 0.44 Db 2.56 ± 0.24 Db 3.50 ± 0.24 Cb

SF 2.86 ± 0.20 Cb 6.10 ± 0.86 Aa 5.45 ± 0.71 Aa 4.43 ± 0.48 Ba 2.86 ± 0.19 Cab 2.62 ± 0.34 Cc

ST 4.42 ± 0.53 Ba 3.86 ± 0.55 Cb 4.16 ± 0.34 Bb 3.79 ± 0.38 Cab 3.33 ± 0.45 Ca 5.51 ± 0.32 Aa

2-Nonanone

NF 4.21 ± 0.35 Cb 10.79 ± 0.40 Ba 4.37 ± 0.38 Cb 37.34 ± 3.70 Aa 3.01 ± 0.31 Ca 3.64 ± 0.38 Ca

SF 4.73 ± 0.68 Bb 5.78 ± 0.33 Ab 5.44 ± 0.32 Aa 3.86 ± 0.34 Cb 1.63 ± 0.19 Eb 2.36 ± 0.27 Db

ST 13.77 ± 1.44 Aa 3.70 ± 0.33 Bc 2.41 ± 0.21 Ca 2.50 ± 0.15 Cb 2.46 ± 0.25 Cb 2.47 ± 0.17 Cb

2-Tridecanone

NF 16.31 ± 2.13 Aa 10.73 ± 1.03 Ca 11.46 ± 0.89 Ca 12.15 ± 1.02 Bb 9.58 ± 0.58 Ca 9.40 ± 0.94 Ca

SF 17.94 ± 3.11 Aa 8.72 ± 0.32 Bb 6.64 ± 0.57 Bb 17.60 ± 0.69 Aa 1.76 ± 0.16 Cc 2.39 ± 0.25 Cb

ST 3.92 ± 0.28 Ab 2.60 ± 0.13 Bc 2.09 ± 0.21 Dc 2.06 ± 0.18 Dc 2.65 ± 0.13 Bb 2.44 ± 0.24 Cb

Ethyl octanoate

NF 6.89 ± 0.56 Db 10.40 ± 1.07 Ab 8.71 ± 0.88 Cb 7.66 ± 0.76 Db 10.02 ± 1.00 Ba 10.05 ± 1.19 Bb

SF 11.31 ± 1.00 Ba 116.18 ± 9.85 Aa 106.08 ± 14.01 Aa 12.17 ± 0.85 Ba 10.29 ± 0.76 Ba 12.54 ± 1.65 Ba

ST 12.36 ± 1.30 Aa 5.14 ± 0.48 Cb 3.09 ± 0.29 Bb 3.13 ± 0.17 Bc 3.97 ± 0.39 Bb 6.41 ± 0.62 Bc

Ethyl nonanoate

NF 5.73 ± 0.51 Bc 3.77 ± 0.31 Cc 11.17 ± 0.70 Aa 5.38 ± 0.36 Bc 2.25 ± 0.13 Dc 2.13 ± 0.21 Da

SF 6.73 ± 0.52 Db 11.74 ± 1.08 Ba 7.13 ± 1.04 Db 14.10 ± 1.33 Aa 7.64 ± 0.60 Db 9.93 ± 0.81 Ca

ST 9.42 ± 0.57 Ba 8.42 ± 0.68 Db 7.26 ± 0.61 Db 7.05 ± 0.56 Db 10.47 ± 1.00 Aa 8.50 ± 1.18 Cb

Ethyl
tridecanoate

NF 17.15 ± 1.52 Cb 18.58 ± 2.26 Cb 23.86 ± 1.31 Ba 20.60 ± 1.95 Ca 26.21 ± 2.73 Aa 22.42 ± 2.48 Ba

SF 30.55 ± 3.33 Aa 23.34 ± 1.86 Ca 18.94 ± 0.75 Cb 22.21 ± 2.14 Ca 22.84 ± 3.34 Cab 25.11 ± 3.45 Ba

ST 14.43 ± 1.02 Cb 18.26 ± 1.68 Bb 12.05 ± 1.39 Dc 12.18 ± 0.85 Db 20.44 ± 1.18 Bb 21.20 ± 1.61 Aa

Phenol

NF 10.92 ± 0.82 Cb 3.60 ± 0.11 Dc 67.85 ± 7.38 Aa 16.75 ± 0.90 Bb 7.51 ± 0.84 Db 11.42 ± 1.12 Ca

SF 27.03 ± 2.96 Ba 15.13 ± 0.90 Cb 17.51 ± 0.97 Cb 20.69 ± 2.92 Ca 69.03 ± 6.81 Aa 7.31 ± 0.67 Db

ST 8.49 ± 0.89 Bb 19.91 ± 2.43 Aa 5.49 ± 0.75 Cc 5.61 ± 0.55 Cc 7.73 ± 0.38 Bb 5.33 ± 0.88 Cc

D-Limonene

NF 20.07 ± 2.83 Ab 16.36 ± 1.69 Cb 13.27 ± 1.24 Cb 13.52 ± 1.12 Cb 18.83 ± 2.10 Bb 20.61 ± 1.55 Ab

SF 30.01 ± 3.60 Aa 14.45 ± 0.57 Db 11.73 ± 0.42 Db 15.89 ± 0.63 Ca 23.65 ± 1.49 Ba 23.32 ± 1.25 Bb

ST 15.90 ± 1.58 Cb 28.29 ± 2.23 Aa 16.29 ± 1.70 Ca 16.50 ± 2.23 Ca 22.94 ± 2.51 Ba 29.50 ± 3.64 Aa
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Table 2. Cont.

Volatile Flavor
Compounds

Groups 0 d 1 d 7 d 14 d 21 d 28 d

Caryophyllene

NF 37.72 ± 5.8 Cb 34.58 ± 3.23 Db 35.88 ± 1.94 Da 29.96 ± 2.68 Db 48.19 ± 5.27 Aa 44.27 ± 3.31 Bb

SF 69.13 ± 5.06 Aa 33.70 ± 2.69 Db 19.17 ± 2.87 Eb 43.10 ± 4.25 Ca 32.26 ± 3.37 Db 51.46 ± 6.40 Ba

ST 33.36 ± 2.74 Bb 48.43 ± 5.83 Aa 21.31 ± 3.01 Cb 22.20 ± 1.49 Cc 44.45 ± 4.27 Aa 49.58 ± 3.63 Aab

3-Ethyl-2-methyl-
1,3-hexadiene

NF 7.15 ± 0.73 Cb 21.53 ± 1.69 Aa 23.63 ± 2.41 Aa 17.29 ± 1.82 Bb 16.85 ± 1.64 Bb 1.99 ± 0.12 Db

SF 7.77 ± 0.35 Cb 20.54 ± 3.02 Ba 24.07 ± 3.43 Ba 20.59 ± 1.98 Ba 27.28 ± 1.44 Aa 2.56 ± 0.26 Da

ST 13.71 ± 1.55 Ba 12.19 ± 0.60 Bb 11.67 ± 1.69 Bb 12.87 ± 1.29 Bc 14.85 ± 1.06 Ab 2.54 ± 0.33 Ca

Oxime-,
methoxy-phenyl-

NF 5.15 ± 0.25 Da 20.62 ± 10.00 Bb 33.58 ± 5.09 Ab 19.75 ± 1.10 Bb 12.80 ± 1.27 Cc 2.02 ± 0.16 Da

SF 5.48 ± 0.51 Ea 31.65 ± 3.70 Aa 20.60 ± 2.20 Bc 11.00 ± 1.24 Dc 16.16 ± 0.47 Cb 2.04 ± 0.30 Fa

ST 2.47 ± 0.14 Db 14.82 ± 0.86 Ca 51.84 ± 10.70 Aa 48.70 ± 7.11 Aa 25.12 ± 3.61 Ba 1.54 ± 0.18 Db

Anethole

NF 25.04 ± 3.31 Db 27.23 ± 3.86 Da 32.26 ± 2.46 Ca 33.09 ± 2.01 Bb 31.64 ± 2.35 Cab 39.78 ± 3.98 Aa

SF 50.17 ± 7.23 Aa 10.29 ± 1.20 Cb 6.65 ± 0.65 Cc 39.67 ± 4.36 Ba 35.05 ± 2.42 Ba 37.36 ± 2.72 Ba

ST 26.89 ± 2.45 Bb 26.06 ± 1.91 Ba 17.86 ± 2.10 Cb 18.89 ± 1.60 Cc 30.51 ± 2.28 Ab 27.59 ± 1.38 Bb

Pentadecane

NF 6.52 ± 0.78 Aa 4.25 ± 0.39 Ca 4.17 ± 0.48 Ca 3.89 ± 0.19 Cb 5.78 ± 0.85 Bb 5.33 ± 0.61 Ba

SF 7.30 ± 0.68 Aa 4.94 ± 0.47 Ca 4.57 ± 0.24 Ca 5.13 ± 0.50 Ca 5.48 ± 0.60 Bb 5.51 ± 0.43 Ba

ST 4.50 ± 0.62 Bb 4.65 ± 0.60 Ba 3.30 ± 0.33 Cb 3.54 ± 0.25 Cb 7.03 ± 0.83 Aa 5.25 ± 0.31 Ba

Different capital letters in the same row indicate significant differences in the same volatile flavor compound
under different storage times within the same group; lowercase letters in the same column indicate significant
differences among the three groups for the same volatile flavor at the same storage time.

4. Discussion

Fermentation is a key process in the production of fermented lamb liver paste and
can give the product a special fermentation aroma and play a certain role in removing the
muttony taste. There are few reports on the application of fermentation technology to liver
products, and systematic research on the formulation and process is scarce. Mokhtar [21]
compounded Lactobacillus plantarum, Bifidobacterium lactis, and Bifidobacterium bifidum into
a starter culture, applied it to the production of sausages, and found that the contents of
tyramine, putrescine, cadaverine, and tryptamine were significantly reduced. Zang [22]
studied the mixed starter culture to help improve the flavor quality of traditional Chinese
fermented fish. The Cenci-Goga [23] study found that the addition of dairy starter cul-
tures and commercial probiotics inhibited the growth of undesirable microorganisms in
salami and improved its sensory properties. Wang [24] used high-throughput sequenc-
ing technology to determine the bacterial community in sausages, dry-cured sausages,
and smoked sausages and found that the main microorganisms in fermented sausages
were Staphylococcus and Lactobacillus. Cano Garxia [25] found that yeast decomposes
proteins and fats in dry fermented sausages to produce phenols and alcohols. Alcohols
can react with lactic acid produced by lactic acid bacteria to give sausages a certain ester
flavor. Antara [11] found that, after mixing Lactobacillus plantarum and Pediococcus lactis
into sausages, the shelf life of fermented sausages was prolonged by metabolizing lactic
acid to control enterotoxins. The main fermenting bacteria in fermented lamb liver paste
are lactic acid bacteria, which participate in the metabolism of various substances during
the fermentation process.

In the storage of lamb liver paste, the total number of colonies and lactic acid bacteria
were higher in the NF and SF groups than in the ST group. On the one hand, this may
have been due to the higher protein content of the NF group and SF group providing
sufficient nitrogen sources for microbial growth and reproduction, and on the other, it may
have been due to the addition of the starter culture increasing the total number of initial
microorganisms [26]. With the increase in storage time, the total number of colonies in each
group exhibited an upward trend. The NF group and the SF group exhibited the same trend.
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The ST group underwent high-temperature treatment, which inactivated most of the heat-
labile microorganisms. The microorganisms in the NF group and the SF group both grew
and reproduced well under suitable fermentation conditions, increasing the number of
microorganisms. After the 7th day of storage, the total number of colonies in the NF and SF
groups was similar. However, after 14 days of storage, the TVB-N of the NF group continued
to increase, and the highest degrees of amino acid destruction and lowest nutritional value
were found in the lamb liver paste of the NF group at 28 days of storage. In conclusion,
starter culture is of great significance to the quality of fermented meat products. In this
research, the fermented lamb liver paste was made with lamb liver as the main raw material,
and the paste products were made by adding an emulsifier, thickener, seasoning, other
auxiliary materials, and starter culture. Probiotic products promote nutrient absorption
in the small intestine, affect immune homeostatic cell signaling pathways in the intestinal
mucosa, inhibit pathogenic bacteria, and improve intestinal health [27]. Therefore, a new
type of lamb liver fermented product was developed in this experiment, which provides a
theoretical basis for the high-value utilization of lamb liver.

Microorganisms decompose sugars to produce acid, which reduces the pH of meat
products and prevents the growth of spoilage bacteria [13]. The pH value of the ST
group was stable between 6.1 and 6.2. After the product is sterilized, a large number of
microorganisms are inactivated, which does not affect the pH value of the product. The
product was vacuum packed and stored at 4 ◦C. The environmental humidity of lamb
liver paste storage was unchanged, and the Aw value of the three groups of lamb liver
paste was not significantly different at any point. The L*, a*, and b* in the SF group were
higher than in the ST group, which may be related to the effect of microorganisms in the
fermentation process. With the increase in storage time, an upward trend was observed,
with the SF group exhibiting significantly higher values than the other two groups. This
situation shows that the use of leavening agents promotes the formation of product color.
The microbes in the starter culture break down the proteins in the liver paste. The decreased
adhesiveness of liver paste during storage is the result of microbial action. The ST group
was treated at high temperature and pressure, and most of the microorganisms were
inactivated, which also inactivated and denatured most of the proteins. This ultimately led
to increased interstructural forces in the liver paste and the increased adhesion of the paste
in the ST group.

The TVB-N and TBARS values in the SF group were lower than in the NF groups on
the 1st day and 28th day, indicating that the fermentation technology ensures the quality of
the product within 1 month of storage. The change in the TVB-N value in the NF group may
have been caused by the mutual inhibition of bacteria in the early stage and the decrease in
bacterial activity in the later stage. The analysis of the results on the 28th day showed that
the addition of starter culture reduced the TVB-N value and improved the safety of lamb
liver paste. There was no significant change in the ST group, indicating that the oxidation of
fat was inhibited by autoclaving. In addition, lactic acid bacteria in the starter culture may
also inhibit the production of malondialdehyde from peroxides and reduce fat oxidation.
The addition of starter culture improved the freshness of lamb liver paste.

The protein content of the three groups of lamb liver paste was generally stable, i.e.,
remaining between 10 and 12%. This indicated that, as compared with fresh lamb liver
(23.26%), the effect of 1-month storage time on protein content was relatively small. It is
possible that the protein content of the lamb liver paste was reduced after the addition of
water, emulsifiers, and thickeners. Studies have shown that under the dual decomposition
of endogenous enzymes and microbial enzymes, protein degradation produces free amino
acids as a taste substance [28]. The protein content of animal liver is lower as compared
to the muscle [29]. Therefore, fewer proteins were available for microbial decomposition
during the production of fermented products, resulting in insignificant changes in the
protein content of the fermented liver paste. The low protein content of the ST group may
have been caused by the destruction of the protein structure by autoclaving. The higher
content of naturally fermented histones may have been due to the catabolism of proteins
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by miscellaneous bacteria. The fat content of the NF group, the SF group, and the ST group
changed from 3% to 4%, from 3.7% to 5.5%, and from 3% to 7%, respectively. Except for the
21st day, the fat content of the NF group and SF group was significantly lower than that of
the ST group, probably due to the consumption of the carbon source by microorganisms
during fermentation.

Liver-endogenous enzymes degrade fat and protein to produce free fatty acids, amino
acids, and volatile flavor substances, which not only improve the nutritional value but also
give fermented meat products a unique flavor [2,30]. Lactic acid bacteria are the focus of
microbial starter culture screening for fermented meat products. They use carbohydrate
fermentation to produce by-products, such as acetic acid, formic acid, and succinic acid,
which have a certain positive effect on the flavor of fermented meat products. The results
of the flavor analysis revealed several flavor compounds that we were concerned about
during the storage period [8,31]. Aldehydes give lamb liver paste an almond and sweet
aroma. Benzaldehyde is one of the representatives of the aromatic aldehydes that has
cherry and nut aromas. Octanal, decanal, 2,4-decadienal, and tetradecanal have a gentle
oily, slightly citrus, and iris-like aroma, with an aroma strength value of 2 but with a short
duration [32]. The key aroma compounds in pork soup—2-undecenal and 2-octenaland
hexanal—were characterized in the directional aroma analysis, which showed that the
meat aroma was stronger in the SF group. Bai Shuang [33] found in an experiment on
the formation mechanism of volatile compounds in fried mutton that aldehydes, alcohols,
and esters produced by fat oxidation during the frying process were the main sources
of volatile compounds. Alcohols are one of the main aroma compounds of fermented
lamb liver paste. In addition, 1-Hexanol has an herbaceous aroma and also affects actin
interactions [34]. Consistent with changes in hydrophobic interactions at the interface of
myosin and actin in transition from a weakly to strongly bound state, 1-hexanol accelerated
Pi release from myosin [35]. In addition, 1-heptanol also has a relatively strong fruit
aroma and exhibits a binding ability to the myofibrillar protein, which can make the meat
have a stronger flavor [36]. Furthermore, 1-Octen-3-ol has an important contribution to
meat aroma. Mevalonate, a key substance in cholesterol synthesis, leads to a decrease in
corticosterone content, affects ZNF414 and KLF15 gene expression, and positively regulates
1-octen-3-ol production in chicken [37]. The platycodon grandiflorum extracts anethole
(40.27%) and 4-methoxy benzaldehyde (4.25%) can activate the acquired immune response
and are beneficial to the human body [38]. Ketones are also part of the aroma of lamb liver
paste. The fermented aroma compound 2-nonanone has a pleasing aroma and acts as a
pheromone component to improve olfactory learning through persistent modulation of
appetite motivation [39]. Limonene is the most common terpene in nature and a major
constituent of several citrus oils (orange, lemon, mandarin, lime, and grapefruit). As a
solvent for cholesterol, limonene has been clinically used to dissolve cholesterol-containing
gallstones [40]. The limonene in the ST group was significantly higher than in the other
two groups (p < 0.05). Caryophyllene is a class of bicyclic sesquiterpenes with cloves and
turpentine aroma notes as functional food factors [41]. It is naturally found in lemon,
nutmeg, and cinnamon leaf oils [42]. Studies have shown that exposure to volatile BCP in
mice is detectable in the lung, olfactory bulb, brain, serum, heart, liver, kidney, epididymal
adipose, and brown adipose tissue. Furthermore, inhaled volatile BCP is widely distributed
in mouse tissues and affects the kinetics of metabolites in the liver [43]. Caryophyllene in
the SF group and NF group was significantly higher than in the ST group (p < 0.05). As a
new type of liver paste product, fermented lamb liver paste has a long storage period. In
future research, the effect of functional substances on fermented lamb liver paste can be
explored to improve its quality and nutritional value.

5. Conclusions

In conclusion, the probiotic fermented lamb liver paste in this study represents a
high-value sheep by-product. The freshness, the number of lactic acid bacteria, and the L*,
a*, and b* values were higher in the starter fermentation group, and the fat content was
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lower. The lower pH in the early storage period of the starter fermentation group acted to
inhibit the growth of microorganisms to a certain extent and prolong the storage period of
fermented lamb liver paste. Volatile aroma compounds, such as aldehydes, 1-octen-3-ol,
anethole, and 2-nonanone, as detected by GC–MS, contributed to the aroma composition of
the fermented lamb liver paste.
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Abstract: In this study, the aroma-production profiles of seven different Hanseniaspora strains, namely
H. guilliermondii, H. meyeri, H. nectarophila, H. occidentalis, H. opuntiae, H. osmophila and H. uvarum were
determined in a simultaneous co-inoculation with the wine yeast Saccharomyces cerevisiae Champagne
Epernay Geisenheim (Uvaferm CEG). All co-inoculated fermentations with Hanseniaspora showed a
dramatic increase in ethyl acetate levels except the two (H. occidentalis and H. osmophila) that belong to
the so-called slow-evolving clade, which had no meaningful difference, compared to the S. cerevisiae
control. Other striking observations were the almost complete depletion of lactic acid in mixed-
culture fermentations with H. osmophila, the more than 3.7 mg/L production of isoamyl acetate with
H. guilliermondii, the significantly lower levels of glycerol with H. occidentalis and the increase in
certain terpenols, such as citronellol with H. opuntiae. This work allows for the direct comparison of
wines made with different Hanseniapora spp. showcasing their oenological potential, including two
(H. meyeri and H. nectarophila) previously unexplored in winemaking experiments.

Keywords: Hanseniaspora; mixed-starter culture fermentation; wine; aroma

1. Introduction

Yeasts belonging to the genus Hanseniaspora are among the most commonly isolated in
vitivinicultural settings, and their role within grape must fermentations has been the topic
of investigation among wine microbiologists for many years [1–3]. They are also common
isolates on other fruits and have an influential role on the outcomes of fermentations,
ranging from apple cider to coffee and chocolate [4–6]. During grape must fermentations,
in general, the population of Hanseniaspora spp. drops significantly within the first couple
of days due to a number of factors, including the accumulative exposure to an anaerobic
environment and, intriguingly, the killer ability of fermenting yeast, such as S. cerevisiae [7–9].
Nevertheless, their impact on the final wine product can be meaningful as they compete
for nutrients needed for fermenting yeasts to complete the fermentation, and most im-
portantly, are capable of producing a large array of important aroma-active compounds.
Hanseniaspora spp. are well-known for their production of high-levels of acetate esters,
particularly ethyl acetate, which would often exceed concentrations deemed to be pleasant
(~150 mg/L) and imparting a solvent or nail polish remover aroma [10]. Although
Hanseniaspora has often been cited as being a spoilage yeast within winemaking [11,12],
researchers are re-evaluating the overall impact that some species of Hanseniaspora can have
as co-partners with S. cerevisiae in mixed-culture fermentations, with many reporting on the
beneficial effects in adding to the aroma complexity of a wine [2]. Hanseniaspora-initiated
fermentations have also been shown to reduce final ethanol levels [13], increase overall
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glycerol concentration [14], modulate acid composition [15], as well as causing a change in
anthocyanin content and therefore the colour of the wine [16,17]. One species in particular,
namely H. vineae, has shown repeatedly to provide several oenological benefits, which led
to the development of a commercially available starter culture by the name of Fermivin
VINEAE supplied by Oenobrands [18].

In mixed-culture fermentations, the most popular inoculation modality is a so-called
sequential inoculation where the non-Saccharomyces yeast (NSY) starter culture is inoculated
at the onset, allowing for NSY to exert an effect without the influence of S. cerevisiae [19].
One to three days later or once the sugar consumption has reached a certain level, the
Saccharomyces culture is normally added. Alternatively, both starter cultures can be added
simultaneously at the onset of fermentations. Studies where both modalities were con-
ducted show the dramatic difference in the final outcome of the wine, which emphasizes
the complexity and unpredictability of the interaction between the different yeasts [20–23].

The recent influx of whole-genome sequencing of representatives of each species
within the Hanseniaspora genus, along with accompanying comparative studies, have
revealed interesting data regarding the genomic make-up of this genus. Phylogenetic
analyses have separated Hanseniaspora into two major clades, namely the fast-evolving
lineage (FEL) and the slow-evolving lineage (SEL) [24,25]. Genes involved with cell cycle
and genome integrity, thought to be conserved within ascomycetes, are not present within
the genus. These genomic features of Hanseniaspora could assist in explaining the biology
of the genus that becomes rapidly abundant as the sugar content in fruits increases during
ripening [26]. Moreover, H. vineae was recently shown to undergo a rapid loss in cell
viability during the stationary phase warranting more in-depth research in this genus, in
particular how the two different lineages differ from each other [27].

In this study, we report on the co-fermentation of seven different Hanseniaspora spp.
(two belonging to the SEL and five to the FEL) and how the respective species affected the
aroma profile of a Gewürztraminer wine.

2. Materials and Methods

2.1. Yeast Strains Used in the Study

The Hanseniaspora strains H. guilliermondii NRRL-Y 1625, H. meyeri NRRL-Y 27,513 and
H. osmophila NRRL Y-1613 were obtained from the Agriculture Resource Service Culture
Collection (NRRL) (Peoria, IL, USA). The strain H. uvarum DSM2768 was a gift from
Professor Jürgen Heinisch (University Osnabrück). The strains H. nectarophila GYBC-283,
H. occidentalis GYBC-211 and H. opuntiae GYBC-284 were obtained from the Geisenheim
yeast breeding culture collection. The S. cerevisiae strain Uvaferm CEG (Eaton, Nettersheim,
Germany) was used as the fermenting yeast.

2.2. Microvinification

Pasteurised Gewürztraminer (GT) grape must (harvested from the vineyards belong-
ing to the Geisenheim University in the Rheingau wine region of Germany) were used in
the study. The GT must had a total sugar concentration of 247.8 g/L (123.3 g/L glucose
and 124.5 g/L fructose). The main wine acids, tartaric and malic acid, were measured to be
3.7 g/L and 2.1 g/L, respectively. The must also had a citric acid content of 0.18 g/L. Its
yeast available nitrogen was calculated as 65 mg/L by determining the primary free amino
acid content using the spectrophotometrically-based nitrogen by the o-phthaldialdehyde
method [28] and the free ammonium content using the rapid ammonium kit (Megazyme,
Bray, Ireland). Opti-MUM WhiteTM (Lallemand, Montreal, QC, Canada), at a concentra-
tion of 20 g/hL, was added as a supplement. Fermentations were conducted in 250 mL
Schott Duran flasks filled with 150 mL of GT must. All yeasts were precultured in YPD
medium (20 g/L glucose, 20 g/L peptone, 10 g/L yeast extract) and washed once with
phosphate-buffered saline. The Hanseniaspora cultures were inoculated at a concentration of
~1 × 107 cells/mL, as determined by haemocytometer, whereas the S. cerevisiae strain was
inoculated at a concentration of 1 × 106 cells/mL. Airlocks were added to the flasks filled
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with approximately 3 mL of water. Fermentations were conducted at 22 ◦C and flasks were
weighed daily until no further mass-loss was recorded. Samples were then centrifuged
and subsequently prepared for high-performance liquid chromatography (HPLC) and
gas-chromatography mass-spectrometry (GC-MS) analyses.

A one-day fermentation was also conducted where 1 μL of citronellol (Thermo Fisher
Scientific, Geel, Belgium) was added to pure inoculations of H. guilliermondii and H. uvarum.

2.3. Analysis of the Must and Wines

Standard operating procedures, as established by the analysis team at the Institute of
Microbiology and Biochemistry at Hochschule Geisenheim University, were followed to
analyse the grape must and final wines produced in the study.

2.3.1. HPLC

For the quantification of the major organic acids, sugars, ethanol and glycerol of the
wines and must, HPLC was implemented with a method previously described [29]. An
HPLC Agilent Technologies Series 1100 (Agilent Technologies, Steinheim, Germany) was
used built-in with an autosampler, a multi-wavelength (MWD) and refractive index (RID)
detector and a binary pump. An HPLC column, 250 mm in length (Allure Organic Acids
Column, Restek, Bad Homburg v. d. Höhe, Germany), with an inside diameter of 4.6 mm
and a particle size of 5 μm was used for the separation of the different analytes. The MWD
was set at a wavelength of 210 nm for the detection of organic acids and the RID was used
to detect the sugars, organic acids, glycerol and ethanol. The isocratic eluent was comprised
of deionized water with 0.5% ethanol and acidified with 0.0139% concentrated sulphuric
acid (95–97%). The flow rate was 0.6 mL/min and column temperatures were 29 ◦C and
46 ◦C. Chemstation software (Agilent, Steinheim, Germany) was used to analyse, integrate
and determine the concentrations of each analyte.

2.3.2. GC-MS
Aroma Bouquet Analysis

To detect and quantify the so-called aroma bouquet of the final wines comprising
of expected higher alcohols; medium-chain fatty acids; and acetate and ethyl esters, a
targeted headspace solid-phase micro-extraction gas-chromatography mass spectrometry
analysis (HS-SPME-GC-MS) was employed using a protocol, as previously outlined [30].
Sample preparation entailed pipetting 5 mL of wine samples along with adding 1.7 g NaCl
to a 20 mL headspace vial. Two internal standards, 1-octanol (600 mg/L) and cumene
(52 mg/L), were also added. The GC-MS used was a GC 7890 A, equipped with an MS
5975 B (both Agilent, Santa Clara, CA, USA), an MPS robotic autosampler and a CIS 4 (both
Gerstel, Mülheim an der Ruhr, Germany). A 65 μm fibre coated with polydimethylsiloxane
crosslinked with divinylbenzene (Supelco, Merck, Darmstadt, Germany) was used to carry
out the solid-phase microextraction. Separation of the volatiles was performed with a
60 m × 0.25 mm × 1 μm gas chromatography column (Rxi®-5Si1 MS w/5 m Integra-Guard,
Restek, Bad Homburg v. d. Höhe, Germany) with helium as a carrier gas. Split mode
injection was employed (1:10, initial temperature 30 ◦C, rate 12 ◦C/s to 240 ◦C, hold for
4 min). The initial temperature of the GC run was 40 ◦C for 4 min, and then increased
to 210 ◦C at 5 ◦C/min and raised again to 240 ◦C at 20 ◦C/min and held for 10.5 min.
Mass spectral data were acquired in a range of mass-to-charge ratio (m/z) of 35 to 250 and
used to determine the concentration values. A 5-point calibration curve was used for each
volatile compound within a wine model solution of 12% ethanol with 3% tartaric acid at
pH 3.

Terpenes

Free terpenes and C13-norisoprenoids expected in wines were also measured by means
of HS-SPME-GC-MS, as detailed previously [29,31]. A GC 6890 and a 5973 N quadrupole
MS (Agilent Technologies, Palo Alto, CA, USA) equipped with a Gerstel MPS2 autosampler
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(Gerstel, Mülheim an der Ruhr, Germany) was used. Similar to the aroma bouquet sample
preparation, 5 mL of wine samples with 1.7 g of NaCl were added to a 20 mL headspace
amber vial, along with 10 μL of the internal standard, which contained 30 μg/L 3-octanol,
30 μg/L linalool-d3, 40 μg/L α-terpineol-d3, 10 μg/L β-damascenone-d4, 16 μg/L
β-ionone-d3 and 12.5 μg/L of naphthalene-d8 in ethanol solution (Sigma-Aldrich, Merck
KGaA, Darmstadt, Germany).

A 100 μm polydimethylsiloxane fibre (Supelco, Merck, Darmstadt, Germany) was
used to carry out the headspace solid-phase microextraction. Separation of the volatiles was
performed with a 30 m × 0.25 mm × 0.5 μm gas chromatography column (DB-Wax, J & W
Scientific, Agilent Technologies, Palo Alto, CA, USA) with helium as a carrier gas. Splitless
mode injection was employed (injector temperature: 240 ◦C). The initial temperature of the
GC run was 40 ◦C for 4 min, and then increased to 190 ◦C at 5 ◦C/min and raised again to
240 ◦C at 10 ◦C/min and held for 15 min. Mass spectral data were acquired in SIM mode
with characteristic ions for each analyte and used to determine the concentration values.
Calibration was performed by means of the standard addition in Riesling wine. For both
the aroma bouquet and terpene analysis, Masshunter workstation software version B.09.00
(Agilent Technologies, Palo Alto, CA, USA) was used to calculate the concentrations of the
aroma compounds.

2.4. Statistical Analysis

All fermentations were conducted in triplicate. Results from the fermentation analyses
that are shown in the Tables are the average value of the triplicates followed by the standard
deviation of the mean (±). All statistical analyses were performed using Graphpad Prism
version 9.4.1 (GraphPad Software, San Diego, CA, USA). The control experiment in all
cases was the fermentation inoculated with only S. cerevisiae. Principal component analyses
were performed on the fermentation data using RStudio (version 2022.07.0) along with the
packages factoextra (version 1.0.7), ggbiplot (version 0.55) and ggplot2 (version 3.3.6).

3. Results and Discussion

3.1. Fermentation Curves

Co-fermentations using Hanseniaspora strains with S. cerevisiae were carried out at 22 ◦C
using 10:1 ratios of starting cultures. The progression of these fermentations was followed
by daily measurements of CO2 mass-loss (Figure 1). All fermentations were completed by
13 days, which was also confirmed by the HPLC analysis indicating that all fermentations
reached dryness (Table 1). There were some deviations in the mass-loss patterns, with some
co-fermentations (H. occidentalis, H. osmophila and H. nectarophila) exhibiting slightly less
mass-loss throughout the fermentation, yet no notable fermentation burden was observed
with any of the co-inoculations. This is in concurrence with previous Hanseniaspora-initiated
fermentations, where no meaningful influence on the fermentation rate of S. cerevisiae was
observed [32]. CEG is known for its slow fermentation performance. This was also the
reason why we decided to use this Saccharomyces yeast.

3.2. Organic Acids

Organic acids, such as tartaric acid, malic acid, lactic acid, acetic acid and citric acid,
play a major role in the aroma profile and the mouthfeel of the wine. Table 1 shows the
content of the major organic acids of the final GT wines, as determined via HPLC. All
fermentations, including the pure S. cerevisiae inoculation, led to a reduction in malic acid,
yet in some cases (with H. occidentalis and H. opuntiae) the malic acid content was indeed
higher than the control. This observation, especially with H. occidentalis, was surprising as
it was recently shown that H. occidentalis can consume malic acid within grape must [15]. In
that study, H. occidentalis consumed malic acid in a sequential-type of inoculation modality
without an airlock, suggestive of the importance of oxygen in the consumption of malic
acid.
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Figure 1. The mass-loss curves (g/L) of the co-fermentations of Hanseniaspora spp. conducted in GT must.

Table 1. The major organic acids, ethanol, glycerol and total sugar levels (all g/L) of the GT wines
co-fermented with different Hanseniaspora spp., as determined with HPLC. Values are the means of
three replicate fermentations followed by its standard deviations (±). Two-tailed unpaired t-tests
with Welch’s correction were conducted to compare values to the pure S. cerevisiae inoculum control.
↑ indicates significantly more than the control (p < 0.05), ↓ indicates significantly less than the control
(p < 0.05). nd: not detected.

S. cerevisiae H. guilliermondii H. meyeri H. nectarophila H. occidentalis H. opuntiae H. osmophila H. uvarum

Total sugars nd nd nd nd nd nd nd nd
Tartaric acid 2.60 ± 0.12 2.40 ± 0.09 2.53 ± 0.03 2.59 ± 0.01 2.52 ± 0.07 2.45 ± 0.09 2.75 ± 0.02 2.56 ± 0.05
Malic acid 1.48 ± 0.06 1.35 ± 0.02 1.48 ± 0.02 1.57 ± 0.01 1.71 ± 0.05 ↑ 1.65 ± 0.03 ↑ 1.56 ± 0.02 1.55 ± 0.01
Lactic acid 0.25 ± 0.02 0.23 ± 0.01 0.23 ± 0.01 0.20 ± 0.01 ↓ 0.22 ± 0.00 0.22 ± 0.02 0.04 ± 0.00 ↓ 0.22 ± 0.01
Acetic acid 0.84 ± 0.04 0.75 ± 0.01 0.75 ± 0.03 ↓ 1.10 ± 0.01 ↑ 0.56 ± 0.01 ↓ 0.94 ± 0.02 ↑ 1.23 ± 0.01 ↑ 0.68 ± 0.02 ↓
Citric acid 0.14 ± 0.01 0.12 ± 0.00 ↓ 0.12 ± 0.00 ↓ 0.13 ± 0.01 0.14 ± 0.00 0.11 ± 0.01 ↓ 0.14 ± 0.00 0.10 ± 0.01 ↓

Ethanol 117.10 ± 3.20 114.67 ± 1.39 115.75 ± 0.91 117.35 ± 1.34 116.65 ± 2.74 116.37 ± 1.62 118.56 ± 0.59 116.31 ± 0.61
Glycerol 9.39 ± 0.35 9.28 ± 0.15 10.17 ± 0.05 10.05 ± 0.08 7.80 ± 0.12 ↓ 10.10 ± 0.22 ↑ 8.25 ± 0.08 ↓ 9.98 ± 0.02

Regarding acetic acid, Hanseniaspora-inoculated fermentations resulted in both a re-
duction and an increase, depending on the species: for H. nectarophila, H. opuntiae and
H. osmophila, co-fermentations led to a significant increase, whereas co-fermentations with
H. occidentalis and H. uvarum led to a reduction. Acetic acid is the main contributor of
volatile acidity in wine and along with its activated thioester acetyl-coenzyme (acetyl-CoA)
are key participants within the central metabolism of cells. They directly take part in
acetate ester formation as acetyl-CoA condenses with ethanol and other higher alcohols,
which could explain the reduction in acetic acid in H. uvarum co-fermentations, which
made the highest levels of ethyl acetate (Table 2). The divergent acetic acid levels with
different Hanseniaspora spp. additions are consistent with the literature where no clear
pattern emerges to what effect it has on the volatile acidity in wine [15,33].

Strikingly, lactic acid (the minor acid) was almost completely consumed within the
co-fermentation with H. osmophila. It is unclear why this occurred as this has, to our
knowledge, not been reported before.

3.3. Ethanol and Glycerol

A microbially-facilitated strategy to reduce ethanol levels in wine is by implementing
NSY in co-culturing set-ups [34]. The strategy is based on the idea that the NSY would
consume a portion of the initial sugars leaving less sugars to be fermented to ethanol by
Saccharomyces. With the experimental set-up presented here, no significant reduction of
ethanol was observed in any of the Hanseniaspora co-inoculums. Even though there have
been reports of a reduction in ethanol in final wines with Hanseniaspora additions [13,20,35,36],
fermentations, especially with simultaneous inoculation modalities did not observe ethanol
reductions [37,38].
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As with acetic acid, the co-fermentations produced both significantly more (H. opuntiae)
or less glycerol (the two members of the SEL, H. occidentalis and H. osmophila) than the
control. Glycerol levels are often elevated with NSY additions [39] and often coincide
with an increase in acetic acid [40]. This is often explained within the context of cofactor
maintenance, as the enzymes directly responsible for glycerol and acetic acid produc-
tion, glycerol-3-phosphate dehydrogenase and acetaldehyde dehydrogenase, respectively,
require and produce NADH. Curiously, in this experiment, the co-fermentation with
H. occidentalis led to an unexpected reduction in both acetic acid and glycerol, a finding
which was not observed when the same yeast was co-fermented in a sequential-type
inoculation [15].

3.4. Aroma Analysis

Since Hanseniaspora is known for acetate ester formation and produces large amounts of
ethyl acetate, a solvent-like odour, too much of which can quickly spoil the wine, the volatile
aroma compounds (VOC) were measured. Table 2 shows the concentrations of many of the
expected esters, medium-chain fatty acids, and higher alcohols in the final wines co-cultured
with Hanseniaspora spp. With regards to the ethyl esters and medium-chain fatty acids,
little modulation was observed with the Hanseniaspora co-cultured fermentations, when
compared to the S. cerevisiae control, apart from the concentration of ethyl propionate (an
aroma compound imparting a pineapple-like odour). The ethyl propionate concentrations
in wines fermented with H. occidentalis and H. uvarum were measured to be more than
double than that of the control.

As expected, a large level of variability was measured looking at acetate esters. For
all of the five acetate esters, the concentrations were significantly more in H. guilliermondii
co-fermentations, whereas four of the five acetate esters were higher with H. nectarophila
and H. uvarum. An increase in all of these esters within a wine will generally be considered
as an oenological benefit as they contribute to a fruity or flowery aroma, except for ethyl
acetate. Ethyl acetate measured in the five FEL members were approximately three times
more than the control with H. uvarum co-fermentations achieving levels of more than
500 mg/L. All of these levels far exceed what is considered to be pleasant (<100 mg/L).
With the ethyl acetate levels obtained from the two members of the SEL, no significant
difference with the control was observed. Yet for H. osmophila, more than six times more 2-
phenethyl acetate, a key rose-like aroma component, was recorded. Furthermore, of note are
the quantitatively high levels of the beneficial acetate esters produced by H. guilliermondii.

The majority of the higher alcohols were either unchanged or comparatively lower
than the control. This is directly connected with their conversion to their corresponding
acetate esters. Only co-fermentations with H. occidentalis, however, showed to have higher
amounts of one of the higher alcohol than the controls, namely 2-phenyl ethanol.

3.5. Terpenes

Typical of GT must is that it has a high terpene potential. Terpenes are often bound to
sugar moieties in grape must and require deglycosylation for their release, in order to be
perceived. This release can be facilitated enzymatically via the action of β-glucosidases or
non-specific β-glucanases and it has been shown that NSY, including Hanseniaspora spp.,
have superior terpene-releasing abilities than Saccharomyces [38,41–43]. The conversion
of terpenes can also occur, which can be catalyzed by several enzymes, including dehy-
drogenases, oxygenases and reductases [44]. Table 3 shows the terpene content of the GT
wines co-fermented with the different Hanseniaspora spp. We observed in certain cases
significant modulation of the terpenes within the co-fermentations. With H. opuntiae, in
particular, many of the terpenes were significantly affected like citronellol and β-myrcene,
which is suggestive of the release of terpenes from sugar moieties. Curiously, with some
co-fermentations (H. guilliermondii, H nectarophila and H. uvarum) citronellol levels were
significantly lower than those of the control. A short fermentation of must spiked with
higher levels of citronellol in wines co-fermented with H. guilliermondii and H. uvarum
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was conducted to see if other peaks related to citronellol could be observed. A peak cor-
responding to the acetate ester of citronellol (i.e., citronellyl acetate) was detected in the
GC-MS chromatograms (Figure 2). This strongly suggests that these Hanseniaspora strains
converted citronellol (which is a terpenol with a primary alcohol functional group) to its
acetate ester, presumably via the same action as the esterification of other alcohols.

3.6. PCA

To analyse the overall outcome of VOC production in the different co-fermentations, a
principal component analysis was conducted, including aroma compounds, organic acids,
ethanol and glycerol (Figure 3). Large variations, especially in the ethyl ester content,
of co-fermentations with H. nectarophila and H. meyeri replicates caused the overlaps of
the data points with other groups. The PCA indicated that the two members of the SEL
separated from the other groups regarding their wine profiles. It is also noteworthy that
the bulk of the acetate esters production was associated with members of the FEL, such
as H. guilliermondii and H. uvarum. The PCA also shows the noteworthy acid modulation
displayed by the fermentation with H. osmophila with its high production of acetic acid
coinciding with the possible consumption of lactic acid.

Table 3. Terpene and norisoprenoid content (all μg/L) of the GT wines, as measured with HS-SPME-
GC-MS. Values are the means of three replicate fermentations followed by the standard deviations
(±). Unpaired t-test with Welch’s correction was conducted to compare values with the pure S.
cerevisiae inoculum control. ↑ indicates significantly more (<0.05) than the control (S. cerevisiae) ↓
indicates significantly less (<0.05) than the control (S. cerevisiae).

S. cerevisiae H. guilliermondii H. meyeri H. nectarophila H. occidentalis H. opuntiae H. osmophila H. uvarum

β-myrcene 6.71 ± 0.31 9.82 ± 1.26 ↑ 7.87 ± 1.05 9.37 ± 0.58 ↑ 7.95 ± 1.74 9.13 ± 0.17 ↑ 8.87 ± 0.67 ↑ 9.06 ± 0.24 ↑
limonene 0.96 ± 0.01 0.99 ± 0.02 0.97 ± 0.02 0.99 ± 0.01 ↑ 0.96 ± 0.03 1.01 ± 0.01 ↑ 0.98 ± 0.01 1.02 ± 0.01 ↑

cis-rose oxide 0.42 ± 0.03 0.24 ± 0.03 ↓ 0.35 ± 0.07 0.38 ± 0.04 0.19 ± 0.07 ↓ 0.36 ± 0.03 ↓ 0.24 ± 0.04 ↓ 0.45 ± 0.02
trans-rose

oxide 0.15 ± 0.01 0.09 ± 0.01 ↓ 0.14 ± 0.02 0.15 ± 0.01 0.09 ± 0.02 ↓ 0.13 ± 0.01 ↓ 0.11 ± 0.01 ↓ 0.17 ± 0.01
cis-linalool

oxide 19.74 ± 1.03 19.68 ± 0.13 19.11 ± 0.19 18.37 ± 0.24 18.13 ± 0.54 18.84 ± 1.43 18.54 ± 0.65 19.12 ± 0.68

nerol oxide 1.29 ± 0.04 1.35 ± 0.07 1.27 ± 0.11 1.32 ± 0.09 1.25 ± 0.18 1.45 ± 0.05 ↑ 1.29 ± 0.16 1.38 ± 0.07
trans-linalool

oxide 6.20 ± 0.67 5.75 ± 0.18 5.43 ± 0.34 5.77 ± 0.21 5.45 ± 0.20 5.72 ± 0.25 5.63 ± 0.52 5.52 ± 0.03
vitispirane 0.56 ± 0.01 0.54 ± 0.00 ↓ 0.55 ± 0.01 0.54 ± 0.01 ↓ 0.54 ± 0.01 ↓ 0.55 ± 0.01 0.52 ± 0.01 ↓ 0.57 ± 0.00

linalool 72.43 ± 3.71 72.93 ± 1.80 71.43 ± 0.69 72.13 ± 3.01 71.18 ± 2.51 73.91 ± 3.70 72.04 ± 5.49 72.50 ± 0.45
hotrienol 36.61 ± 6.24 29.52 ± 1.85 31.48 ± 4.25 28.38 ± 3.47 39.98 ± 3.95 43.04 ± 3.24 35.04 ± 0.35 31.78 ± 1.97

α-terpineol 55.46 ± 9.81 47.13 ± 2.74 50.75 ± 6.32 46.91 ± 5.59 68.66 ± 7.75 72.42 ± 4.46 69.19 ± 2.49 49.01 ± 3.90
citronellol 26.97 ± 4.40 9.52 ± 0.56 ↓ 18.96 ± 4.08 13.83 ± 1.22 ↓ 27.37 ± 4.97 38.08 ± 1.52 ↑ 20.31 ± 2.57 13.85 ± 1.88 ↓

β-
damascenone 0.46 ± 0.01 0.56 ± 0.04 0.53 ± 0.05 0.61 ± 0.04 ↑ 0.64 ± 0.14 0.69 ± 0.03 ↑ 0.70 ± 0.10 0.55 ± 0.06

 

Figure 2. GC-MS chromatograms of the one-day must fermentations with H. guilliermondii and
H. uvarum supplemented with higher levels of citronellol.
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Figure 3. PCA of the final wines co-fermented with Hanseniaspora spp. All of the measured wine
parameters, excluding the terpene data, were used to compose the PCA. Score plot (A) in the first
two PCs: fermentation replicates are shown with the same shape and colour. The blue-and-white
separation indicates the division of the two lineages (FEL and SEL). (B) Corresponding loading map.
Each arrow relates to the tip of a vector starting from the origin. The closer the variable is to the circle,
the better it is explained by the components. Contribution values (%) are shown in a gradient scale of
colours with corresponding values. Numbers in the loading map correspond to: (1) ethyl acetate,
(2) isobutanol, (3) ethyl propionate, (4) isoamyl alcohol, (5) 2-methyl-1-butanol, (6) ethyl butanoate,
(7) hexan-1-ol, (8) isoamyl acetate, (9) 2-methyl-1-butyl acetate, (10) hexanoic acid, (11) ethyl hex-
anoate, (12) hexyl acetate, (13) 2-phenylethanol, (14) octanoic acid, (15) ethyl octanoate, (16) 2-
phenylethyl acetate, (17) ethyl decanoate, (18) tartaric acid, (19) malic acid, (20) lactic acid, (21) acetic
acid, (22) citric acid, (23) ethanol, (24) glycerol.
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4. Conclusions

Even though non-Saccharomyces yeasts are increasingly used in wine fermentations,
reproducibility is a concern. This is not only evident in our study, but also emerges from
the literature on mixed-culture fermentations. The interaction of different yeast species
is complex and strongly dependent on the initial conditions in the must. In conclusion,
the different Hanseniaspora species contributed in various ways to the aroma profile of
the wine. The SEL yeasts (H. occidentalis and H. osmophila) showed little change in ethyl
acetate formation, which is typical for Hanseniaspora, in contrast to the control fermentation
with S. cerevisiae. In addition, some of the Hanseniaspora spp. contributed significantly
to the complex aroma profile through the depletion of lactic acid, an increase in acetate
esters or terpenols, or through the conversion of citronellol to citronellyl acetate. Finally,
this study shows for the first time the use of H. nectarophila and H. meyerii in winemaking
and the characterization of the resulting wine. In particular, the wines fermented with
H. nectarophila showed increased amounts of acetate esters, compared to the control wine.
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Abstract: Seaweeds have a variety of biological activities, and their aromatic characteristics could
play an important role in consumer acceptance. Here, changes in aroma compounds were monitored
during microbial fermentation, and those most likely to affect sensory perception were identified.
Ulva sp. and Laminaria sp. were fermented and generally recognized as safe microorganisms, and
the profile of volatile compounds in the fermented seaweeds was investigated using headspace
solid-phase microextraction with gas chromatography–mass spectrometry. Volatile compounds,
including ketones, aldehydes, alcohols, and acids, were identified during seaweed fermentation.
Compared with lactic acid bacteria fermentation, Bacillus subtilis fermentation could enhance the total
ketone amount in seaweeds. Saccharomyces cerevisiae fermentation could also enhance the alcohol
content in seaweeds. Principal component analysis of volatile compounds revealed that fermenting
seaweeds with B. subtilis or S. cerevisiae could reduce aldehyde contents and boost ketone and alcohol
contents, respectively, as expected. The odor of the fermented seaweeds was described by using
GC–olfactometry, and B. subtilis and S. cerevisiae fermentations could enhance pleasant odors and
reduce unpleasant odors. These results can support the capability of fermentation to improve the
aromatic profile of seaweeds.

Keywords: aroma compounds; seaweeds; odor modification; HS-SPME; GC–MS; GC–O

1. Introduction

Food aroma compounds are volatile molecules that can be released during eating to
reach the olfactory receptors. The aroma compounds in seaweeds serve as sex pheromones
and chemical defense compounds against herbivores and pathogens [1]. Seaweeds and
their aroma compounds have significant application potential in processing food products
as seasonings because of their unique and strong aroma and flavors, such as marine, green,
and umami aromas [2]. The aroma compounds in seaweeds can differ among species,
including the most abundant ones, such as hydrocarbons, ketones, aldehydes, alcohols,
esters, halogenated compounds, carboxylic acids, furans, phenols, sulfur compounds,
pyrazines, pyridines, and amines [3,4].

Seaweeds have a variety of biological activities, such as antiviral, anti-oxidant, anti-
inflammation, and anti-cancer activities, because of their availability, diversity, and produc-
tivity [5], and they have been used as food and medicine for centuries. In Asian countries,
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seaweeds are frequently consumed fresh and dried; however, seaweeds are not normally
ingested in the unprocessed form in Western societies, where seaweeds remain of minor
importance in spite of their nutritional benefits [6]. For example, the ingestion of red
seaweed Bangia fuscopurpurea potentially reduces the risk of cardiovascular and chronic
metabolic diseases, but its fishy malodor may limit consumers’ acceptance [7]. Food sensory
properties can play an important role in consumers’ preferences and acceptance, of which
the aroma compound is of prime importance [8]. Consequently, the identification of sea-
weed volatile compounds has drawn increasing attention for enhancing their application
potential in food [3,9].

Microbial fermentation is often used to improve/enhance the sensory quality of
food, such as cereals, meats, vegetables, and dairy foods, by removing undesirable off-
flavors and/or generating new aroma compounds [10]. Recently, the application of mi-
crobial fermentation in removing undesirable odors in seaweeds has drawn increasing
attention. Seo et al. [11] indicated that the inoculation of the fungus Aspergillus oryzae
could decrease isovaleric acid and allyl isothiocyanate and reduce the peculiar smell
of seaweed kelp extracts. In addition, the co-fermentation of Bacillus subtilis (BS) and
Lactobacillus plantarum of the microalga Spirulina could reduce off-odors and produce
creamy flavor compounds, such as acetoin and ethyl lactate [12]. However, research on
sensory profiles of seaweeds during fermentation remains limited, not to mention that
there are thousands of seaweed species.

Therefore, the aroma compound profiles of seaweeds should be investigated during
microbial fermentation to promote the development of new products and to widen the
application of seaweeds in food or beverage sectors. This study aimed to qualitatively and
quantitatively characterize the volatiles and odor-active compounds in the green seaweed
Ulva sp. and brown seaweed Laminaria sp. fermented with various microorganisms using
headspace solid-phase microextraction (HS-SPME) coupled with gas chromatography–
mass spectrometry (GC–MS) and GC–olfactometry (GC–O). Consequently, the changes in
aroma compounds were monitored during microbial fermentation, and those most likely
to impact sensory perception were identified.

2. Materials and Methods

2.1. Seaweeds

Dried green seaweed Ulva sp. was provided by Taiwan Yes (Taiwan Fertilizer Co.,
Ltd.) in Hualien County, Taiwan, and dried brown seaweed Laminaria sp. was purchased
in Penghu County, Taiwan. The dried seaweed powders were prepared according to
Lu et al. [13]. In summary, the seaweeds were washed, air-dried (40 ◦C), ground, and
sieved through 0.25 mm pores and stored in a freezer until use.

2.2. Fermentation Strains

Five microorganisms were used in this study. Bacillus subtilis BCRC 10255,
Saccharomyces cerevisiae BCRC 21685, Lactobacillus delbrueckii subsp. bulgaricus BCRC 10696
and Lactobacillus casei BCRC 10697 were purchased from Bioresource Collection and Re-
search Center (BCRC) in Hsinchu City, Taiwan. Bacillus subtilis was cultured in Luria-Bertani
medium (LB) at 30 ◦C at 150 rpm, Saccharomyces cerevisiae was cultured in Yeast Extract
Peptone Dextrose medium (YPD) (Formedium, Norfolk, UK) at 24 ◦C at 150 rpm, and three
lactic acid bacteria were cultured at Lactobacilli MRS medium (BD Difco, Franklin Lakes,
NJ, USA) at 37 ◦C. The microbial cells were cultured to OD 0.6–0.8 (during the exponential
phase) prior to the inoculation for seaweed fermentations.

2.3. Fermentation on Seaweeds

The seaweed suspension preparation and microbial fermentation were performed
according to Hung et al. [14] with modifications. Seaweed powder (Ulva or Laminaria sp.)
was mixed with distilled water in a 500 mL flask to make seaweed suspension (5%, w/v).
The seaweed suspension was sterilized by autoclaving (121 ◦C/20 min). The microbial
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cultures were inoculated into the sterile seaweed suspension with a 0.1% (v/v) inoculation
for fermentations. The fermentation for Bacillus subtilis, Saccharomyces cerevisiae, and the
lactic acid bacteria was conducted at 30 ◦C /150 rpm, 24 ◦C/150 rpm, and 37 ◦C/static,
respectively. The samples were taken at 0, 12, 24, 48, and 72 h during fermentation for the
analyses of microbial counts by using aerobic plate counts. The volatile compounds were
extracted by using headspace-solid phase microextraction after fermentation and analyzed
by using gas chromatography-mass spectrometry. The control groups were the seaweed
suspensions (Ulva or Laminaria sp.) without any microbial inoculation.

2.4. Headspace-Solid Phase Microextraction (HS-SPME)

The HS-SPME analysis was performed according to López-Pérez, Picon, and Nuñez [9]
with some modifications. The volatile compounds were extracted by the 50/30 μm divinyl-
benzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) fiber method (Supelco Inc.,
Bellefonte, PA, USA), and has been used previously for extracting volatile compounds from
seaweeds [9,15]. First, 4 mL of fermentation broth was mixed with 4 mL distilled water,
and 1.5 g sodium chloride (NaCl) was added to improve extractive efficiency in HS-SPME.
Zhang et al. [16] indicate that adding NaCl can improve ionic strength in the solution and
further impact the extractive efficiency in HS-SPME. Five μL of 100 ppm ethyl cinnamate
(Sigma-Aldrich, St. Louis, MO, USA) was added as the internal standard. The prepared
sample was placed in a 60 ◦C water bath for 20 min with stirring for balancing, and then
the SPME fiber was exposed to the headspace of the sample at the same temperature for
30 min. Finally, the SPME fiber was inserted into the GC injector for desorption at 250 ◦C
for 5 min under non-splitting mode.

2.5. Gas Chromatography–Mass Spectrometry (GC–MS) and Gas Chromatography Olfactometry
(GC–O)

The GC–MS analysis was performed on an Agilent Technologies-6890N GC coupled
with Agilent 5973I Mass Selective Detector (Agilent Technologies, Santa Clara, CA, USA).
The GC–MS system was equipped with a DB-WAX capillary column (30 m × 0.25 mm
× 0.15 μm) (Agilent Technologies, Santa Clara, CA, USA). Helium was used as a carrier
gas at a constant flow rate of 1.0 mL/min. The oven temperature was initially set at
40 ◦C for 2 min, then heated to 160 ◦C by 6 ◦C/min, and finally to 225 ◦C at 10 ◦C/min,
maintained for 10 min. The mass spectrometry was operated in the electron impact (EI)
mode at 70 eV and screened from 33 to 450 m/z. Library WILEY 275L was used to identify
the volatile compounds for fermentation samples. The concentration of the identified
volatile compounds was calculated by the relative peak area between the internal standard
and the analyte [17].

The equation is followed by

C2 (μg/L) = C1 (μg/L) × (A2/A1) (1)

C1 (A1): concentration (peak area) of the internal standard, C2 (A2): concentration
(peak area) of the identified volatile compound

The GC–O system shared the same equipment and analysis condition on the GC with
the GC–MS. An olfactory detection port was equipped (OPD-3, Gerstel, Linthicum, MD,
USA) on the GC. Once the analyte was separated by the GC, the column fluent was split
by 1:1 to the mass spectrometry and the sniffing port individually. The odor descriptions
of volatile compounds in the GC–O were followed by Ning et al. [18] with modifications.
Three trained panelists evaluated the odor intensity by indicating strong (S), medium (M),
and weak (W), and the sniffed retention indices and the notes of the odor were recorded
as well.

2.6. Statistical Analysis

All experiments and analyses were conducted in triplicate. Data were expressed as
mean ± SD and statistically analyzed by using IBM SPSS Statistics 23.0 (IBM, Armonk,
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NY, USA). The statistically significant differences between the samples were determined
by one-way analysis of variance (ANOVA), and Scheffe’s test was used to indicate the
significant differences where p < 0.05. Principle component analysis (PCA) and hierarchical
clustering heatmaps were carried out by using MetaboAnalyst 5.0. These two analyses
were applied to understand the changes in volatile compounds between fermented and
unfermented seaweeds.

3. Results and Discussion

3.1. Seaweed Fermentation by the GRAS Microorganisms

In this study, five GRAS microorganisms were selected, i.e., B. subtilis (BS),
Saccharomyces cerevisiae (SC), and Lb. acidophilus (LA), Lb. delbrueckii subsp. bulgaricus
(LB), and Lb. casei (LC) for seaweed fermentations. The cell growth of these five strains in
Ulva and Laminaria suspensions is shown in Figure S1. In Ulva and Laminaria suspensions,
the cell count of BS and SC increased at 0–24 h, and the growth of lactic acid bacteria was
observed during 0–12 h. In addition, the yeast maintained their viable cell number at
5–6 log CFU/mL in both seaweed suspensions during fermentation, and the bacteria main-
tained their viable cell number at 7–9 log CFU/mL, indicating that seaweed suspension
could serve as the sole biomass for microbial fermentations.

3.2. Monitoring the Volatile Compound Profiles in Seaweed Fermentation
3.2.1. Ulva sp. Fermentation

A total of 51 volatile compounds were identified in the unfermented and fermented
Ulva sp. suspension (Table 1) using HS-SPME–GC–MS. The profile of volatile compounds
varies among the Ulva sp. suspensions fermented with five microorganisms. Twelve
ketones were detected in the unfermented Ulva sp., and 20, 13, 11, 11, and 10 ketones
were determined in the Ulva sp. suspension fermented with BS, SC, LA, LB, and LC,
respectively. In the unfermented Ulva sp., aliphatic ketones with long chains (≥C7), such as
2,2,6-Trimethylcyclohexanone (floral), 6-Methyl-5-hepten-2-one (also known as sulcatone;
citral and musty), and β-Ionone (violet, floral) [19], were identified. β-ionone is a potent
odorant in seafood, and sulcatone has been identified in various foods as a metabolite of
lycopene [20]. These ketone compounds could be detected in the commonly dehydrated
Ulva lactuca [9]. The total amount of ketones was significantly increased in the Ulva
suspension after BS fermentation, particularly short-chain aliphatic ketones (C ≤ 7), such
as pentanone (fruity and pungent) and heptanone (cheesy, fruity, and spicy). In general,
aliphatic ketones with shorter chains have a strong aroma, and they can be generated
through the lipoxygenation of fatty acids during fermentation [21]. On the contrary, lactic
acid bacteria fermentations could reduce the total amount of ketones

Table 1. Changes of the aromatic profile in the green seaweed Ulva sp. fermented by
various microorganisms.

Compounds
Concentration (μg/L)

Unfermented BS SC LA LB LC

Ketones

2-Butanone nd 56.33 ± 2.05 a 11.18 ± 1.80 b 10.53 ± 4.07 b 2.67 ± 0.34 b 7.29 ± 0.20 b

2-Pentanone nd 164.64 ± 6.60 a 81.24 ± 3.89 b nd nd nd

3-Hexanone nd 7.93 ± 0.14 14.78 ± 0.01 nd nd nd

2-Hexanone nd 33.03 ± 0.12 nd nd nd nd

5-Methyl-2-hexanone nd 23.45 ± 1.86 nd nd nd nd

2-Heptanone nd 436.59 ± 4.50 nd nd nd nd

6-Methyl-2-heptanone nd 12.85 ± 1.70 nd nd nd nd

2,2,6-Trimethylcyclohexanone 39.66 ±1.64 a 30.28 ± 1.32 b nd nd 6.03 ±1.92 c nd
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Table 1. Cont.

Compounds
Concentration (μg/L)

Unfermented BS SC LA LB LC

6-Methyl-5-hepten-2-one 23.07 ± 3.21 c 47.32 ± 4.38 b nd 114.31 ± 7.44 a 62.84 ± 2.52 b 47.43 ± 2.14 b

3,5,5-Trimethyl-2-cyclohexen-1-
one 31.33 ± 2.60 a 4.57 ± 0.08 b 5.92 ± 0.13 b 7.55 ± 1.15 b 5.33 ±0.27 b 5.68 ± 0.11 b

3,5-Octadien-2-one 47.78 ± 1.12 cd 34.12 ± 0.37 d 77.71 ± 3.92 b 147.08 ± 5.40 a 48.77 ± 3.48 cd 61.86 ± 10.29 bc

6-Methyl-3,5-heptadien-2-one 31.68 ± 3.58 d 50.78 ± 5.93 b 33.91 ± 1.21 cd 69.67 ± 3.29 a 46.88 ± 0.57 bc 60.75 ± 1.35 ab

4-Ketoisophorone 19.68 ± 1.48 b 1.08 ± 0.22 c 56.07 ± 3.39 a 11.94 ± 2.77 b nd nd

Propiophenone 61.68 ± 1.12 a 33.20 ± 0.50 b 61.16 ± 3.09 a nd nd nd

5-Ethyl-2(5H)-furanone 15.33 ± 0.33 ab 7.34 ± 0.34 c 18.09 ± 0.32 a 12.96 ± 1.12 b 5.81 ± 0.28 c 6.42 ± 1.22 c

trans-β-Ionone nd 36.35 ± 0.32 nd nd nd nd

β-Ionone 211.59 ± 3.93 ab 149.52 ± 2.60 d 201.70 ± 6.00 bc 183.55 ± 1.56 c 147.39 ± 3.51 d 223.88 ± 8.74 a

5,6-Epoxide-β-Ionone 210.31 ± 0.64 a 114.60 ± 2.73 cd 189.46 ± 3.09 a 149.01 ± 11.20 b 104.40 ± 3.81 d 143.16 ± 11.36 bc

Total ketones 738.05 ± 38.28 b 1243.98 ± 19.14 a 751.21 ± 16.28 b 706.59 ± 25.97 b 430.11 ± 7.18 d 556.47 ± 26.58 c

Aldehydes

3-Methylbutanal 99.47 ± 1.69 a nd nd 34.47 ± 3.47 b 28.33 ± 2.90 b nd

Hexanal 234.47 ± 4.27 a nd 58.38 ± 1.21 b 44.98 ± 6.08 b 20.55 ± 1.80 c 56.88 ± 1.82 b

(E)-2-Pentenal 61.75 ± 1.52 a nd 29.38 ± 0.06 b 23.20 ± 1.52 bc 11.59 ± 1.54 d 22.48 ± 0.66 c

2-Methyl-2-pentenal 8.61 ± 1.11 a nd nd nd 7.14 ± 0.91 a nd

Heptanal 194.50 ± 12.07 a nd nd 108.34 ± 10.39 b 52.29 ± 4.77 c nd

(E)-2-Hexenal 63.60 ± 5.26 a nd nd 45.49 ± 3.77 b 18.09 ± 0.11 c 20.88 ± 2.13 c

Furfural 49.72 ± 2.77 a nd nd 51.72 ± 3.24 a 26.02 ± 1.51 b 22.69 ±1.37 b

5-Methylfurfural 560.93 ± 25.70 a nd 501.50 ± 12.66 b 405.88 ± 7.23 c 308.09 ± 11.48 d 321.86 ± 11.53 d

2,4-Heptadienal 25.02 ± 1.78 a nd 16.98 ± 0.59 b nd nd nd

Safranal 43.37 ± 4.61 b nd 93.64 ± 4.49 a 44.26 ± 0.76 b 6.38 ± 0.46 c 1.81 ± 0.57 c

Total aldehydes 1341.44 ± 30.80 a nd 699.87 ± 17.50 b 758.34 ± 28.53 b 478.48 ± 8.92 c 446.59 ± 12.27 c

Alcohols

Ethanol nd nd 7.78 ± 0.73 nd nd nd

1-Butanol nd 5.01 ± 0.93 nd nd nd nd

1-Penten-3-ol 61.13 ± 3.21 a 32.03 ± 5.10 b 40.44 ± 3.71 b 27.75 ± 0.56 bc 12.90 ± 0.77 c nd

1-Pentanol nd 21.92 ± 1.34 b 61.16 ± 0.34 a nd nd nd

1-Hexanol nd nd 289.18 ± 12.93 nd nd nd

1-Heptanol nd nd 116.55 ± 5.13 nd nd nd

1-Octanol nd nd 20.19 ± 0.76 nd nd nd

2,6-Dimethylcyclohexanol 109.89 ± 4.73 a nd 106.64 ± 0.26 a nd nd nd

5-Methyl-2-furanmethanol nd 28.48 ± 1.22 nd nd nd nd

Total alcohols 171.02 ± 5.90 b 87.44 ± 5.47 c 641.94 ± 18.53 a 27.75 ± 0.46 d 12.90 ± 0.63 d nd

Acids

Hexanoic acid nd nd nd 7.87 ± 0.57 a 4.93 ± 0.39 b 5.86 ± 0.13 b

Esters

Methyl salicylate 163.25 ± 1.61 c 240.20 ± 12.70 ab 190.91 ± 4.58 c 219.98 ± 1.52 b 70.57 ± 6.66 d 257.76 ± 4.48 a

Benzenes and benzene
derivatives

Benzaldehyde 321.98 ± 4.94 a 25.18 ± 0.49 c 30.14 ± 3.05 c 299.63 ± 14.09 a 242.48 ± 9.25 b 238.97 ± 10.15 b

Benzyl alcohol nd 14.81 ± 0.44 b 23.34 ± 0.69 a nd nd nd

Benzoic acid nd nd nd nd 8.21 ± 0.54 b 16.93 ± 1.21 a

Phenol nd 20.90 ± 0.28 nd nd nd nd

2,4-Di-tert-butylphenol 7.65 ± 1.25 a 7.47 ± 0.37 a 5.56 ± 0.57 ab 5.67 ± 0.14 ab 3.40 ± 0.25 b 4.56 ± 0.44 b

Total benzenes and benzene
derivatives 329.64 ± 5.87 a 68.56 ± 0.64 c 59.03 ± 2.17 c 305.30 ± 11.51 a 254.09 ± 9.09 b 260.46 ± 9.71 b
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Table 1. Cont.

Compounds
Concentration (μg/L)

Unfermented BS SC LA LB LC

Hydrocarbons

Toluene 173.85 ± 1.65 a 39.45 ± 1.94 c 62.61 ± 2.18 b 15.35 ± 0.40 e 26.97 ± 1.89 d nd

Furans

2-Ethylfuran 299.42 ± 23.69 a nd 38.19 ± 2.18 b 61.68 ± 0.39 b 14.32 ± 1.12 b 16.55 ± 0.66 b

Pyrazines

2,5-Dimethylpyrazine nd 159.03 ± 5.90 nd nd nd nd

Sulfur-containing

Dimethyl sulfide nd 26.71 ± 3.56 nd nd nd nd

Isobutyl isothiocyanate nd 3.16 ± 0.52 nd nd nd nd

Miscellaneous

Methylethylmaleimide 19.43 ± 0.23 ab 6.32 ± 0.29 e 16.14 ± 1.59 bc 20.84 ± 0.46 a 15.10 ± 1.38 cd 12.03 ± 1.05 d

Dihydroactinidiolide 56.51 ± 3.48 ab 58.12 ± 0.63 a 47.21 ± 5.19 ab 57.08 ± 1.09 a 43.17 ± 1.64 b 48.28 ± 2.49 ab

Total Miscellaneous 75.94 ± 4.45 a 64.44 ± 0.38 b 63.35 ± 5.28 b 77.92 ± 1.81 a 58.27± 1.67 b 60.31 ± 1.22 b

All measurements were performed in triplicate and expressed as mean ± SD (n = 3). Different letters within the
same row represent significant differences; nd: non-detected.

Ten aldehydes were detected in the unfermented Ulva sp., including linear, branched,
or unsaturated aldehydes (Table 1). Most aldehydes have short chains (C ≤ 7), such as
furfural, hexanal, and heptanal. According to Peinado et al. [22], the notes of hexanal
and heptanal were described as fishy odors. Aldehydes such as hexanals and heptanals
were reduced after all microbial fermentations, in which BS fermentation was of the most
significance. Moreover, the amount of safranal, a compound that contributes a spicy
saffron-like note with herbaceous, tobacco facets, and floral undertones, was doubled after
SC fermentation.

As for alcohols, the aroma compound 1-penten-3-ol (green) [20] was identified in
the unfermented Ulva sp., and it was decreased in each microbial fermentation. The total
alcohol content decreased after microbial fermentations except for SC (Table 1). Five ad-
ditional alcohols were generated in the Ulva sp. suspension after SC fermentation, such
as 1-pentanol (fermented, oily, sweet) and 1-hexanol (fruity, floral aromatic) [20,23]. In the
metabolism of brewing yeast, the Ehrlich pathway is a metabolic route to produce high
alcohol content from amino acids, involving transamination, decarboxylation, and reduc-
tion [24]. This finding might explain the alcohol production during the SC fermentation of
Ulva sp.

Benzaldehyde (bitter almond and burnt sugar) was identified in the unfermented
Ulva sp., and it was converted into benzyl alcohol (floral and rose) [20] by alcohol dehy-
drogenase after BS or SC fermentation [25]. Our results were similar to those reported by
Wang et al. [26]; that is, benzaldehyde and benzyl alcohol were decreased and increased,
respectively, through SC fermentation. On the contrary, benzaldehyde was oxidized into
benzoic acid (sweet and pleasant odor) [27] during lactic acid fermentation, which was also
observed in lactic acid bacteria-fermented dairy products [28]. In addition, the number of
other aroma compounds, such as furan 2-ethyfuran (coca), was reduced after microbial
fermentations, but BS fermentation increased the amount of 2,5-dimethylpyrazine (roasted,
nutty) and dimethyl sulfide (boiled cabbage). The overall changes in volatile compounds
for the unfermented and fermented Ulva sp. were summarized in the heat map (Figure 1).
Compared with the unfermented Ulva sp., BS or SC fermentation could reduce aldehyde
contents, which might mitigate potential unpleasant odors from seaweed. BS fermentation
improved ketone production, whereas SC increased alcohol production during fermenta-
tion. By contrast, volatile acids were found in the Ulva sp. suspension fermented with lactic
acid bacteria (LA, LB, and LC).
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Figure 1. Heat map of the volatile compounds in the green seaweed Ulva sp. fermented by var-
ious microorganisms. Colors indicate the Z-score distances to the mean levels of the observa-
tions. A Z-score greater than 1.645 (red color) or lower than −1.645 (blue color) is significant at the
0.05 level. UF: unfermented; BS: B. subtilis; SC: S. cerevisiae; LA: Lb. acidophilus; LB: Lb. delbrueckii
subsp. bulgaricus; LC: Lb. casei.

3.2.2. Laminaria sp. Fermentation

A total of 55 volatile compounds were identified in the unfermented and fermented
Laminaria sp. (Table 2). In addition, a total of 31 volatile compounds were identified in the
unfermented Laminaria sp., and 36, 40, 41, 40, and 40 volatile compounds were found in the
Laminaria sp. suspension fermented with BS, SC, LA, LB, and LC, respectively.
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Table 2. Changes of the aromatic profile in the brown seaweed Laminaria sp. fermented by
various microorganisms.

Compounds
Concentration (μg/L)

Unfermented BS SC LA LB LC

Ketones

2,3-Butanedione nd 29.03 ± 8.54 nd nd nd nd

1-Penten-3-one 18.97 ± 2.08 a 8.65 ± 0.78 b 3.32 ± 0.57 b 7.03 ± 1.33 b 20.77 ± 2.45 a 22.18 ± 0.84 a

3-Octanone nd 113.96 ± 9.33 b 215.13 ± 7.16 a 33.38 ± 0.88 d 53.68 ± 1.83 c 46.85 ± 2.08 cd

3-Hydroxy-2-
butanone nd 672.20 ± 35.20 nd nd nd nd

2-Octanone nd nd 40.54 ± 1.44 nd nd nd

1-Octen-3-one 254.73 ± 4.42 bc 207.96 ± 2.92 d 87.66 ± 0.70 e 228.68 ± 4.92 cd 277.10 ± 11.00 ab 297.45 ± 16.51 a

3-Octen-2-one nd nd 11.49 ± 0.77 nd nd nd

3,5-Octadien-2-one 9.86 ± 0.22 d 10.12 ± 1.75 d 21.77 ± 1.03 a 11.99 ± 0.97 cd 13.29 ± 0.85 bc 15.54 ± 0.66 b

β-Ionone 3.82 ± 0.58 c 3.71 ± 0.21 c 7.85 ± 0.79 b 11.78 ± 1.25 a 13.47 ± 0.76 a 12.77 ± 0.25 a

Total ketones 278.38 ± 7.98 c 1048.63 ± 37.34 a 387.76 ± 8.23 b 285.83 ± 6.33 c 378.31 ± 9.95 b 394.79 ± 23.44 b

Aldehydes

3-Methylbutanal 2.56 ± 0.05 b nd nd 6.42 ± 0.74 a 1.90 ± 0.08 b 1.42 ± 0.36 b

2-Butenal 55.74 ± 0.89 ab 28.78 ± 1.89 cd 24.42 ± 3.09 d 41.96 ± 4.29 bc 67.56 ± 3.39 a 64.68 ± 7.23 a

Hexanal 265.90 ± 15.47 a 95.22 ± 3.50 cd 60.55 ± 2.27 d 112.22 ± 10.99 c 191.26 ± 9.72 b 162.73 ± 13.50 b

(E)-2-Pentenal 18.89 ± 1.92 ab 10.38 ± 0.97 c 10.02 ± 0.35 c 13.64 ± 0.71 bc 21.36 ± 1.84 a 20.71 ± 2.57 a

Heptanal 26.92 ± 2.84 a 11.99 ± 1.57 b 15.39 ± 1.12 b 11.45 ± 0.74 b 14.69 ± 2.82 b 13.66 ± 1.70 b

(E)-2-Hexenal 29.48 ± 0.83 a 13.27 ± 0.80 c 10.22 ± 0.19 c 18.70 ± 2.31 b 28.88 ± 0.91 a 28.26 ± 1.01 a

(Z)-4-Heptenal 10.94 ± 2.58 a 4.42 ± 0.21 b 4.40 ± 0.06 b 9.92 ± 0.32 ab 11.78 ± 1.72 a 15.23 ± 1.24 a

Octanal 40.10 ± 1.26 b nd nd 35.97 ± 1.29 b 60.53 ± 3.28 a 61.45 ± 1.74 a

(E)-2-Heptenal 1179.00 ± 45.48 a 538.71 ± 31.97 d 429.48 ± 7.48 d 761.00 ± 32.68 c 931.45 ± 7.23 b 1053.81 ± 37.85 ab

Nonanal 20.36 ± 0.86 ab 6.56 ± 1.58 d 21.16 ± 1.58 a 11.82 ± 0.59 c 16.55 ± 0.46 abc 16.22 ± 1.46 bc

Furfural 65.36 ± 1.74 a nd nd 26.26 ± 1.93 b 22.71 ±2.21 b 23.45 ± 2.80 b

(E)-2-Octenal nd nd nd 95.66 ± 7.85 b 163.08 ± 17.07 a 106.47 ± 3.97 b

2,4-Heptadienal 76.42 ± 8.21 a 39.33 ± 2.57 cd 34.32 ± 3.78 d 49.91 ± 1.59 bcd 62.51 ± 6.82 ab 57.43 ± 0.86 bc

5-Methylfurfural 8.22 ± 0.61 b nd nd 6.92 ± 0.79 b 11.52 ± 0.40 a 10.95 ± 1.11 a

(E,Z)-2,6-
Nonadienal 5.68 ± 0.48 c nd 6.60 ± 1.48 c 24.14 ± 0.87 b 27.55 ± 0.56 a 21.88 ± 0.49 b

(E)-2-Decenal 76.05 ± 5.16 d 107.63 ± 4.87 d 155.49 ± 4.71 c 264.40 ± 16.70 b 358.26 ± 14.80 a 362.13 ± 14.09 a

2,4-Nonadienal 15.89 ± 0.73 c 5.15 ± 0.80 d nd 31.85 ± 0.92 a 24.02 ± 1.59 b 28.67 ±1.00 a

2,4-Decadienal 49.62 ± 2.56 b 15.08 ± 1.12 c 24.91 ± 3.88 bc 106.58 ± 2.20 a 121.19 ± 9.81 a 118.74 ± 16.88 a

Total aldehydes 1947.12 ± 53.11 b 876.51 ± 33.6 d 796.96 ± 12.63 d 1628.84 ± 47.68 c 2136.79 ± 50.62 a 2167.90 ± 48.24 a

Alcohols

Ethanol nd nd 12.63 ± 0.80 nd nd nd

Cyclopentanol nd nd 11.70 ± 0..58 nd nd nd

3-Methylbutanol nd nd 23.46 ± 0.96 nd nd nd

1-Pentanol nd 7.30 ± 0.62 b 16.89 ± 1.66 a 4.64 ± 0.54 b 7.90 ± 0.35 b 7.53 ± 0.51 b

1-Hexanol nd 127.85 ± 3.58 c 259.36 ± 2.34 a 128.01 ± 8.90 c 201.03 ± 10.89 b 211.71 ± 11.57 b

1-Octen-3-ol 529.91 ± 24.37 a 538.68 ± 16.09 a 253.74 ± 3.03 b 544.97 ±18.97 a 514.24 ±31.25 a 593.38 ± 3.70 a

1-Heptanol nd nd 910.33 ± 23.18 nd nd nd

2,3-Butanediol nd 456.59 ± 4.97 nd nd nd nd

1-Octanol 90.09 ± 1.90 d 201.19 ± 14.91 c 455.22 ± 4.54 a 196.11 ± 2.55 c 262.85 ± 2.90 b 290.12 ± 11.55 b

(E)-2-Octen-1-ol 191.70 ± 4.63 b 202.29 ± 31.14 b 192.55 ± 10.89 b 192.66 ± 4.30 b 274.78 ± 19.36 a 288.80 ± 15.10 a

2,7-Octadien-1-ol 51.53 ± 1.56 d 64.25 ± 1.84 c 57.60 ± 2.07 cd 76.57 ± 4.31 b 111.36 ± 1.79 a 104.31 ± 2.80 a

1-Decanol nd nd 23.09 ± 1.34 nd nd nd

Total alcohols 863.23 ± 30.80 e 1598.15 ± 39.04 b 2216.58 ± 24.71 a 1142.96 ± 14.19 d 1372.16 ± 62.92 c 1495.85 ± 42.46 bc

40



Fermentation 2023, 9, 135

Table 2. Cont.

Compounds
Concentration (μg/L)

Unfermented BS SC LA LB LC

Acids

Acetic acid nd 17.36 ± 0.43 nd nd nd nd

2-Methylbutanoic
acid nd 49.21 ± 44.15 nd nd nd nd

Hexanoic acid nd nd nd 10.91 ± 0.48 b 15.98 ± 1.17 a 15.26 ± 0.78 a

Octanoic acid nd 12.20 ± 0.55 a 6.31 ± 0.67 b 10.29 ± 0.92 a 10.23 ± 0.86 a 12.45 ± 0.76 a

Nonanoic acid nd 11.07 ± 0.93 a nd 14.96 ± 1.84 a 13.94 ± 3.46 a 14.33 ± 0.76 a

Decanoic acid nd nd nd 4.20 ± 0.61 a 4.94 ± 0.44 a 5.67 ± 0.60 a

Dodecanoic acid nd nd nd 5.32 ± 0.48 nd nd

Tetradecanoic acid 18.80 ± 1.95 d 24.98 ± 1.55 d 48.72 ± 4.91 bc 56.89 ± 2.48 ab 62.49 ± 0.94 a 40.36 ± 1.68 c

Hexadecanoic acid nd 12.89 ± 1.71 c 24.13 ± 3.76 b 41.40 ± 0.76 a 35.01 ± 3.87 ab 31.15 ± 3.54 ab

Total acids 18.80 ± 1.95 d 127.71 ± 1.58 ab 79.17 ± 8.81 c 143.97 ± 2.80 a 142.58 ± 4.55 a 119.21 ± 5.36 b

Esters

Methyl salicylate 46.54 ± 6.17 d 59.44 ± 4.59 d 131.18 ± 7.47 c 296.03 ± 8.07 a 219.04 ± 6.85 b 118.80 ± 2.05 c

Benzenes and
benzene
derivatives

Benzaldehyde 37.53 ± 1.77 b nd 10.57 ± 0.60 c 43.14 ± 1.38 ab 41.65 ± 1.80 b 47.99 ± 2.40 a

Benzyl alcohol nd nd 8.49 ± 045 nd nd nd

Phenethyl alcohol nd nd 39.24 ± 2.20 nd nd nd

2,4-Di-tert-
butylphenol 3.10 ± 0.26 c 4.21 ± 0.07 bc 3.96 ± 0.09 c 5.42 ± 0.10 ab 5.55 ± 0.27 a 5.31 ± 0.59 ab

Total benzenes and
benzene derivatives 40.63 ± 1.58 c 4.21 ± 0.07 d 62.27 ± 2.75 a 48.56 ± 1.31 b 47.20 ± 1.60 bc 53.31 ± 2.70 b

Miscellaneous

Methylethylmaleimide 3.71 ± 0.60 b 2.68 ± 0.37 b 6.32 ± 0.24 a 3.84 ± 0.58 b 4.03 ± 0.56 b 4.20 ± 0.36 ab

Dihydroactinidiolide 8.22 ± 0.64 c 9.68 ± 0.48 bc 9.00 ± 0.15 bc 12.19 ± 0.42 a 10.86 ± 0.34 ab 10.77 ± 0.74 ab

Total Miscellaneous 11.94 ± 0.39 b 12.36 ± 0.30 b 15.32 ± 0.42 a 16.03 ± 0.81 a 14.89 ± 0.96 a 14.97 ± 1.25 a

All measurements were performed in triplicate and expressed as mean ± SD (n = 3). Different letters within the
same row represent significant differences; nd: non-detected.

Total ketones were increased after fermentation with BS, SC, LB, or LC (Table 2), with
BS showing the most increases. 1-Octen-3-one (metallic and mushroom) [29] and β-ionone
were identified in the fermented and unfermented groups. Notably, 3-octanone, described
as herb, butter, and resin notes [30], was generated in the fermented
Laminaria sp. suspension, and 3-hydroxy-2-butanone (sweet), also known as acetoin,
was generated in the BS-fermented group. β-ionone, which was responsible for the
rose aroma [31] and sweet note in green tea [32], was enhanced during SC, LA, LB, or
LC fermentation.

Linear, branched, or volatile unsaturated aldehydes, which were identified in brown
seaweeds, may contribute to seaweed-like or seafood-like odors [11,22]. Our data indicated
that the total aldehyde content was decreased in the Laminaria sp. suspension fermented
with BS, SC, and LA (Table 2). Pan et al. [33] have reported that yeast fermentation can
improve the odor of tiger puffer skin gelatin and reduce its volatile aldehydes. Heptanal
(dry fish notes), hexanal (fishy notes) [22,34], and furfural (burnt note) were reduced
in the fermented Laminaria sp. suspension, which is consistent with the observation in
the fermented Ulva sp. (Table 1), indicating the potential application of fermentation in
removing off-odors from seaweeds.

The major alcohol compound detected in the unfermented Laminaria sp. is 1-octen-3-ol
(529.91 μg/L, Table 2), which is described as fishy and grassy notes [34]. Based on the report
of López-Pérez, Picon, and Nuñez [9], 1-octen-3-ol has a high odor activity value and low
perception threshold, and it is considered the major alcohol compound in brown seaweeds
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(Himanthalia elongata and Laminaria ochroleuca). SC fermentation could significantly reduce
1-Octen-3-ol. In addition, a high content of alcohols was produced via fermentation, such
as 1-pentanol (fermented, oily, sweet) and 1-hexanol (fruity, floral aromatic), which is
consistent with our observations in the fermented Ulva sp. (Table 1). The EMP pathway and
Ehrlich pathway are two possible metabolic routes for converting carbohydrates and amino
acids into branched alcohols during yeast fermentation, respectively [34]. Thus, more
alcoholic compounds were identified in the Laminaria sp. fermented with SC compared
with the unfermented group.

With regard to volatile acids, tetradecanoic acid was identified in the unfermented
Laminaria sp. and acid varieties, and total acid contents increased after microbial fermen-
tation (Table 2). Saturated fatty acids, such as hexanoic acid (fatty, cheesy), octanoic acid
(fatty, waxy) [20], and decanoic acid, were generated during microbial fermentation. In ad-
dition, a branched carboxylic acid (2-methylbutanoic acid) was identified only in Laminaria
fermented with BS. Based on the report of Leejeerajumnean et al. [35], 2-methylbutanoic
acid was identified in soybean products fermented with Bacillus sp.

Therefore, changes in volatile compounds in the unfermented and fermented Laminaria sp.
were demonstrated in the heat map (Figure 2). Compared with the unfermented Laminaria
sp., BS and SC seemed to significantly decrease aldehyde content during fermentation.
In addition, BS fermentation enhanced ketone production, and SC fermentation boosted
alcohol formation in fermented Laminaria sp. suspensions, which were also observed
in Ulva sp. fermentation (Figure 1; Table 1). On the contrary, lactic acid bacteria (LA,
LB, and LC) might slightly reduce aldehyde production when fermenting Laminaria sp.,
compared with BS and SC. Based on changes in the profile of volatile compounds among
fermentations, BS and SC have shown application potential in mitigating off-odors from
seaweeds (Ulva sp. and Laminaria sp.) and modifying their aromatic perceptions after
fermentation. Thus, principal component analysis (PCA) and odor analysis of fermented
seaweeds were performed.

3.3. Principal Component Analysis (PCA) of the Volatile Compounds in the Fermented Seaweeds
3.3.1. Ulva sp.

The PCA of chemical groups of the volatile compounds in the unfermented and
fermented Ulva sp. is shown in Figure 3. The PCA can explain 84.1% of the total variances
in the dataset (59.5% and 24.6% by principal component 1 [PC1] and principal component
2 [PC2], respectively). Based on the score plot (Figure 3A), the BS is in the first quadrant
of the plot, whereas the unfermented Ulva sp. is in the second quadrant. This result
shows the difference in the composition of volatile compounds between the BS and the
unfermented Ulva sp. Moreover, in the loading plot (Figure 3B), the ketone family is
observed in the positive axis of the PC1, whereas the aldehyde family is observed in the
negative axis of the PC1. This negative correlation between the ketone and aldehyde
family indicates the difference in volatile compounds between the BS and the unfermented
Ulva. The aforementioned statement is supported by Table 1, i.e., ketones are increased,
and aldehydes are reduced after BS fermentation. On the contrary, alcohol formation is
associated with SC fermentation, which demonstrates the highest alcohol content among
other fermentations.

In evaluating the specific compound affecting the difference among fermentations, the
PCA of a single volatile compound is shown in Figure 4. The PC1 and PC2 can explain
57.1% and 20.5% of the total variances in the dataset, respectively (total: 77.6%). Based on
the score plot (Figure 4A), the BS and unfermented group are in a different quadrant of PC1,
which correlates to Figure 3A. In addition, 2-heptanone is identified in the positive axis of
PC1 in the loading plot (Figure 4B), which indicates that this compound likely affects the
difference between the BS and the unfermented Ulva.
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Figure 2. Heat map of the volatile compounds in the brown seaweed Laminaria sp. fermented by
various microorganisms. Colors indicate the Z-score distances to the mean levels of the observa-
tions. A Z-score greater than 1.645 (red color) or lower than −1.645 (blue color) is significant at the
0.05 level. UF: unfermented; BS: B. subtilis; SC: S. cerevisiae; LA: Lb. acidophilus; LB: Lb. delbrueckii
subsp. bulgaricus; LC: Lb. casei.

Moreover, 2-heptanone (436.59 μg/L) was formed after fermentation with BS, and its
content was dominant at around 33% of total ketones (1308.42 μg/L) in the fermented Ulva
(Table 1). The difference in volatile compounds between the SC and the unfermented group
based on PC2 is shown in Figure 4A. Based on the loading plot (Figure 4B), 1-hexanol is
in the positive axis of PC2, which indicates its contribution to the difference in volatile
compounds between the SC and the unfermented Ulva. This result might correspond to
the formation of 1-hexanol (289.18 μg/L) after SC fermentation (Table 1). Based on our
GC–O analysis, the odor intensity of 1-hexanol, described as floral and sweet, is enhanced
by SC fermentation. Therefore, 2-heptanone might contribute to the difference between
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Ulva fermented with BS and unfermented Ulva. Furthermore, 1-hexanol plays an important
role in the fermentation of Ulva with SC compared with the unfermented Ulva (Figure 4).
These results are consistent with the PCA of chemical groups shown in Figure 3.
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3.3.2. Laminaria sp.

The PCA of chemical groups of volatile compounds in the unfermented and fermented
Laminaria sp. is shown in Figure 5. The results showed that these variables could explain
91.7% of the total variances among the samples. BS and SC are located in the positive
axis of PC1, whereas the unfermented group is in the negative axis of PC1 (Figure 5A).
Therefore, fermenting Laminaria sp. by BS or SC can change the composition of chemical
groups in volatile compounds. In addition, the chemical groups of volatile compounds are
distinct in BS and SC because these two groups are in the positive and negative axes of
PC2, respectively. Based on the loading plot (Figure 5B), ketones in BS and alcohols in SC
primarily cause the difference. As shown in Table 2, after fermentation, BS acquired higher
ketone content than SC, whereas SC obtained higher alcohol content than BS.
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Figure 5. Principal component analysis plots of chemical groups of the volatile compounds in the
brown seaweed Laminaria sp. fermented by various microorganisms: (A) score plot (B) loading
plot. UF: unfermented; BS: B. subtilis; SC: S. cerevisiae; LA: Lb. acidophilus; LB: Lb. delbrueckii subsp.
bulgaricus; LC: Lb. casei. Sulfur-conta, sulfur containing compounds; benz, benzene derivatives.

Another PCA was conducted to evaluate the correlation between a single volatile
compound and the type of fermentation (Figure 6). PC1 and PC2 explained 55.6% and
29.9%, respectively, of the total variance in the dataset (Total: 85.5%). Consistent with
Figure 5, the volatile compound compositions of BS and SC are differentiated from the
unfermented Laminaria sp. (Figure 6A). Moreover, based on the loading plot (Figure 6B),
acetoin (i.e., 3-hydroxy-2-butanone) and 2,3-butanediol are positively correlated with
BS, and 1-heptanol and 1-octanol are positively correlated with SC, thereby causing the
difference in volatile compounds between the two fermented Laminaria. This finding is
consistent with that shown in Figure 5, i.e., the difference between BS and SC is associated
with the ketone and alcohol family.

As shown in Table 2, acetoin accounts for the highest content (63.4%) in the ketone
family from BS fermentation, followed by 1-heptanol (41.1%) and 1-octanol (20.5%) in the
alcohol family from SC fermentation. On the contrary, in the third quadrant of the score
plot (Figure 6A), the unfermented group and fermentation with lactic acid bacteria (LA,
LB, and LC) are in the negative axis of PC1 and PC2. This finding indicates that lactic acid
bacteria may not significantly modify the composition of volatile compounds as compared
with the unfermented group. Based on the loading plot (Figure 6B), (E)-2-heptenal shows
a higher correlation with the unfermented group and fermentation with lactic acid bac-
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teria. Furthermore, (E)-2-heptenal was significantly reduced from 1179.00 to 538.71 and
429.48 μg/L by fermenting with BS and SC, respectively (Table 2). In addition, (E)-2-
heptenal contents were significantly lower in BS and SC fermentation than in lactic acid
bacteria fermentation (Table 2). This finding may support the result that the groups of lactic
acid bacteria and BS/SC are positioned on different quadrants in PCA.
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Therefore, according to the PCA (Figures 3–6), fermenting Ulva sp. or Laminaria sp. with
BS or SC can modify the composition of volatile compounds compared with unfermented
seaweeds. These results can be supported by Tables 1 and 2. Volatile and non-volatile
compounds can contribute to the sensory characteristics of foods, which may further affect
consumer preference [36–38]. Hence, GC–O was applied to evaluate the odor description
and intensity of the fermented seaweeds.

3.4. Sensory Evaluation of the Intensity of the Odor-Active Compounds in the Fermented Seaweeds

GC–O is considered as a major technique for analyzing the effect of volatile compounds
on sensory characteristics, which has been applied to seaweeds [3]. The results of GC–O
analysis for the unfermented and fermented Ulva sp. are summarized in Table 3.

A total of 22 odor-active compounds were detected, including six ketones, four alde-
hydes, four alcohols, one ester, one pyrazine, and six unidentified compounds. Among the
pleasant odors, floral, sweet, and fruity were described. After fermentation with BS and SC,
aromatic notes were enhanced, compared with the unfermented Ulva. For example, benzyl
alcohol could contribute to floral and fruity aromas after BS and SC fermentation. Benzyl
alcohol is described as flower, apple peel, and sweet aromas in Chinese bayberry [39], and it
has been reported in many fruits [40]. In addition, 1-hexanol and 1-heptanol could provide
extra floral/sweet and sweet aromas in the SC group, and the floral aroma of 6-methyl-5-
hepten-2-one was enhanced in the BS group (Table 3). Notably, after fermentation with
BS, 2,5-dimethylpyrazine is formed (Table 1), and it contributes to the nutty and roasted
aromas in the fermented Ulva sp. (Table 3).

This odor description is consistent with the report of Guo et al. [41], indicating that
2,5-dimethylpyrazine is the critical contributor to roasted peanut flavor in Oolong tea.
According to Leejeerajumnean, Duckham, Owens, and Ames [35], 2,5-dimethylpyrazine
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was found in several Bacillus-fermented soybean products. With regard to strong odor
intensity, β-ionone (violet, floral) is the only compound that is described as having a strong
and pleasant odor in all groups. Based on the report of Buttery et al. [42], β-ionone has
a lower odor threshold (0.007 ppb) than 6-methyl-5-hepten-2-one (50 ppb) in water. This
finding might indicate that the odor intensity of β-ionone is strong and greater than 6-
methyl-5-hepten-2-one. In strengthening the pleasant odor of Ulva sp. by fermenting with
BS and SC, both fermentations can mitigate the unpleasant odors (Table 3). For example, the
odor intensity of hexanal (fishy, grassy) was reduced in the BS- and SC-fermented Ulva sp.
suspensions. Described as caramelly, fried, and toasty, 5-Methylfurfural was not detected in
the BS-fermented Ulva sp. suspension by GC–O. These reductions are consistent with that
shown in Table 1 in this study. BS and SC have demonstrated their application potential in
improving pleasant odors and lightening unpleasant odors of Ulva by fermentation.

Table 3. Odor description and intensity of the odor-active compounds in the green seaweed
Ulva sp. fermentations.

Compounds
Odor

Description a

Odor Intensity b

UF BS SC

Pleasant odors
6-Methyl-5-hepten-2-one Floral W M
3,5-Octadien-2-one Fruity W W W
Propiophenone Floral M W M
trans-β-Ionone Floral W
β-Ionone Violet, floral S S S
5,6-Epoxide-β-Ionone Floral, sweet M M M
Benzaldehyde Floral, sweet M W W
1-Hexanol Floral, sweet M
1-Heptanol Sweet W
1-Octanol Waxy, citrus M
Benzyl alcohol Floral, fruity M M
2,5-Dimethylpyrazine Nutty, roasted M
Unknown 1 Floral M M

Unpleasant odors
Hexanal Fishy, grassy M W

5-Methylfurfural Caramellic, fried,
toasty S S

Unknown 2 Fishy M M M
Unknown 3 Earthy, musty M M M
Unknown 4 Fatty, oily W W W

Neutral odors
Safranal Herbal W W

Methyl salicylate Minty,
wintergreen M M M

Unknown 5 Tea M W M
Unknown 6 Plastic W W

UF: unfermented; BS: Bacillus subtilis; SC: Saccharomyces cerevisiae. a Odor description perceived at the olfactory
detection port. b The perceived odor intensity was evaluated and recorded using the degree of strong (S), medium
(M), and weak (W).

The results of the GC–O analysis for the unfermented and fermented Laminaria sp. are
outlined in Table 4. A total of 36 odor-active compounds were detected, including 7 ketones,
11 aldehydes, 8 alcohols, 1 acid, 1 ester, and eight unidentified compounds. Only three
compounds, namely, β-ionone (violet, floral), benzaldehyde (fruity, sweet), and 1-octanol
(waxy, citrus), were detected as pleasant odors in the unfermented Laminaria sp. suspension.
In addition, the pleasant odors could be strengthened in the Laminaria suspension fermented
with BS and SC. For example, 2,3-butanedione, described as yogurt and creamy, has shown
a medium odor intensity in BS, whereas 1-heptanol, described as sweet, has shown a strong
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odor intensity in SC. Compared with BS, SC can provide more fruity and floral notes in the
fermented Laminaria sp. suspension.

Table 4. Odor description and intensity of the odor-active compounds in the brown seaweed
Laminaria sp. fermented by various microorganisms.

Compounds Odor Description a
Odor Intensity b

UF BS SC

Pleasant odors

2,3-Butanedione Yogurt, creamy M

3-Hydroxy-2-butanone Sweet W

2-Octanone Fruity W

3,5-Octadien-2-one Fruity W

β-Ionone Violet, floral M M M

Benzaldehyde Fruity, sweet M W

1-Hexanol Floral, sweet M

1-Heptanol Sweet S

2,3-Butanediol Fruity, sweet W

1-Octanol Waxy, citrus W M M

Benzyl alcohol Fruity, floral W

Phenethyl alcohol Floral W

Unpleasant odors

1-Octen-3-one Fishy, Metallic S S M

Hexanal Grassy M W W

Octanal Fatty W

(E)-2-Heptenal Fatty, oily S W W

2,4-Heptadienal Fatty W

(E,Z)-2,6-Nonadienal Cucumber W W

(E)-2-Decenal Coriander S S S

2,4-Nonadienal Fatty, oily M W

2,4-Decadienal Fatty, oily M W W

1-Octen-3-ol Fatty, oily M M W

(E)-2-Octen-1-ol Fatty, oily W W W

2-Methylbutanoic acid Rancid, sweaty W

Unknown 1 Fishy S W W

Unknown 2 Earthy, unpleasant M W M

Unknown 3 Rancid, musty S M M

Unknown 4 Fishy, rancid S S W

Neutral odors

1-Penten-3-one Pungent, fresh M W W

(Z)-4-Heptenal Tea M M M

Nonanal Waxy, fresh M W W

Methyl salicylate Minty, wintergreen W W M
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Table 4. Cont.

Compounds Odor Description a
Odor Intensity b

UF BS SC

Unknown 5 Tea M W W

Unknown 6 Bitter M W W

Unknown 7 Herbal M M M

Unknown 8 Herbal M M W
UF: unfermented; BS: Bacillus subtilis; SC: Saccharomyces cerevisiae. a Odor description perceived at the olfactory
detection port. b The perceived odor intensity was evaluated and recorded using the degree of strong (S), medium
(M), and weak (W).

With regard to the unpleasant odors, fishy, fatty, and oily notes were described the
most in the Laminaria sp. suspension (Table 4). The compounds that contributed to the
strong unpleasant odor intensity included 1-octen-3-one, (E)-2-heptenal, and (E)-2-decenal.
The note of 1-octen-3-one was described as fishy and metallic in this study, and Peinado,
Girón, Koutsidis, and Ames [22] described the odors of 1-octen-3-one as metallic, dirty, and
dusty in brown seaweeds. As shown in Table 4, BS and SC fermentations could relieve the
intensity of the unpleasant odors in the fermented Laminaria sp. suspensions. The note
intensity of octanal, (E)-2-heptadienal, and 2,4-heptadienal, which contributed to fatty notes,
were reduced or eliminated by BS and SC. Notably, the note of 1-penten-3-one (pungent
and fresh) [43], categorized in the neutral odors, was weakened during fermentation with
BS and SC, and a similar result was observed in Table 2. Modifying the aroma profile for
food ingredients could be investigated and applied in the food industry. For example,
in mitigating the beany aroma in the legume-based beverage, fermentation with lactic
acid bacteria is applied [44]. In this study, based on our GC–O analysis, BS and SC have
shown application potential in enhancing pleasant odors and reducing unpleasant odors
for seaweeds Ulva sp. and Laminaria sp.

4. Conclusions

In this study, volatile compounds in the green seaweed Ulva sp. and the brown
seaweed Laminaria sp. fermented by GRAS microorganisms were presented by using
HS-SPME and GC–MS. The aromatic profiles of the seaweeds were successfully modified
by fermentation, particularly with BS and SC. Categories and total contents of aldehydes
were significantly reduced in fermented seaweeds by BS and SC, respectively. Moreover,
fermentation with BS could improve ketone content, while fermentation with SC could
enhance alcohol content in Ulva and Laminaria. These results are supported by the PCA
results, revealing that the ketones in BS fermentation and alcohols in SC fermentation play
critical roles in causing differences in the volatile compound profile compared with the
unfermented seaweeds. Finally, through GC–O analysis, BS and SC could enhance pleasant
odors (e.g., floral, fruity, and sweet) and weaken unpleasant odors (e.g., grassy, fatty, and
fishy) from the unfermented seaweeds. This study exhibits the potential of modifying the
aromatic profiles of Ulva and Laminaria by fermentation, including improving pleasant
odors and diminishing unpleasant odors. These achievements can expand the potential of
utilizing seaweeds for agricultural and food industries.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/fermentation9020135/s1, Figure S1: The viable cell counts of various micro-
bial strains in (A) green seaweed Ulva sp. and (B) brown seaweed Laminaria sp.
during fermentation.
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Abstract: The development of new fermentative strategies exploiting the potential of different
wine-related species is of great interest for new winemaking conditions and consumer preferences.
One of the most promising non-conventional approaches to wine fermentation is the combined
use of deacidifying and acidifying yeasts. Lachancea thermotolerans shows several other properties
besides lactic acid production; among them, high malic acid consumption is of great interest in the
production of red wines for avoiding undesirable refermentations once bottled. The combination of
a L. thermotolerans strain that is able to consume malic acid with a Schizosaccharomyces pombe strain
helps to ensure malic acid elimination during alcoholic fermentation while increasing the final acidity
by lactic acid production. To properly assess the influence of this alternative strategy, we developed
combined fermentations between specific strains of L. thermotolerans and S. pombe under sequential
inoculation. Both species showed a great performance under the studied conditions, influencing not
only the acidity but also the aromatic compound profiles of the resulting wines. The new proposed
biotechnological strategy reduced the final concentrations of ethanol, malic acid and succinic acid,
while it increased the concentrations of lactic acid and esters.

Keywords: wine; non-Saccharomyces; alternative fermentation strategies; biological acidity management;
volatile compounds

1. Introduction

The combined use of Lachancea thermotolerans and Schizosaccharomyces pombe has been
recently described as an alternative strategy in winemaking for malolactic fermentation.
Malolactic fermentation decreases acidity, since malic acid is more acidic than lactic acid.
An excessive reduction in total acidity can lead to spoilage, so winemakers sometimes
have to re-acidify wines by adding tartaric acid. The aim of the alternative strategy is
to reduce the malic acid content through S. pombe metabolism in the red wine while
maintaining the total acidity through lactic acid production by L. thermotolerans during the
alcoholic fermentation [1]. This methodology should be considered for grape juices from
warm viticulture areas that possess high sugar concentrations and high pH levels. Under
those circumstances, it is difficult to perform classical malolactic fermentation without
any deviation.

L. thermotolerans selection procedures have traditionally been focused on the ability to
produce L-lactic acid to acidify wine [2–4]. Nevertheless, recent studies have focused on
other secondary traits of L. thermotolerans that can also improve wine quality [5,6]. Among

Fermentation 2023, 9, 165. https://doi.org/10.3390/fermentation9020165 https://www.mdpi.com/journal/fermentation52



Fermentation 2023, 9, 165

those secondary objectives, malic acid consumption is one of the most important ones.
The first studies that reported malic acid consumption in L. thermotolerans stated that most
strains consumed 10% to 20% of it [6]. However, novel studies showed that specific L.
thermotolerans strains may consume up to 50% of malic acid or even more in both single
and mixed cultures [4,7]. The deacidification carried out by this non-Saccharomyces yeast
is of great interest when wines require malic acid stabilization, since this reduction in the
content of malic acid may reduce the risk of undesirable malolactic fermentation by lactic
acid bacteria. However, any L. thermotolerans strain can totally consume all the malic acid
present in standard grape musts.

S. pombe is noted for its malic acid consumption. The malic acid content reduction
by this species varies from 60% to 100%, depending on the strain [8,9]. Nevertheless, the
use of some strains of S. pombe is limited by the high production of acetic acid, over 0.8
g/L [8]. High acetic acid production is one of the main collateral effects of S. pombe strains,
as only 5% of the isolated strains produce acceptable levels. Recent studies have reported
characteristics of specific S. pombe strains other than malic acid deacidification, such as
a high production of polysaccharides, mannoproteins, galactomannoproteins, pyruvic
acid, glycerol and stable anthocyanins and a low production of higher alcohols and ethyl
carbamate precursors [1,8,9]. Recent studies have started to pay attention to other yeast
species besides those in the Schizosaccharomyces genus that are able to significantly reduce
the initial malic acid concentration, such as Pichia kudriavzevii [10,11] and Hanseniaspora
occidentalis [12]. Those species can reduce the initial malic acid content by about 50%,
although their fermentative metabolism is less efficient.

This study proposes the use of an L. thermotolerans strain with high lactic acid produc-
tion and high malic acid consumption and a commercial S. pombe strain to ensure proper
alcoholic fermentation in order to produce a red wine of the Tempranillo grape variety that
does not require classic malolactic fermentation.

2. Materials and Methods

2.1. Microorganisms

The study used the following yeast strains: Lachancea thermotolerans L1 (Complutense
University of Madrid, Madrid, Spain), Saccharomyces cerevisiae AG006 (Agrovín S.L, Alcazar
de San Juan, Spain) and Schizosaccharomyces pombe Atecrem 12H (Bioenologia, Oderzo, Italy).

2.2. Vinification

All fermentations used the grape juice of Vitis vinifera L. cultivar Tempranillo grapes
grown at the Cuzcurrita vineyard (Rioja Alta, Spain). The grape juice was taken from a
fermentation tank just after the grapes were destemmed, crushed and introduced into the
tank, before any inoculation. The must was enriched with 0.15 g/L of di-ammonium phos-
phate and 0.30 g/L of Actimax Natura (Agrovin, Spain). Then, the must was pasteurized at
105 ◦C for 1 min in an autoclave: Presoclave 75 (J.P. Selecta, Barcelona, Spain).

All fermentations took place in 250 mL Pyrex™ borosilicate glass reagent bottles, each
with a slightly open polypropylene cap and pouring ring, allowing for CO2 release and
preventing microbial contamination. Fermentations were carried out at 25 ◦C in triplicate.

The initial sum of glucose and fructose concentrations was 251.22 g/L, pH = 3.74,
primary amino nitrogen = 172 mg/L, ammonia nitrogen = 26 mg/L, malic acid = 2.03 g/L.
The initial lactic and acetic acid concentrations were below 0.1 g/L. Four treatments were
used. Table 1 describes the strain combinations used in each treatment.

The preculturing of the strains of L. thermotolerans (LT), S. pombe (SP) and S. cerevisiae
(SC) was carried out in 40 mL YMB medium for 24 h, with shaking, at 25 ◦C and 150 rpm in
100 mL borosilicate bottles. The optical density of the cultures was determined using a spec-
trophotometer (Genesys 2.0 Spectrophotometer, ThermoFisher, Waltham, MA, USA), and
the lowest value was used. The fermentation cultures were inoculated at a concentration of
106 cells/mL (≈0.2 O.D.).
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Table 1. Must inoculum compositions.

SC S. cerevisiae (106 CFU/mL) alone.

LT . . . SC L. thermotolerans (106 CFU/mL) followed by S. cerevisiae
(106 CFU/mL) 5 days later.

LT . . . SP L. thermotolerans (106 CFU/mL) followed by S. pombe (106 CFU/mL)
5 days later.

SP S. pombe (106 CFU/mL) alone.
SC: S. cerevisiae, LT: L. thermotolerans, SP: S. pombe.

Fermentation monitoring was performed by measuring the weight loss every 24 h.
Fermentation was considered complete when the weight loss was less than 0.01% for two
consecutive days. The initial weight of each fermentation was considered as 100%.

In the sequential fermentations (LT . . . SC and LT . . . SP), the yeast of the most
fermentative species (S. cerevisiae or S. pombe) was inoculated 5 days (96 h) after the initial
inoculation of L. thermotolerans. The alcoholic fermentations took place at 25 ◦C in a
thermostatic chamber.

2.3. Chemical Parameter Measurements

A Y15 Autoanalyzer and its commercial kits (Biosystems, Barcelona, Spain) were used
in the determinations of glucose + fructose, L-malic acid, L-lactic acid, acetic acid, succinic
acid and glycerol concentrations. The alcohol content was determined using the boiling
method of GAB Microebu (http://shop.gabsystem.com (accessed on 20 December 2022)).
A Crison pH Meter Basic 20 (Crison, Spain) measured the final pH.

2.4. Volatile Compounds

The volatile compounds of the fermentations were measured according to a previous
methodology [13]. The samples were analyzed in triplicate using headspace solid-phase
microextraction coupled with gas chromatography–mass spectrometry (HS-SPME-GC-MS).
Two milliliters of each sample and 0.2 g of sodium chloride were placed in a 20 mL glass
vial, and 10 μL of 4-methyl-2-pentanol solution (802 μg/mL in methanol) was added as an
internal standard. The volatile compounds were extracted from the headspace with a 2 cm
DVB/CAR/PDMS fiber (50/30 μm, Supelco, Bellefonte, PA, USA) at 45 ◦C for 30 min after
10 min of incubation. The fiber was conditioned at 250 ◦C prior to the sample extraction.
After the extraction, the SPME fiber was immediately transferred to the injection port of a
Trace 1310 gas chromatograph equipped with a TSQ 8000 EVO mass spectrometer (Thermo
Fisher Scientific, MA, USA) to be thermally desorbed in splitless mode at 240 ◦C for 3 min.
A DB-WAX polar capillary column (60 m × 0.25 mm i.d. × 0.25 μm film thickness, J&W
Scientific, Folsom, CA, USA) was used to separate the volatile compounds of the samples.
Helium was used as the carrier gas at a flow rate of 1.6 mL/min. The initial column
temperature was set to 50 ◦C and held for 3 min. Afterwards, the temperature was increased
to 220 ◦C at a rate of 5 ◦C/min and held at 220 ◦C for 8 min. Mass spectra were detected
in electron impact (EI) mode at 70 eV, with a scan range from m/z 33 to m/z 300. The MS
transfer line and the ionization source temperatures were 220 and 240 ◦C, respectively.

The RIs of the volatiles were calculated via co-injection with an alkane mixture (C7-
C21, Sigma-Aldrich, St. Louis, MO, USA). Volatiles were identified by matching the
obtained mass spectra with the standard NIST 08 library and by comparing the retention
indices (RIs) to those of the compounds reported in the literature and the NIST Webbook
(https://webbook.nist.gov/chemistry (accessed on 20 December 2022)). Moreover, the
identification of a selected number of volatile compounds was confirmed by comparing
the retention indices and mass spectra with those of the authentic reference compounds.
Supplementary Table S1 shows the measured RIs and those reported in the literature.

2.5. Color Intensity

A Y350 diode array spectrophotometer (Biosystems, Spain) was used for the anal-
ysis. The samples were analyzed in a 1 mm path-length quartz cuvette with a range of
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200–1100 nm. Absorbance at 420, 520 and 620 nm was measured. Color intensity was
calculated as the sum of absorbance at the three wavelengths.

2.6. Statistical Analyses

All statistical analyses were performed using R software version 4.1.2 (R Development
Core Team, Vienna, Austria, 2013). Analysis of variance (ANOVA) and Tukey post hoc tests
were applied to compare the different groups and values.

3. Results and Discussion

3.1. Fermentation Kinetics

The fermentations lasted between 18 days (the fermentation conducted by S. pombe)
and 27 days (the sequential fermentation conducted by the LT and SC strains) (Figure 1). A
slowdown took place after 3–4 days of fermentation, and another took place after 9 days.
The alcoholic fermentation of the combined fermentation between L. thermotolerans and S.
pombe lasted for 22 days, which is the same time employed by the pure S. cerevisiae control.
Three previous studies report delays that vary from 4 to 8 days for the new biotechnology
compared to the regular S. cerevisiae control for alcoholic fermentation, while three other
studies reported no differences, as is the case in this study [1]. However, regular S. cerevisiae
fermentations made in red wines require performing additional malolactic fermentation
before bottling to avoid possible refermentation problems. This additional process may
require at least 21 additional days to obtain a stable wine from a microbiological point
of view.

 
Figure 1. Fermentation kinetics of gravimetrically measured variants by total weight loss during
fermentation. S. cerevisiae alone (SC); sequential fermentation with S. cerevisiae and L. thermotolerans
(LT . . . SC); sequential fermentation with S. pombe and L. thermotolerans (LT . . . SP); S. pombe alone (SP).
Data points represent the averages and standard deviation of the three replicates for each condition.
SC fermentations are in blue; SP fermentations are in green; LC . . . SC fermentations are in yellow;
LT . . . SP fermentations are in brown.

Previous studies have described that the initial consumption of nutrients by L. ther-
motolerans can compromise the availability of nutrients for the fermentative yeast strain
used in the sequential mode to conclude the alcoholic fermentation [1,6,7]. The rapid
fermentation by the Schizosaccharomyces pombe strain could have taken place due to the
lower nutrient demands of this species, despite it normally showing slower kinetics due
to its reproduction by bipartition, which requires more time than the budding of most
yeasts [14].
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3.2. Glucose and Fructose

Most of the fermentations showed final sugar concentrations of glucose and fructose
below 2 g/L (Table 2). The only trial that showed a slightly higher concentration of 4.73 g/L
was the sequential fermentation with L. thermotolerans and S. cerevisiae. Previous authors
explained this effect by the higher nutrient demands of L. thermotolerans that can com-
promise the performance of S. cerevisiae in sequential fermentations. Most manufacturers
recommend a second round of nutrient addition concurrently with S. cerevisiae inoculation
to avoid this problem of a lack of nutrients that can slow down the last stages of alcoholic
fermentation [7].

Table 2. Final chemical analysis of fermentations from Tempranillo red grapes: S. cerevisiae alone (SC);
sequential fermentation with S. cerevisiae and L. thermotolerans (LT . . . SC); sequential fermentation
with S. pombe and L. thermotolerans (LT . . . SP); S. pombe alone (SP).

SC LT . . . SC LT . . . SP SP

L-lactic acid (g/L) 0.11 ± 0.03 a 2.26 ± 0.64 c 1.52 ± 0.09 b 0.16 ± 0.02 a

L-malic acid (g/L) 1.41 ± 0.03 d 1.11 ± 0.10 c 0.11 ± 0.03 a 0.48 ± 0.07 b

Succinic acid (g/L) 1.47 ± 0.06 c 1.41 ± 0.07 bc 1.34 ± 0.03 b 1.26 ± 0.04 a

Acetic acid (g/L) 0.36 ± 0.05 a 0.51 ± 0.07 b 0.45 ± 0.03 b 0.45 ± 0.01 b

pH 3.77 ± 0.02 b 3.62 ± 0.02 a 3.78 ± 0.04 b 3.83 ± 0.01 c

Ethanol (g/L) 11.63 ± 0.06 c 11.21 ± 0.06 a 11.46 ± 0.06 b 11.72 ± 0.04 c

Glucose + Fructose (g/L) 1.24 ± 0.21 a 4.73 ± 0.06 c 1.85 ± 0.24 b 1.56 ± 0.14 ab

Glycerol (g/L) 9.25 ± 0.32 b 8.96 ± 0.47 ab 9.13 ± 0.26 b 8.26 ± 0.14 a

Results are mean ± SD of three replicates. Different letters indicate statistical significance between groups.

All the employed species employed in this study (S. cerevisiae, S. pombe and L. thermo-
tolerans) are reported to show a preference to consume glucose against fructose [1,6,7,14],
so, in demanding situations, significant amounts of fructose may remain in the wine. S.
cerevisiae [1] and S. pombe [14] can completely metabolize glucose and fructose into ethanol
for regular dry wines under no severe stress conditions. L. thermotolerans is widely reported
to not be able to metabolize sugar concentrations over 170 g/L [6,7], which makes it im-
possible to produce regular wines using only strains of L. thermotolerans, although modern
studies manage to produce beer or base sparkling wines [7]. In this study, the potential
undesirable effect of residual sugars was diminished by combining L. thermotolerans with
the more fermentative species S. cerevisiae and S. pombe.

3.3. Ethanol

Fermentations involving L. thermotolerans showed significantly lower concentrations
of ethanol than fermentations involving S. pombe and S. cerevisiae (Table 2). The maximum
difference was 0.65% (v/v) between the sequential fermentation involving L. thermotoler-
ans and S. cerevisiae and the pure S. pombe fermentation. Although there were significant
differences from a statistical point of view, the quantitative reduction represented about
1%, which is low compared to other, more effective technologies that are able to signifi-
cantly reduce the final ethanol content at an industrial scale. L. thermotolerans fermentative
metabolism is different, since part of the carbon flux is derived through lactic acid and
glycerol production, together with the fact that this yeast is not a strongly fermentative
one [7]. Previous authors reported differences of up to 3% (v/v), whereas others reported
no significant differences regarding the ethanol content [1]. Additionally, S. pombe produces
ethanol from malic acid metabolism and occasionally may increase the final ethanol con-
centration compared to S. cerevisiae controls when the initial concentration of malic acid is
high [10].

3.4. L-Lactic Acid

Pure fermentations of S. pombe and S. cerevisiae did not show a significant production
of lactic acid (Table 2). Fermentations involving L. thermotolerans produced significant final
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concentrations of L-lactic acid that clearly influenced the final pH. The combined fermen-
tation with L. thermotolerans and S. cerevisiae produced 2.26 g/L of lactic acid; this effect
reduced the pH in 0.15 units compared to the S. cerevisiae control. The combined fermen-
tation with L. thermotolerans and S. pombe produced 1.52 g/L of lactic acid, and it did not
show differences in pH compared to the S. cerevisiae control due to the malic acid decrease
that compensated the pH reduction by lactic acid. Previous studies reported the opposite
effect, as all of them determined that the combined fermentations with L. thermotolerans
and S. pombe produced higher final amounts of lactic acid than the combined fermentations
with L. thermotolerans and S. cerevisiae [1]. These studies have indicated that the slower
kinetics of S. pombe allow L. thermotolerans to survive longer. However, in this study, the
combined fermentation using L. thermotolerans and S. pombe was faster than the combined
fermentation using L. thermotolerans and S. cerevisiae (Figure 1). Recent studies indicate
that the interactions between different strains of distinct species vary highly, indicating
inhibition or symbiosis, depending on the specific strains [15]. The lactic acid production of
L. thermotolerans under mixed fermentation conditions is extremely variable, ranging from
0 to 9 g/L; nevertheless, the most common value is around 3 g/L of lactic acid [7].

3.5. Malic Acid

The pure fermentation of S. cerevisiae reduced the initial concentration of malic acid
by 30.5%. Previous studies reported a strain variability of malic acid production of up to
0.7 g/L and a variability of malic acid degradation of up to 50% [10]. The pure fermentation
of S. pombe reduced malic acid significantly, by 78%, which clearly influenced the final
pH. For S. pombe, the malic acid degradation varied from 60% to 100%, depending on
the selected strain [16]. Although a 78% reduction is significant from a de-acidification
point of view, it is not enough to stabilize a red wine from the malic acid point of view.
Most previous studies have reported that combined fermentations with L. thermotolerans
and S. pombe consume 95–100% of malic acid [1]. Similar studies have reported smaller
reductions varying from 50% to 75% [1,17,18]. The main use of the commercial S. pombe
strain employed in the study is to de-acidify wine, but not to stabilize it. The combined
fermentation with the L. thermotolerans strain, which has a special ability to reduce malic
acid, and S. cerevisiae reduced the initial concentration of malic acid by 45%. Finally,
the combined fermentation with the malic-acid-metabolizing L. thermotolerans strain and
S. pombe reduced the initial concentration of malic acid by almost 100%, achieving malic
acid stabilization. The results show that the combined use of more than one malic-acid-
consuming microorganism increases the stability of wines from a malic acid point of view.

3.6. Acetic Acid

S. cerevisiae produced the lowest final concentration of acetic acid: 0.36 g/L; the other
fermentations produced 0.45 to 0.51 g/L (Table 2). All the final values were moderate
and below the faulty threshold of 0.8 g/L [19]. Most studies reported that Lachancea
thermotolerans species produce less acetic acid than S. cerevisiae, although others reported
the opposite effect [7]. Most studies report that S. pombe produces higher acetic acid
concentrations than S. cerevisiae, although recent studies reported that specific strains
produce similar or lower amounts of acetic acid compared to S. cerevisiae [1,14]. Although
joint fermentation with L. thermotolerans and S. pombe produced 0.09 g/L more acetic
acid than pure S. cerevisiae fermentation, we must consider that this fermentation does
not require stabilization from a malic acid point of view. During a regular controlled
malolactic fermentation without any deviation, the volatile acidity usually increases in
about 0.1 g/L [1,15].

3.7. Succinic Acid

Pure S. pombe fermentation produced the lowest concentration of succinic acid (1.26 g/L),
and pure S. cerevisiae fermentations showed the highest concentration (up to 1.47 g/L)
(Table 2). The literature reports the S. cerevisiae strain variability that results in succinic acid
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contents from 0.3 to 1.8 g/L in wine [10]. No previous studies have reported data for L.
thermotolerans or S. pombe.

3.8. Glycerol

S. pombe fermentation resulted in the lowest final concentration of glycerol, whereas
the S. cerevisiae fermentation resulted in the highest (Table 2). The other trials resulted in
intermediate concentrations.

A high glycerol concentration is often related to soft and mouthful sensory properties.
The rise of the glycerol concentration in wine is one of the main contributions of some
specific non-Saccharomyces species to the value of wine [5]. However, this study reports
that the pure S. cerevisiae control produces higher final glycerol concentrations than its
combination with L. thermotolerans and the pure S. pombe fermentation. This effect can
be explained since, although several scientific articles report specific non-Saccharomyces
as a higher glycerol producer, others report an additional high variability depending
on the strain level. Previous studies report a strain variability for L. thermotolerans [6,7]
and S. pombe [14] up to 50% regarding glycerol production. A similar strain variability
has been previously reported for S. cerevisiae. The S. cerevisiae strain employed in this
study was selected by the manufacturer, including the glycerol production as a selection
parameter, while the employed L. thermotolerans strain was selected to produce high lactic
acid concentrations, and the S. pombe strain was selected to reduce acidity.

The combination between L. thermotolerans and S. pombe did not show statistical
differences compared to the S. cerevisiae control. Previous studies report changes in different
parameters depending on the interactions between different strains and species that can
promote specific metabolic routes or inhibit others. This phenomenon remains widely
unknown, but most researchers recommend testing the interactions between different
strains before using them at an industry scale to avoid undesirable effects [10].

3.9. Volatile Compounds

Pure fermentations of S. cerevisiae and S. pombe did not produce any ethyl lactate or
isoamyl lactate, and fermentations involving L. thermotolerans showed significant final
values (almost 90% higher) (Table 3). These results are related to the L-lactic acid produc-
tion (around 95% higher) observed in L. thermotolerans fermentations, which favored the
esterification. These lactic acid esters may increase the fruity profiles of the final wines
by increasing the fruity and fatty odor series. Fermentations involving L. thermotolerans
produced less ethyl hexanoate than the others.

The pure fermentations of S. pombe were the only ones that did not produce any
detectable 3-methyl butanal. The pure S. cerevisiae fermentations resulted in the highest
values. Additionally, the pure S. pombe fermentations produced the highest concentration
of 2-nonanol (up to five times higher), and the fermentations involving S. pombe were the
only ones that generated 1-(1-ethoxyethoxy)pentane. The production of compounds of
these types increases the herbaceous and malt aromas in the final wines.

The pure fermentations of S. pombe had lower final levels of 3-methyl-1-butanol, ethyl
phenylacetate and 2-phenylethyl acetate than pure S. cerevisiae fermentation, which can
be related to reductions in several undesirable aromas of wines, mainly those related to
chemical or synthetic products (Table 3). Previous studies reported that S. pombe is a lesser
producer of alcohols and esters than S. cerevisiae [20,21]. This phenomenon is of interest in
order to avoid varietal aroma masking [19]. Additionally, the pure S. pombe fermentation
had the lowest concentrations of butyrolactone (50%) and phenylethyl alcohol (20%).

Fermentations involving L. thermotolerans reduced the final hexanol, dodecanal, ethyl
octanoate, ethyl decanoate and hexanoic acid levels compared to the S. cerevisiae control
by between 20% and 50%, reducing the fruity and floral profiles of the wines, which are
usually related with lighter and fresher wines. Additionally, fermentations involving
L. thermotolerans reduced the concentration of 3-(methylthio)-1-propanol in combined
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fermentations with S. cerevisiae; the opposite effect took place for combined fermentations
with S. pombe (three times higher).

Table 3. Final volatile compound profiles of fermentations from Tempranillo red grapes.

Compound (Area Units) SC SP LT . . . SC LT . . . SP

Ethyl acetate 1.42 ± 0.02 a 1.59 ± 0.2 a 0.77 ± 0.41 b 1.43 ± 0.14 a

3-Methyl butanal * 2.70 ± 0.62 a 0.00 ± 0.00 a 0.87 ± 0.70 a 1.88 ± 2.45 a

2-Methylpropyl acetate 0.03 ± 0.00 a 0.02 ± 0.00 a 0.01 ± 0.01 b 0.03 ± 0.00 a

Ethyl butanoate 0.05 ± 0.01 a 0.05 ± 0.01 a 0.01 ± 0.01 b 0.053 ± 0.01 a

Toluene 0.15 ± 0.14 a 0.11 ± 0.10 a 0.13 ± 0.11 a 0.10 ± 0.09 a

Ethyl 3-methylbutanoate * 5.56 ± 1.04 a 2.93 ± 0.28 ab 1.97 ± 1.89 b 4.95 ± 1.43 ab

1-(1-Ethoxyethoxy)pentane * 0.00 ± 0.00 b 3.24 ± 0.99 a 0.00 ± 0.00 b 3.17 ± 1.89 a

2-Methyl-1-propanol 0.89 ± 0.14 a 0.69 ± 0.09 ab 0.48 ± 0.08 b 0.92 ± 0.25 a

3-Methyl-1-butyl acetate 0.55 ± 0.07 a 0.39 ± 0.08 a 0.25 ± 0.20 a 0.26 ± 0.07 a

Butanol * 2.58 ± 2.65 b 3.73 ± 3.35 b 31.42 ± 13.54 a 7.88 ± 0.95 b

3-Methyl-1-butanol 6.65 ± 0.37 a 5.88 ± 0.43 a 5.06 ± 0.23 a 6.25 ± 1.07 a

Ethyl hexanoate 0.48 ± 0.10 a 0.51 ± 0.09 a 0.21 ± 0.08 a 0.42 ± 0.26 a

Ethyl lactate 0.03 ± 0.01 c 0.02 ± 0.00 c 0.19 ± 0.04 a 0.11 ± 0.01 b

Hexanol 0.29 ± 0.01 a 0.28 ± 0.02 a 0.26 ± 0.00 a 0.29 ± 0.02 a

cis-3-Hexen-1-ol * 20.35 ± 1.91 a 18.19 ± 1.51 ab 17.41 ± 1.23 ab 13.38 ± 3.91 b

Ethyl octanoate 0.11 ± 0.03 b 0.15 ± 0.02 ab 0.01 ± 0.00 c 0.19 ± 0.03 a

2-Nonanol * 4.82 ± 2.04 b 10.51 ± 1.95 a 2.71 ± 0.23 b 4.85 ± 1.33 b

Ethyl 3-hydroxybutyrate * 3.76 ± 1.12 a 4.44 ± 0.34 a 1.70 ± 0.08 b 2.99 ± 0.85 ab

Benzaldehyde 0.03 ± 0.00 a 0.02 ± 0.00 b 0.02 ± 0.00 ab 0.02 ± 0.00 ab

Ethyl nonanoate * 7.92 ± 1.35 a 7.96 ± 2.38 a 1.53 ± 0.62 b 8.51 ± 0.86 a

Ethyl
2-hydroxy-4-methylpentanoate * 14.75 ± 0.28 a 10.69 ± 0.67 b 11.09 ± 0.59 b 15.78 ± 1.04 a

Octanol * 11.93 ± 3.63 a 13.07 ± 1.85 a 3.66 ± 1.36 b 13.54 ± 2.62 a

2-Methyl propanoic acid 0.03 ± 0.00 a 0.02 ± 0.00 a 0.03 ± 0.01 a 0.02 ± 0.00 a

Isoamyl lactate 0.00 ± 0.00 b 0.00 ± 0.00 b 0.03 ± 0.00 a 0.03 ± 0.00 a

Ethyl 2-furoate * 1.32 ± 0.14 a 1.01 ± 0.08 b 1.03 ± 0.11 ab 1.11 ± 0.12 ab

Methyl benzoate * 1.95 ± 0.27 a 0.98 ± 0.03 c 1.73 ± 0.11 ab 1.33 ± 0.15 bc

Butanoic acid * 2.04 ± 0.30 a 1.94 ± 0.31 a 1.62 ± 0.16 a 1.68 ± 0.52 a

Ethyl decanoate 0.01 ± 0.00 a 0.02 ± 0.00 a 0.00 ± 0.00 b 0.02 ± 0.04 a

Butyrolactone * 7.92 ± 0.11 a 4.08 ± 0.99 b 6.52 ± 0.71 a 8.26 ± 1.12 a

4-methylbenzaldehyde * 9.11 ± 1.74 a 6.36 ± 1.15 a 7.42 ± 1.12 a 7.30 ± 1.12 a

Acetophenone * 2.23 ± 0.90 ab 1.50 ± 0.36 b 2.17 ± 0.77 ab 3.79 ± 0.80 a

2-methyl butanoic acid 0.01 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a

Diethyl succinate 0.08 ± 0.01 b 0.05 ± 0.01 b 0.04 ± 0.01 b 0.27 ± 0.11 a

Dodecanal * 4.52 ± 0.57 ab 4.68 ± 0.39 a 3.26 ± 0.15 b 4.21 ± 0.70 ab

3-(methylthio)-1-propanol * 7.06 ± 1.32 b 6.63 ± 1.27 b 3.70 ± 0.89 c 10.83 ± 0.72 a

Ethyl phenylacetate * 1.70 ± 0.13 ab 1.22 ± 0.12 b 1.76 ± 0.31 a 1.84 ± 0.14 a

2-phenylethyl acetate 0.02 ± 0.00 a 0.01 ± 0.00 a 0.02 ± 0.00 a 0.01 ± 0.00 a

β-damascenone * 4.75 ± 0.92 a 3.73 ± 0.58 a 4.61 ± 0.30 a 4.82 ± 0.68 a

Ethyl dodecanoate * 0.80 ± 0.12 a 1.12 ± 0.13 a 0.00 ± 0.00 b 1.26 ± 0.36 a

Hexanoic acid 0.07 ± 0.00 a 0.07 ± 0.01 a 0.04 ± 0.00 b 0.07 ± 0.01 a

N-(3-Methylbutyl)acetamide 0.06 ± 0.01 b 0.05 ± 0.00 b 0.05 ± 0.00 b 0.09 ± 0.01 a

Butanedioic acid, ethyl
3-methylbutyl ester * 2.30 ± 0.16 b 1.77 ± 0.19 b 1.22 ± 0.21 b 10.54 ± 4.61 a

Phenylethyl alcohol 1.44 ± 0.08 a 1.22 ± 0.11 a 1.43 ± 0.25 a 1.55 ± 0.13 a

Octanoic acid 0.20 ± 0.02 a 0.23 ± 0.01 a 0.08 ± 0.00 b 0.20 ± 0.01 a

Nonanoic acid 0.04 ± 0.00 a 0.05 ± 0.02 a 0.05 ± 0.01 a 0.04 ± 0.02 a

Decanoic acid * 25.98 ± 2.68 a 31.34 ± 2.19 a 28.92 ± 2.54 a 17.17 ± 1.96 b

S. cerevisiae control (SC); S. pombe control (SP); sequential fermentation with S. cerevisiae and L. thermotolerans
(LT . . . SC) and S. pombe and L. thermotolerans (LT . . . SP). Compounds highlighted with an asterisk (*) have a
1000-times-lower area. Results are mean ± SD of three replicates. Different letters indicate statistical significance
between groups.

The pure fermentations of S. cerevisiae produced the highest concentrations of ben-
zaldehyde, diethyl succinate and 2-methyl butanoic acid (up to two times higher), which
are usually related with the fruity, floral and roasted profiles of the final fermentation.

The combined fermentations between S. pombe and L. thermotolerans had the highest
final amounts of N-(3-methylbutyl)acetamide and the lowest finals amounts of decanoic
and octanoic acid.
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3.10. Color Intensity

The color intensity results were minor and did not show any significant differences
(Table 4). Previous studies reported eventual slight differences of up to 10% for L. ther-
motolerans fermentations due to the different colorations of anthocyanins at low pHs and
the different yeast strain absorptions [7,17]. S. pombe fermentations did not show differ-
ences compared to the other trials, although previous studies usually reported higher color
intensities due to the formation of highly stable anthocyanin compounds [22].

Table 4. Final color intensity analysis of fermentations from Tempranillo red grapes: S. cerevisiae
alone (SC); sequential fermentation with S. cerevisiae and L. thermotolerans (LT . . . SC); sequential
fermentation with S. pombe and L. thermotolerans (LT . . . SP); S. pombe alone (SP).

SC LT . . . SC LT . . . SP SP

420 nm 0.63 ± 0.02 a 0.65 ± 0.04 a 0.66 ± 0.03 a 0.69 ± 0.04 a

520 nm 1.22 ± 0.04 a 1.30 ± 0.06 a 1.26 ± 0.05 a 1.29 ± 0.06 a

620 nm 0.19 ± 0.01 a 0.21 ± 0.02 a 0.19 ± 0.02 a 0.21 ± 0.03 a

CI 2.04 ± 0.07 a 2.16 ± 0.12 a 2.11 ± 0.10 a 2.19 ± 0.13 a

Results are mean ± SD of three replicates. Different letters indicate statistical significance between groups.

4. Conclusions

The results show that the combined use of strongly malic-acid-consuming microorgan-
isms increases the stabilization of wines from a malic acid point of view. The consideration
of malic acid degradation in the selection of L. thermotolerans strains for fermenting red
wine may be of great interest in facilitating future stabilization processes, such as malolactic
fermentation. The results of the study showed that, when employing the biotechnology
that combines L. thermotolerans and S. pombe, the L. thermotolerans strain should possess a
great ability to consume malic acid in order to enhance S. pombe’s malic acid consumption
capacity. The proposed strategy reduces the final concentrations of other chemicals, such
as ethanol, malic acid and succinic acid, while increasing the concentrations of lactic acid
and esters.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation9020165/s1, Table S1. Compounds identified using
retention indices (RI) measured in the study and those reported in the literature, as well as using
confirmation with reference compounds.
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Abstract: The characteristic aromas at each stage of chocolate processing change in quantity and
quality depending on the cocoa variety, the chemical composition of the beans, the specific protein
storage content, and the polysaccharides and polyphenols determining the type and quantity of the
precursors formed during the fermentation and drying process, leading to the formation of specific
chocolate aromas in the subsequent roasting and conching processes. Bean aroma is frequently
profiled, identified, and semiquantified by headspace solid-phase microextraction combined with gas
chromatography-mass spectrometry (HS-SPMEGC-MS) and by gas chromatography olfactometry
(GC-O). In general, the flavors generated in chocolate processing include fruity, floral, chocolate,
woody, caramel, earthy, and undesirable notes. Each processing stage contributes to or depletes the
aroma compounds that may be desirable or undesirable, as discussed in this report.

Keywords: aroma profile; odor threshold; odor activity value; fermentation; cocoa liquor; chocolate

1. Introduction

The volatile aromatic components of cocoa beans vary depending on whether the
beans are dry, roasted, or processed in cocoa liquor or chocolate. Different concentrations
of the most relevant volatile components in a particular variety (criollo, forastero, and trini-
tario) rely on geographical origin, the chemical composition of the beans, the postharvest
techniques used, such as fermentation and drying, and industrial processes like roasting
and conching [1]. Regarding the varieties and genotypes, criollo, trinitario, and national
cocoa have higher fine aroma concentrations as fruit (fresh and ripe), floral, herbaceous,
wood, nuts, and caramel notes [2–5]; forastero cocoa on the other hand (considered bulk
grade), possess higher concentrations of the predominant aromas of malt, honey, roasted,
caramel, cocoa, and chocolate [6], as well as low acidic and alcoholic notes [7]. Finally,
the high yielding CCN51 cocoa genotype (Colección Castro Naranjal) grown in Ecuador
(classified as bulk grade), has volatiles that exude a sweet and fruity or fresh character to
the beans [5].

The unique aromatic profiles and diversity of aromas are linked to the number of
components exhibited in the beans; the greater the number of components, the more com-
plex the overall aroma of a specific cocoa sample. For instance, the aromatic profiles of
criollo and trinitario cocoa from Mexico comprise 46 and 47 of the most relevant volatile
components, respectively [8]. Likewise, 69 of the most important volatile components
represent Ecuador’s national cocoa [5], with 67 to 89% being aromatically desirable compo-
nents, and the remaining fraction (11 to 33%) exudes unpleasant aromas that may originate
during fermentation and drying [9–12]. The main cause of unpleasant aromas comes from
excessive fermentation that originates compounds that impart smoky and ham aromas,
which have significantly high concentrations that affect the final quality of the beans.
The suggested limits for some unpalatable volatile components in fermented beans are
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2 μg/kg for 3-ethylphenol (smoked) and 3-propylphenol (smoked, phenolic), 12.20 μg/kg
for 4-methylphenol (fecal), 3-methylphenol (smoked) and 4-ethylphenol (smoked), and
70 μg/kg for 2-methoxyphenol [13]. If the drying process is performed slowly, there is a
loss of volatile acids and water [14]. This is because the porosity of the husk enclosing the
cotyledons increases [15], facilitating volatilization and implying that the dried beans are
less acidic and have a higher pH, providing their aromatic potential [14]. As the moisture
level decreases, the level of cocoa butter accumulates. Cocoa butter is the most abundant
component in dried cocoa beans [16], accounting for half of the components. This butter
fraction may include fatty acids (myristic, palmitic, palmitoleic, stearic, oleic, linoleic, and
arachidic) and triacylglycerols (composed of about 42% of 1-palmitate-2-oleate-3-stearate
triacylglycerol, 24% of 1,3-diestearate-2-oleate triacylglycerol, and 22% of 1,3-dipalmitate-
2-oleate triacylglycerol), as the major components [17,18] have a serious impact on the
perception of the chocolate flavor and aroma. The release of chocolate aromas during tast-
ing is linked to lipophilic volatile compounds, mainly alkylpyrazines, which are considered
to be more complex and more substituted with the alkyl group, therefore having higher
lipophilicity [19]. The higher degree of saturation and hydrophobicity of cocoa butter may
be associated with decreased pyrazine release [17].

Most aromatic volatile compounds are released during the roasting process. The
number of volatile compounds varies with roasting intensity; therefore, a greater amount
is formed when roasting at higher temperatures [20]. Several studies detail the diversity
of these compounds within the temperature ranges of 95 to 160 ◦C [6,9,21,22]. The most
volatile compounds found in roasted beans correspond to esters, followed by acids, alcohols,
aldehydes, and ketones, which are characteristic of a given cocoa variety, and depending
on the roasting time and temperature, other compounds, such as pyrroles, pyrazines, and
Strecker aldehydes, are reduced or generated [6,9,21,22]. Higher roasting temperatures
may generate unpleasant compounds with burnt or smoky notes and a dark brown color in
processed chocolate. In the next process in which the roasted beans are ground, the cocoa
liquor has particles measuring between 22–26.5 μm [9,23], driving the extra release of aroma
compounds. Similarly, during conching, the removal of the remaining moisture and volatile
unpleasant acetic acid compounds occurs, acquiring acceptable levels [24]. Prolonged
conching (6–10 h at 80 ◦C) results in the loss of both undesirable volatile flavorings and
other flavorings that provide desirable characteristic aromas like sweet, fruity, floral, and
chocolate [25]. It has also been reported that the aromatic volatile compound profiles of
dark chocolates are strongly affected by the brand-related formulation and processing
conditions. In some cases, differences within the same brand have even been shown [26].

Chocolate production generally involves a combination of fermentation, drying, roast-
ing, and conching processes [25]; thus, it is crucial to investigate how these processes
impact the levels and types of compounds that determine the chocolate aroma and its
origin. Therefore, this review provides information on more relevant volatile organic
compounds arising from postharvest and bean manufacturing methods to their implication
in the final quality of the chocolate. In addition, the active odor components in dried beans,
roasted beans, liquor, and chocolate are identified and traced with emphasis on the most
desirable compounds.

2. Extraction and Quantification of Volatile Cocoa Compounds

Several studies have been published on the aromatic components contained in cocoa
beans, especially the forastero, national, criollo, and trinitario varieties. Forastero cocoa
represents about 85% of world production [27]. It is characterized by producing seeds that,
after being fermented, generate volatile floral and sweet aromas [28,29]. The national cocoa
grown in Ecuador classified as "fine and aroma grade”, produces seeds with fruity, green,
and woody volatile aromas. This variety represents 63% of world production [28,30]. On
the other hand, Criollo cocoa represents only 5% [27] and its fermented beans are associated
with floral, fruity, and woody, volatile aromas [28]. Finally, trinitario cocoa is a criollo
hybrid variety and has strong basic chocolate characteristics together with fruity and floral
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aromas [28]. The characterization and comparison of the seeds in the different varieties
are complex since the list of representative genotypes in all cocoa-producing countries is
extensive [29,31–33], making the standardization of the preharvest, postharvest, and cocoa
manufacturing processes derivatives since each variety has a unique flavor and aroma
potential [34].

Cocoa aromas and flavors are detailed through several volatile aroma profiles and sam-
ples, such as fermented and roasted dry beans, cocoa liquor, and chocolate. Although there
are several methods of characterization, the two most common are detailed. On the one hand,
the analysis of volatile compounds is carried out by headspace solid-phase microextraction
combined with gas chromatography-mass spectrometry (HS-SPMEGC-MS) [4,11,35,36]. The
use of divinylbenzene carboxene polydimethylsiloxane (DVB/CAR/PDMS) fiber has been
reported to define the organic volatiles in cocoa [8,12,21,22,28,37–39]. Optimal fiber coating
is related to the number of peaks in the chromatogram and generated intensity. When using
CAR-PDMS, up to 100 peaks have been detected more intensely, while in PDMS-DVB,
the number of peaks is less than 75 [40], implying that a higher number of volatiles are
extracted from a specific cocoa matrix.

To cite an example, Ref. [28] identified a total of 121 volatile compounds in criollo,
national and forastero cocoa, and 62 were positively identified, including nine organic
acids, 12 alcohols, 14 aldehydes and ketones, five esters, 12 hydrocarbons, two amines,
two furans, one sulfur, and five unspecified compounds. Likewise, Ref. [12] reported a total
of 67 volatile components, including acids, alcohols, aldehydes, esters, ketones, pyrazines,
furans, furanones, lactones, pyrans, pyrroles, and terpenes. The total volatiles concentration
was higher in cocoa liquors than in chocolates.

In contrast, olfactometry, which collects data that are obtained from gas chromatogra-
phy olfactometry (GC-O), helps to calculate to what extent a certain compound influences
the overall aroma depending on its dilution factor (DF), [6,10,41–43]; it detects odors and
describes them by means of an “aromagram”–a representation of the dilution factor loga-
rithm versus retention time [10,42,43]. In order to illustrate this, [6] reported the dilution
factors of roasted and unroasted forastero cocoa beans. In Table 1, 2- and 3-methylbutanoic
acid (FD 8192; sweaty), acetic acid (FD 2048; acidic), and 3-hydroxy-4,5-dimethyl-2 (5H)-
furanone (FD 1024; spiced) were detected at the highest dilutions, suggesting that these
compounds are among those contributing to the aroma of unroasted cocoa beans.

Both techniques focus on cocoa matrix aroma profile characterization and the evalua-
tion of the most relevant compounds. Volatile profiles can be estimated by the odor activity
value (OAV) of a compound present in a specific cocoa matrix. The OAV is defined as
the ratio between the compound concentration and the odor threshold value (OTV), for
which the contribution to the overall aroma of the cocoa matrix is to be evaluated. The
OTV found in the literature determined in a fatty medium (sunflower oil) is a reference for
estimating the OTV in cocoa beans, for which the fat content is between 53.3 to 55 % in dry
fermented beans. If the concentration of a volatile compound is higher than its respective
odor threshold and its OAV > 1, this compound contributes to the overall aroma and flavor
of the cocoa matrix. [9,12,44–46], determined that the concentration of 3-methylbutanal
(provides malty, cocoa and chocolate notes) in cocoa liquor was 721.44 ng/g, much higher
than its OUV: 5.4–80 ng/g. This compound clearly contributes to the overall aroma of cocoa
liquor, with an OAV from 9.02 to 133.60. On the other hand, [12] reported OAV = 0.55 for
linalool (floral notes) in the chocolate processed from cocoa liquor of the national variety;
its concentration was 20.2 ng/g and its OTV = 37 ng/g, meaning this compound does not
contribute to the final chocolate aroma. The volatile profiles of other matrixes studied are
detailed in Tables 2–6.
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Table 1. Dilution factors of active odor compounds from roasted and unroasted forastero cocoa beans.

No Volatile Odor
Dilution Factors (FD)

Unroasted Roasted

1 4-hydroxy-2,5-dimethyl-3 (2H)-furanone Like caramel 128 8192
1 4-Hydroxy-2,5-dimethyl-3(2H)-furanone Caramel-like 128 8192
2 2- and 3-Methylbutanale Malty 64 4096
3 Phenylacetaldehyde Honey-like 64 4096
4 2–and 3-Methylbutanoic acid Rancid 8192 4096
5 2-Acetyl-1-pyrroline Popcorn-like 32 1024
6 Acetic acid Acetic 2048 1024
7 2-Methoxyphenol Smoky 256 512
8 2-Phenylethanol Flowery 256 512
9 2-Ethyl-3,5-dimethylpyrazine Earthy 64 256
10 Linalool Flowery 64 256
11 Methyl propanoic acid Rancid 256 256
12 2-Methyl-3-(methyldithio)furan Cooked meat-like 128 256
13 Ethyl methyl propanoate Fruity 64 128
14 Ethyl 2-methylbutanoate Fruity 256 128
15 Dimethyl trisulfide Sulfur-like 64 128
16 2,3,5-Trimethylpyrazine Earthy 32 128
17 Phenylethyl acetate Flowery 64 128
18 δ-Decenolactone Coconut-like 256 128
19 Phenylethyl acetic acid Sweet 256 128
20 Ethyl 3-methylbutanoate Fruity 32 64
21 2,3-Diethyl-5-methylpyrazine Earthy 2 64
22 Butanoic acid Rancid 128 64
23 δ-Octenolactone Coconut-like 32 64
24 cis-Isoeugenol Smoky 64 64
25 3-Hydroxy-4,5-dimethyl-2(5H)-furanone Spiced 1024 -

Source: Key aroma compounds in fermented Forastero cocoa beans and changes induced by roasting [6].

3. Flavor Precursors in Cocoa Beans

Aromas and flavors are generated during fermentation. This is a postharvest process
carried out by various micro-organisms (yeasts, lactic acid bacteria, and acetic acid bacteria)
generating flavor and aroma precursors, like the reducing sugars (glucose and fructose)
formed by the action of cotyledon invertase and free amino acids release by carboxypepti-
dase (optimum pH 5.6) and aspartic protease (optimum pH 3.5), for which, later, during
the drying and roasting of the beans, is combined in Maillard reactions to produce a high
potential of aromas of different chemical classes [5,47–52]. According to the cut test method,
the cotyledons of well-fermented and dry beans from a set of 100 have at least 60% brown
beans and a smaller percentage of slaty and defective beans [49,50]. For example, Ref. [21]
reported that the percentage of forastero brown beans ranged from 75.33 to 84%. Further,
the fermentation index (FI) estimates the fermentation quality and provides a fermented
bean final state analytical evaluation. According to [53], well-fermented beans have a
(FI) ≥ 1. Ref. [21] reported a FI from 1.04 to 1.22 in preconditioned and fermented beans.
Likewise, Ref. [54] reported values from 0.37 to 1.05 in beans fermented from 0 to 6 days,
respectively. The FI correlates with the amount of reducing sugars, free amino acids, pH,
and cocoa bean cotyledon color [55]. Therefore, the evaluation of precursors formed during
fermentation is crucial to determine the quality of cocoa since well-fermented beans have a
higher amount of precursors [56].

Regarding sugar reduction, a 78% and 93.5% increase at the end of fermentation was
reported for trinitario and forastero cocoa beans, respectively [5,21]. Similarly, Ref. [16]
reported a 60% to 70% increase for a forastero cocoa hybrid in Ghana. The difference is
due to the postharvest process in which the cob is stored in order to reduce the moisture
and the amount of pulp adhering to the beans; this method reduces the concentration of
fermentable sugars and, therefore, the acidity at the end of fermentation. Additionally, the
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increment in reducing sugars is related to the method and fermentation duration, where
the greatest amount of fructose is produced with respect to glucose [5,21,47]. A fructose-
to-glucose ratio of 2:1 is expected when using the heap and tray fermentation method, 4:1
when the pods have been preconditioned and fermented in heap [5,57], and 4:1 when the
pods have been preconditioned and fermented in heap [21]. This ratio gives an indication
of fermentation quality in terms of the reducing sugars in cocoa varieties [58].

Likewise, the proteolysis of cocoa globulin (similar to vicilin) (storage protein of
566 amino acids) leads to the breakdown and abundance of free amino acids from 300 to
800 di- and tripeptide units, highlighting acidic, hydrophobic, basic, etc. [59,60]. Ref. [57]
reported that hydrophobic amino acids comprised 68–73% of the total amount of amino
acids, with leucine, phenylalanine, and alanine being the most abundant in dried forastero
cocoa beans. Similarly, Ref. [56] indicated that leucine, phenylalanine, valine, alanine, and
isoleucine were the predominant hydrophobic amino acids in dried criollo cocoa beans,
comprising 56 to 70% of the total amino acids, while [61] quantified 50% of leucine and
phenylalanine in fermented and dried forastero cocoa beans. When roasting the beans, this
hydrophobic amino acid fraction partially descends through Maillard reactions, increasing
the pyrazine levels [52]. In beans, these hydrophobic amino acid fractions partially decrease
via Maillard reactions, increasing the pyrazine levels [62]. Therefore, the level of pyrazines
can be used to evaluate the efficiency of roasting during this stage because of its pronounced
influence on the cocoa’s final aroma [56].

The abundance of peptides depends on geographical origin. Refs. [63,64], reported that
high levels of oligopeptides and amino acids are found in cocoa bean samples from Central
America, Caribbean Islands, Mexico, Santo Domingo, and Peru, together with samples
from Papua New Guinea and the criollo variety from Mexico; in contrast, the samples from
Flores, Sulawesi, Malaysia, and Ivory Coast showed low peptide concentrations and free
amino acids. The difference in peptide concentration in relation to the origin of the cocoa
is due to the nitrogen fertilization of the plants and mainly the pH found in the soil [65].
Furthermore, the season in which the pods are harvested particularly affects the pH and
nitrogen concentration of the beans. Ref. [66] reported that the pods harvested in summer
had beans with a lower pH than those harvested in winter; likewise, the beans harvested
in the dry season had a higher concentration of nitrogen than the ripe beans during the
rainy season.

3.1. Volatile Compounds Generated from Precursors

Table 2 indicates the number of compounds in the different chemical groups and
cocoa matrixes. It is noted that the availability of the compounds increases as the beans
are turned into chocolate. Overall, acids, alcohol, aldehydes, aldehydes, ketones, and
esters are present throughout the processing chain. The compounds found represent sour,
vinegar, rancid, sweaty, fruity, floral, soapy, creamy, green leafy, herbal, and spicy notes.
Obviously, unfermented beans do not have pyrazines, furans, furanones, pyrans, pyrones,
or pyrroles as they are more common in well-fermented roasted beans, except for the lower
concentrations of pyrazines that are found in dry beans, a metabolic product of B. subtilis
or Bacillus megaterium, which are present at the end of cocoa fermentation [5,38,67]. These
compounds have cocoa, chocolate, walnut, popcorn, coconut, and candies notes, although
they also have fruity notes like furans (furaneol) [45].

66



Fermentation 2023, 9, 166

T
a

b
le

2
.

N
um

be
r

of
co

m
m

on
vo

la
ti

le
co

m
po

un
ds

in
th

e
co

co
a

be
an

pr
oc

es
si

ng
ch

ai
n.

*
V

a
ri

e
ty

**
M

a
tr

ix

V
o

la
ti

le
C

o
m

p
o

u
n

d
s

T
o

ta
l

V
o

la
ti

le
s

R
e

fe
re

n
ce

A
ci

d
s

A
lc

o
h

o
ls

A
ld

e
h

y
d

e
s

K
e

to
n

e
s

E
st

e
rs

E
th

e
rs

P
y

ra
z

in
e

s
L

a
ct

o
n

e
s

F
u

ra
n

s
F

u
ra

n
o

n
e

s
P

y
ra

n
s,

P
y

ro
d

o
n

s
a

n
d

P
y

rr
o

le
s

T
e

rp
e

n
e

s
a

n
d

T
e

rp
e

n
o

id
s

O
th

e
r

C
R

C
L

2
4

4
2

7
7

6
2

34
[2

]
TR

D
B

3
10

5
6

7
4

1
5

41
[4

]
N

C
,

C
C

N
51

R
B

4
10

7
10

11
9

4
4

3
6

2
70

[5
]

FR
D

B
6

3
4

1
3

5
2

1
2

1
3

31
[6

]
C

R
,F

R
,

TR
U

D
B

4
12

4
4

7
2

2
5

9
3

52
[7

]

C
R

D
B

6
7

10
5

11
5

1
4

1
50

[8
]

C
H

6
1

9
7

11
8

1
1

2
1

2
49

[1
0]

C
H

4
4

7
6

3
6

2
1

2
35

[1
1]

N
C

,F
R

C
L

3
11

8
7

9
12

1
1

2
4

8
1

67
[1

2]
FR

D
B

10
9

3
5

11
1

39
[1

4]
R

B
9

8
10

1
3

2
1

5
39

[2
1]

FR
C

L
3

7
7

10
8

15
4

3
10

6
7

80
[2

3]
C

R
,F

R
,

N
C

D
B

9
12

14
5

2
12

6
60

[2
8]

C
H

11
14

13
11

8
16

2
5

3
2

85
[3

7]
FR

D
B

11
12

3
5

20
4

3
58

[3
9]

FR
C

H
4

4
4

3
3

5
1

1
1

6
1

33
[4

4]
FR

C
L

2
9

7
5

9
9

2
6

3
52

[5
7]

*
C

oc
oa

va
ri

et
ie

s:
C

R
:C

ri
ol

lo
,F

R
:F

or
as

te
ro

,T
R

:T
ri

ni
ta

ri
o,

N
C

:N
ac

io
na

l,
C

C
N

51
:C

ol
ec

ci
ón

C
as

tr
o

N
ar

an
ja

l.
**

C
oc

oa
m

at
ri

x,
U

D
B:

un
fe

rm
en

te
d

dr
ie

d
be

an
s,

D
B:

dr
ie

d
be

an
s,

R
B:

ro
as

te
d

be
an

s,
C

L:
co

co
a

liq
ue

ur
,C

H
:d

ar
k

ch
oc

ol
at

e.

67



Fermentation 2023, 9, 166

Dried beans have organic acids that volatilize during roasting [39]. It has been reported
that 2- and 3-methylbutanoic acid and acetic acid have been found to be most relevant
in dried forastero cocoa beans. During roasting, the acid level decreases significantly
depending on the roasting temperature. Thus, at 135 ◦C and 160 ◦C, a significant increase
in acids is observed, while at lower temperatures, the increase is negligible. The 2- and
3-methylbutanoic acids persist at the end of roasting at a temperature of 95 ◦C and their
concentration reaches 17,300 ng/g ([6]. This concentration exceeds the odor threshold of
203 and 11 ng/g, respectively, indicating that these acids greatly affect the final chocolate
aroma. Likewise, Ref. [44] reported that only acetic acid and isovaleric acid are of an active
odor in bitter chocolate samples, especially from beans roasted at 100 ◦C to 140 ◦C and in
concentration rises from 171.26 to 381.4 ng/g. Figure 1 illustrates the compound percentage
generated from foreign cocoa beans from Africa, America, and Southeast Asia when roasted
at 140 ◦C for 30 min. There is a rise in aldehydes, phenols, pyrazines, furans, pyrans, and
pyrroles at the end of roasting. A reduction in undesirable compounds, like acids and
alcohols, is clearly evident. However, not all acids change at the end of the process.

 

Figure 1. Relative percentage of volatile compounds before and after roasting. Source: taken and
adapted from [22].

Cocoa liquor is the product obtained from fermented, dried, roasted, and ground
cocoa beans. The concentration of total aromatic volatiles in cocoa liquor is higher than
in chocolates. Ref. [12] reported that cocoa liquor had four to seven times more volatiles
than the processed national and forastero variety chocolates than cocoa liquor, respectively.
These included acids, alcohols, aldehydes, esters, ketones, pyrazines, lactones, and terpenes.
Similarly, Ref. [9] highlighted acids, alcohols, esters, terpenes and terpenoids, aldehydes,
ketones, pyrazines, furans, furanones, pyrans, pyrones, and pyrroles in the cocoa liquor
of the forastero variety. Conversely, in the criollo cocoa variety, Ref. [68] reported that the
main components were alcohol, esters, aldehydes, ketones, hydrocarbons, nitrogen and
oxygen heterocycles, nitriles, and sulfides. Many of the compounds are similar in each
variety, and what differentiates them is the contribution of each of them to the overall
aroma of a particular variety. Hence the need to know the aromatic profiles of the varieties.

Finally, processed chocolates have a wide variety of compounds. Table 2 shows that
85 compounds present in chocolate are subdivided into several chemical groups, includ-
ing acids, alcohols, aldehydes, ketones, esters, and pyrazines as the major compounds.
Pyrazines (16 compounds) are most abundant in chocolates and impart their malty, roasted
cocoa, nutty, almond, and hazelnut notes. In contrast, Table 2 also indicates the presence of
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ethers (carbitol, 2-(2-butoxyethoxy) ethanol furfural), which are only present in unroasted
trinitario cocoa beans and do not contribute to the processed chocolate [7].

3.2. Specific Volatile Compounds
3.2.1. Fermented and Dried Beans

Table 3 indicates the contribution of the individual compounds to the overall aroma of
the beans; their OAV > 1. 20 and 36% out of the compounds impart undesirable aromas.
Acetic acid, 2-methylbutanoic acid, 3-methylbutanoic acid, and 2-methylpropanoic acid
were common in both studies. They differ by approximately 55 times for acetic acid and
48 times for 3-methylbutanoic acid due to the fermentation method used (wood box vs.
pile fermentation), days fermented (5 d vs. 3 d with prefermentation), and the origin of the
beans (Costa Rica vs. Ecuador). These compounds are present in the over-fermented beans
from leucine metabolism; such acids are undesirable in any cocoa matrix, imparting vinegar,
pungent, sweaty, and rancid flavors [5,42]; it was reported in separate and complementary
studies that box fermentation offers less aeration compared to the heap method. It was
expected that the acetic acid concentration in the heap method would be higher, as aeration
drives the emergence of acetic acid bacteria; however, the box method offers a higher
concentration. The prefermentation of the beans helped to reduce their moisture and sugar
content, thus decreasing the acid content at the end of fermentation. Prefermentation
was absent in the box fermentation study. 2-methoxyphenol and 3-ethylphenol are also
compounds that impart an unpleasant smoky flavor and odor and have been reported as a
crucial marker of this aroma. In this study, these compounds are very significant, presenting
concentrations of 221.00 and 7.66 μg/kg and an OAV of 122.8 and 3.5, respectively. Ref. [13]
proposed the maximum tolerable concentration based on the rounded threshold value of
2 μg/kg for 3-ethylphenol. Sometimes, the aroma imparted by 2-methoxyphenol goes
unnoticed as it is masked by the more odorous compounds in cocoa. Ref. [13] reported
a concentration of 70 μg/kg for 2-methoxyphenol, and the reason for this depends on
compound concentration and the authentic cocoa odors contributing to the pleasant aroma
of cocoa masking the foul odor.

Table 3 shows the difference between the two studies on fruit aromas. The highest
amount of these aromas is present in the study of [5], who used beans of the Ecuadorian
trinitario variety in their study. In contrast, Ref. [42] proposed a single relevant fruit aroma,
as is the case for ethyl phenylacetate. In both studies, the same variety (trinitario) was
analyzed; however, there were large differences in the amount of its volatile compounds.
The difference may be due to geographical origin, postharvest techniques, the chemical
composition of the beans, and the method used for their quantification [22]. Fruity volatile
compounds, such as isoamyl acetate, 2-nonanone, 2-heptanol, 2-heptanone, 2-pentyl acetate,
and ethyl, in descending order of their OAV, contribute to the overall aroma of the dried
beans. These fruity aroma compounds are most relevant in the trinitario cocoa variety
from Ecuador, known for aromatic cocoa. The esters synthesized during fermentation are
dependent on environmental precursors, as well as on aeration and the presence of alcohol,
such as ethanol. For example, the production of isoamyl acetate by yeasts (Pichia fermentants)
uses isoamyl alcohol as a precursor [69]. According to Table 2, this compound is also odor
active (OAV = 4), and its concentration exceeds its OTV; therefore, it remains in the aromatic
profile and serves as a precursor for other compounds. 2-pentyl acetate (OAV = 5.47) and
ethyl acetate (OAV = 1) can act as the precursors of secondary alcohols, such as 2-pentanol
and 2-heptanol [70]. The latter contributes its relevant citrus aroma (OAV = 11.08) to
Ecuadorian trinitario cocoa beans.

Floral aromas in both studies include, in descending order, linalool, 2-phenylethanol,
2-phenylacetaldehyde, 2-phenylethyl acetate, acetophenone, and 2-methyl-3-buten-2-ol.
Ref. [71] proposed linalool as a grade indicator (fine or basic grade) in some varieties. A
linalool/benzaldehyde ratio of greater than 0.3 indicates fine-grade cocoa. Our review showed
linalool and benzaldehyde OAVs of 17.38 and 35.15, respectively, with both compounds
aromatically active at a 0.3 ratio. Ref. [20] reported a 0.56-to-0.89 linalool/benzaldehyde ratio
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in roasted Criollo cocoa beans. As linalool is a biosynthesis product, its creation depends
on plant varieties, growing, and fermentation conditions. During the roasting process, the
linalool content decreases slightly due to volatility, but the relative difference between basic
and fine-grade cocoa remains [71].

Table 3. Odor activity values of key aroma compounds in fermented dried beans.

Reference Variety Method Matrix Volatile OTV (μg/kg) OAV Odor Description

[5] Trinitario
(Sacha Gold)

HS-SPME
GC–MS Dried beans

Isoamyl alcohol 100 4 Banana, fruity,
fermented, cognac

Isoamyl acetate 9.6 91.46 Banana, fruity

2-heptanone 300–98,000 5.79 Fruity, coconut,
floral, cheesy

2-heptanol 263 11.08 Citrus, fruity
2-nonanone 100 31.14 Fruity, fresh, sweet
Ethyl acetate 940–22,000 1 Pineapple, fruity,

sweet, grape
2-pentyl acetate 13–27,000 5.47 Fruity, orange, tropical

2-Phenylacetaldehyde 22–154 10.82 Floral, honey
2-phenylethyl acetate 137–233 2.42 Floral, honey

2-phenylethanol 211 13.12 Floral, honey
Acetophenone 5629 1 Floral

Linalool 37 17.38 Floral, pink, sweet,
green, citrus

2-methyl-3-buten-2-ol 480 1 Herbal, earthy

2-octanol 100 1 Spicy, green,
woody, earthy

2-methylbutanal 2.2–152 85.37 Chocolate
3-methylbutanal 5.4–80 37.39 Chocolate

Benzaldehyde 60 35.15 Sweet, bitter almond,
cherry, woody

Trimethylpyrazine 290 1.32 Cocoa, roasted nuts
Tetramethylpyrazine 38,000 1 Chocolate, cocoa, coffee

2,3-butanedione 3–10 217.53 Buttery
Acetic acid 124 154.77 Sour vinegar

2-methylpropanoic acid 190–755 4.87 Rancid butter
3-methylbutanoic acid 22 131.78 Rancid sweat

Ethanol 3 × 104–6 × 105 1 Alcoholic
2-methyl-1-propanol 1000 1 Wine, ethereal

Acetic acid 124 8467.7 bitter, vinegar
2-methylbutanoic acid 203 99.0 spicy, sweaty
3-methylbutanoic acid 11 6590.9 spicy, sweaty

2-phenylethanol 211 8.5 flowery
3-methylbutanal 5.4 115.2 of malt
2-methylbutanal 2.2 320.5 of malt
Fethyl enilacetate 300 1.0 flowery, fruity

[42] Trinitario GC−OAEDA-
AIDS Dried beans Ethyl 3-methylbutanoate 0.98 2,8 tasty

2-phenylethyl acetate 0.137 9489.05 Nuts
Ethyl 2-methylbutanoate 0.37 59.7 tasty
4-hydroxy-2,5-dimethyl-3

(2H)-furanone 27 1.0 like caramel

2-Methoxyphenol 1.8 122.8 Smoked
3-Ethylphenol 2.2 3.5 phenolic, animalic

2-ethyl-3,5-
dimethylpyrazine 2.2 18.0 earthy

2-ethyl-3,6-
dimethylpyrazine 57 0.01 earthy

dimethyl trisulfide 0.03 83.3 Cabbage

OTV: Odor threshold values. OAV: Odor activity values.

Schluter et al. (2020) [42] reported a high OAV with a prevalence of chocolate and malt
flavors, likely related to the high concentrations of isoleucine, leucine, and phenylalanine
during fermentation. They attributed such aromas to Strecker aldehydes, such as 2- and 3-
methylbutanal (chocolate, malt flavor) and phenylacetaldehyde (honey flavor), respectively.
On the contrary, 2-phenylethyl acetate, trimethylpyrazine, ethyl acetate, acetophenone,
2-methyl-3-buten-2-ol, 2-octanol, tetramethylpyrazine, ethanol, and 2-methyl-1-propanol
show a low OAV, which, individually, would not contribute to their respective aromas, but,
as a whole, would present a range of odors from wine to floral and honey.

Figure 2 illustrates the key aroma profile in both cocoa samples. The aroma profile
of the trinitario Sacha Gold variety (Figure 2b) is broader and has a distinct fine diversity
of aromas representing processed chocolate. Figure 2a, on the other hand, presents a
limited aroma profile that is not appreciated by the chocolate industry. In both studies,
a total of four pyrazines are observed, including 2-ethyl-3,5 and 3,6-dimethylpyrazine,
trimethylpyrazine, and tetramethylpyrazine, for which the OAVs are less than 18. During
fermentation, both trimethyl and tetramethylpyrazines appeared; however, they represent
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only 0.6% of the total volatiles [72]. During grain roasting, the number and concentration of
pyrazines notably rose: 2,5-dimethylpyrazine (DMP), 2,6-DMP, 2-ethylpyrazine, 2,3-DMP,
2,3,4-trimethylpyrazine (TrMP) and 2,3,5,6-tetramethylpyrazine (TMP) [62], evidenced in
the following section.

 
(a) 

 
(b) 

Figure 2. Profile of key volatile compounds present in fermented dry beans determined by (a) [42]
trinitario cocoa beans and (b) [5] trinitario Sacha Gold from Ecuador.

3.2.2. Roasted Beans

Roasting the beans boosts the intensity of some of the volatile compounds present in
dried beans, generating the appearance of new compounds. Ref. [6] reported 31 compounds
in forastero cocoa beans roasted at 95 ◦C, 71 compounds in beans (of the same variety)
roasted at 140 ◦C, while [9] reported 78 compounds in forastero cocoa beans roasted at
160 ◦C. They found 34 compounds that had increased in their concentration during roasting,
nine compounds that had increased in concentration up to 140 ◦C and had then decreased or
were undetectable; A total of 26 new compounds were added, and the concentration of nine
compounds decreased significantly. After roasting, the distribution of the different classes
of compounds changed, increasing in pyrazines (22.79%) and aldehydes (15.62%) and
forming new compounds from Maillard reactions, such as pyrroles, furans, and pyrans [22].
Some pyrrole derivatives are formed at moderate roasting temperatures and relatively high
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humidity [40]. These compounds come from sugar precursor degradation in cocoa and
decrease during roasting. Ref. [73] reported that these volatiles are a useful indicator for
which their level can be used to monitor the early stages of roasting.

The presence of undesirable compounds, Figure 3, in both studies represents 42%
and 27% of the total aroma profile, indicating the presence of acidic, musty/earthy, burnt,
and smoky flavors [74]. Its high intensity and overall contribution are reflected in the
OAVs ranging from 1.77 for 2-methoxyphenol to 4920 for acetic acid. The concentration
of acetic acid is more than half in the unroasted beans when roasted at 130 ◦C for 30 mins.
Roasting at higher temperatures or for a longer period does not significantly affect the
acetic acid concentration. On the contrary, the concentration is higher when roasted at
160 ◦C for 30 min [75]. Other compounds, such as sulfur derivatives, are also present
in cocoa beans roasted at temperatures >160 ◦C. These compounds generate unpleasant
smoky, onion, cabbage, and gasoline notes that persist in the final chocolates, albeit in lower
concentrations [39,44].

(a) 

(b) 

Figure 3. Volatile compounds profile present in the roasted beans determined by (a) [6] forastero
roasted cocoa beans, and (b) [21] forastero roasted cocoa beans.
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A percentage greater than 50% of the compounds in Table 4 indicates a contribution
of desirable aromas, such as fruity, floral, cocoa, and chocolate, including the Strecker
aldehydes (2- and 3-methylbutanal, phenylacetaldehyde) present in dry beans in smaller
quantities. 3-methylbutanal increases its contribution during roasting, especially at 95 and
110 ◦C, while at 125 ◦C, there is a return to the initial values. This is due to the prevalence
of the volatilization phenomenon compared to that of generation [76]. Furthermore, the
concentration of benzaldehyde increases during fermentation [5] and during roasting, mak-
ing it susceptible to losses at temperatures above 125 ◦C [76]. Throughout the processing of
the beans, the concentration of this compound decreases. In dry beans, the concentration
is 1.08 μg/g, and its OAV is 18.08, whereas, in roasted beans, it drops to 1.01 μg/g and
presents OAV = 16.90 [9,21].

Table 4. Odor activity values of key aroma compounds in roasted beans.

Reference Variety Method Matrix Volatile OTV (ng/g) OAV Odor Description

[6] Forastero SAFE-AEDA Roasted beans

2. 3. 5-trimethylpyrazine 290 2.9 Earthy
2. 3-diethyl-5-methylpyrazine 0.5 14 Roasted potato

2-acetyl-1-pyrroline 0.1 39 Like popcorn
2-ethyl-3. 5-Dimethylpyrazine 2.2 6.6 Chocolate, sweet

2-Methoxyphenol 16 6.3 Smoked
2-methyl-3-

(methyldithio) furan 0.4 1.4 Similar to cooked meat

2-methylbutanal 140 54 Malt
2-methylbutanoic acid 203 36 Rancid

2-phenylacetic acid 360 13 Floral smell,
nasty geranium

2-phenylethanol 211 16 Flowery
2-phenylethyl acetate 233 4.1 Floral, honey

3-hydroxy-4. 5-dimethyl-2
(5H)-furanone 0.2 50 Spicy

3-methylbutanal 13 2030 Malt
3-methylbutanoic acid 22 786 Rancid

4-hydroxy-2. 5-dimethyl-3
(2H)-furanone 25 40 Like to caramel

Acetic acid 124 4920 Sour, vinegar
Butanoic acid 135 4.1 Rancid

Dimethyl trisulfide 2.5 10 Sulfuric
Ethyl 2-methylbutanoate 0.26 169 Tasty

Ethyl 2-methylpropanoate 1.24 32 Tasty
Linalool 37 17 Flowery

Methylpropanoic acid 190 69 Rancid
Phenylacetaldehyde 22 245 Like honey
δ-octenolactone 4730 16 Like coconut

[21] Forastero HS–SPME–
GC–MS Roasted beans

Acetaldehyde 0.22 96.78 Sour, fruity
2-methylbutanal 2.2–152 53.36 Chocolate
3-methylbutanal 5.9–80 5.35–79.32 Chocolate

Benzaldehyde 60 18.08 Sweet almond,
bitter, cherry

Benzeneacetaldehyde 22–154 2.41 Honey, sweet,
pink, floral

2. 3-Dimethyl pyrazine 123 1.45 Caramel, cocoa
Trimethylpyrazine 290 1.64 Cocoa, toasted

walnuts, peanuts

2. 3-dimethyl-5-ethylpyrazine 60 2.95 Popcorn, burnt
cocoa, toasted

2. 5-dimethyl-4-hydroxy-3
[2H]-furanone 1.6–50 1.15–36.06 -

Dimethyl disulfide 12 3.68 Sulfur-like,
cabbage, onion

2-Methoxyphenol 10–70 6.81 Smoked, repulsive

Other compounds that turn up after roasting are 4-hydroxy-2,5-dimethyl-3 (2H)-
furanone, 2-acetyl-1-pyrroline, 2,3-dimethyl-5-ethylpyrazine, trimethylpyrazine, and 2,3-
dimethylpyrazine. 2-acetyl-1-pyrroline, which is typically associated with roasting (Parker,
2015), exudes a popcorn and cracker-like aroma, having a low threshold in oil 0,1 ng/g and
a concentration above OTV = 39 ng/g. Therefore, the contribution to the overall aroma
of the roasted beans is significant (Table 3). Likewise, the pyrazines generated during
roasting at temperatures above 100 ◦C exude notes of cocoa, baked potato, and chocolate.
Ref. [45] reported that simple unsubstituted or monosubstituted pyrazines have a roasted,
biscuit aroma and relatively high aroma thresholds, but as the substitution increases, the
odor threshold decreases. It is evident from Table 3 that some of the pyrazines have low
OTVs: 2,3-diethyl-5-methylpyrazine and 2-ethyl-3,5-dimethylpyrazines, and high OTVs:
2,3,5-trimethylpyrazine and 2,3-dimethyl-5-ethylpyrazine. These compounds exude baked
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potato, chocolate, earthy, popcorn, and cocoa aromas, respectively. However, their OTVs
are inversely related to their OAVs. There are a few fruity and floral aromas, as shown
in Table 3, including linalool, 2-phenylethanol, and 2-phenylethyl acetate, in descending
order of their aromatic contribution. This deficiency in fruity aromas is common in the
forastero variety [28]. Finally, the 59 volatile compounds present in the roasted beans
include alkyl pyrazines and aldehydes from reactions between oligopeptides derived from
vicilin class globulin (7S) and reducing sugars of the cocoa beans [36]. The author reported
eight unidentified volatile compounds likely to expel specific cocoa notes.

3.2.3. Cocoa Liquor

The aroma of cocoa liquor is an important characteristic affecting its quality; there-
fore, the affecting factors are the origin of the cocoa bean and the postharvest processing
(fermentation and drying), roasting, and storage [19]. The origin of the cocoa bean is vital
in determining the aroma of all its cocoa products and is related to genetic and environ-
mental factors. In this regard, only a few aromas are characteristic of cocoa liquor from
different origins, including 3-methylbutanal (malty), linalool (floral), β-phenylethyl alcohol
(pink), benzaldehyde (almond-like), benzeneacetaldehyde (pink), β-phenylethyl acetate
(fruity), 3-methylbutyl benzoate (fruity), 2,5-6-dimethylpyrazine (potato-like), ethylpyrazine
(popcorn), trimethylpyrazine (roasted), 3-ethyl-2,5-dimethylpyrazine (roasted), tetram-
ethylpyrazine (nutty), 3,5-diethyl-2-methylpyrazine (cocoa), furfural (potato), acetic acid
(acid), 3-methylbutanoic acid (stench), and dimethyltrisulfide (onion), which are considered
the key active aroma compounds contributing to the overall cocoa liquor odor of the foras-
tero variety. However, the intensity of each aroma among the different cocoa liquors is dis-
tinct [77]. Likewise, Ref. [78] reported that the specific aroma of bulk cocoa liquor included
sweet, nutty, caramel, and chocolate notes associated with trimethylpyrazine, tetram-
ethylpyrazine, 2,3-butanediol, dodecanoic acid, β-phenylethyl alcohol, 2-acetylpyrrole, and
benzeneacetaldehyde.

On the whole, the compounds of the cocoa liquors studied represent 57.89 to 65.79%
of OAV >1, and 32.61 to 42.11% represent OAV < 1. Among these compounds, fruity,
floral, chocolate, buttery, and undesirable aromas are highlighted (Table 5). Several com-
pounds account for 17 to 40% of fruit flavors with a VAO > 1, including isoamyl acetate
(banana), 2-heptanol (citrus), ethyl phenylacetate, isoamyl alcohol (banana), furaneol
(strawberry), pentyl 2-acetate (orange), ethyl 3-methylbutanoate, 2-nonanone, 2-heptanol,
2-heptanone (coconut), pentylacetate, and 3-methylbutyl acetate. From 14 to 25% of the
floral compounds, 2-phenylethyl alcohol, linalool, 2-phenylethylacetate, acetophenone,
2-propanone, 2-phenylacetaldehyde, and β-myrcene are included. From 20 to 33% pro-
vide chocolate notes, including 2- and 3-methylbutanal, 5-ethyl-2,3-dimethylpyrazine,
trimethylpyrazine, 2,3,5-trimethylpyrazine, benzaldehyde, 2-ethyl-5 and 6-methylpyrazine,
2,6-dimethylpyrazine, 2,5-dimethylpyrazine, tetramethylpyrazine, methylpyrazine, and
2-methylpropanal. From 3 to 14% provide creamy and buttery tones, such as ethylpyrazine,
furfural, 3-hydroxy-2-butanone, 2,3-butanedione, 2,3-pentanedione, and 2-methylpropanoic
acid. Finally, the compounds providing caramel and earthy notes in the 3% to 15% range
include gamma-butyrolactone and 3-ethyl-2,5-dimethylpyrazine, respectively. Figure 4
details the set of OAV > 1 compounds described above, which is common among the
studies of Streker aldehydes, linalool, isoamyl acetate, and 2-heptanol.

The compounds with an OAV < 1 include isoamyl alcohol, ethyl acetate, ethylhex-
anoate, limonene, acetophenone, linalool, 2,5-dimethylpyrazine, 2,6-dimethylpyrazine,
2-ethyl-5-methylpyrazine, tetramethylpyrazine, propionic acid, 2-butanone, ethanol, 2-
butanol, 2-methyl-1-propanol, 2-pentylfuran, 3-hydroxy-2-butanone and ethanol, with
fruity, floral, chocolate, buttery, and mainly undesirable aromas. The compounds exclusive
to the study include rose oxide and β-myrcene that reveal floral notes in cocoa of the
forastero and national variety, respectively.
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Table 5. Odor activity values of key aroma compounds in cocoa liquor.

Variety OAV *
Odor Contribution %

Reference
Fruity Floral Chocolate Buttery Spices Caramel Undesirables Earthy

CCN51

>1

31.82 13.64 22.73 13.64 - - 18.18 - [4]National 4- 16.00 2- 8.00 - - 16.00 -
Forastero 17.24 13.79 27.59 3.45 3.45 6.90 24.14 3.45 [9]
National 16.67 25.00 33.33 8.33 - 8.33 8.33 - [12]** 2- 2- 3- 5.00 - 15.00 1- -

CCN51

<1

25.00 12.50 25.00 - - - 37.50 - [4]National 7.69 7.69 30.77 - - - 53.85 -
Foastero 35.29 17.65 11.76 11.76 - 5.88 17.65 - [9]
National 25.00 12.50 37.50 - - 12.50 12.50 - [12]

* Odor activity values. ** African cocoa.

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 4. Studies of the volatile compounds with OAV > 1 in the liquor of the cocoa determined by
(a) [9] in forastero cocoa beans, (b) [4] in CCN51 cocoa beans, (c) [4] in nacional cocoa beans, (d) [12]
Ecuadorian liquor and (e) [12] African liquor.
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Smoky, acidic, hammy, or musty aromas are the common compounds in cocoa liquors,
and are present throughout the postharvest process [79]. From 8 to 24% of the total
active odor aromas (OAV > 1) correspond to undesirable compounds in cocoa liquors and
dried beans, such as acetic acid, 2,3-pentanedione, 2- and 3-methylbutanoic acid, and 2-
methoxyphenol. In addition, 2,3-butanedione, dimethyl di- and trisulfide, methylpropanoic
acid, and butanoic acid are in roasted beans and persist in cocoa liquor. During chocolate
processing with these liquors, the OAV partially decreases or is undetected. For instance,
in acetic acid and 2-nonanone, the OAV decreases by 5 to 14 times, and the concentration of
2,3-butanedione is undetected, so their OAV cannot be calculated [12]. The same occurs
with butyric acid and 3-methylbutyric acid, which are only detected in cocoa liquors and
disappear in processed chocolate. It is worth mentioning that although acids present a
lower number of compounds in cocoa liquors, they have the highest VAOs, affecting the
liquor’s pH. Cocoa liquor with a low pH (4.75 to 5.19) is more likely to have off-flavors.

3.2.4. Chocolate

The flavor of chocolate depends on the way the series of processes described above
are carried out. Conching is the last of these processes, whereby the manufacturer can
obtain the flavor and aroma required for a particular product. However, this process
cannot correct previous mistakes, like an unpleasant smoky or moldy flavor due to poor
drying, nor can it turn an inferior cocoa taste into a perfect one [80]. Specifically, the func-
tion of conching is to evaporate volatile acids, achieve adequate viscosity, remove excess
moisture, and develop a desirable color [81,82], as well as remove off-flavors and aromas
while retaining desirable ones [80]. Chocolate producers often use different conching
temperatures and times depending on cocoa bean varieties and the origin of the choco-
late products with the desired aromatic properties [83]. In particular, levels of the most
important odors decrease significantly by rising conching duration (from 6 to 10 h at
80 ◦C). Prolonged times reduce most pyrazines (including 2,5-dimethylpyrazine, 2-ethyl-5-
methylpyrazine, and 2,3,5-trimethylpyrazine) and the levels of alcohol, acid, aldehydes,
and small esters [25]. Similarly, [11] reported that prolonged conching reduces volatile
acid concentration, alcohol, 3-methylbutanal, benzaldehyde, and several lesser volatile
pyrazines, like trimethylpyrazine, tetramethylpyrazine, and acetylpyrrole. They also
noted that this treatment increases the furfural content and does not affect the isobu-
tanal, 2-methylbutanal, and phenylacetaldehyde levels because of the additional reaction
compensation to form Strecker aldehydes during conching. Other components with signifi-
cant contributions to chocolate (Figure 5) and that are highly odorous based on their low
odor thresholds are 2-methylbutanal (2.2 ng/g), 3,5-diethyl-2-methylpyraniza, furaneol
(27 ng/g), 2,3-diethyl-5-methylpyrazine (7.2 ng/g), ethyl 2- and 3-methylbutanoate (0.37
and 0.98 ng/g), 2-methylpropanal (3.4 ng/g), 3-isobutyl-methoxypyrazine (0.04 ng/g),
3-isopropyl-2-methoxypyrazine (0.01 ng/g), and linalool (37 ng/g) [10–12,44,84].

Other major aroma compounds remaining in chocolates include 2- and 3-methylbutanal
(chocolate, malt), benzaldehyde (roasted almonds, malt), gamma-butyrolactone (sweet,
caramel), 2-methylpropanal (unroasted cocoa, malt), linalool (flowery, fruity, tea-like),
acetic acid (bitter, vinegar), and 2-phenylethanol (honey, rose) (Figure 5). Ref. [84] reported
similar compounds, such as 3-methylbutanal, 2-methylpropanal, phenylacetaldehyde,
tetramethylpyrazine, 2-acetyl-1-pyrroline, trimethylpyrazine, 3-methylbutanoic acid, acetic
acid, and vanillin. The uncommon compound is vanillin, which is a highly odorous com-
pound with OAV = 100 and was found only in chocolate with 90% cocoa (Figure 5e).
In fact, the most uncommon aromatic compounds among the studies are found in this
chocolate. Likewise, 2-acetyl-1-pyrroline (popcorn-like aroma) is found in roasted beans
(OAV = 39) [6], cocoa liquor (OAV = 207.55) and chocolate (OAV= 396.23) [85]. Seyfried
and Granvogl (2019) [10] reported OAV = 2 in 90% cocoa chocolate, and this was uniden-
tified in 99% cocoa chocolate. This compound is highly volatile and mainly generated
during roasting.
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Figure 5. Studies of volatile compounds with OAV > 1 in dark chocolate determined by (a) [12] in
chocolate from national cocoa beans, (b) [12] in chocolate from African cocoa beans, (c) [44] in chocolate
from forastero cocoa beans, (d) [11] in Vietnamese cocoa beans and (e) [10] in commercial chocolate.

The greater the availability of the compounds, the more complex the chocolate aroma
is due to a wide volatile matrix. The studies in this paper show that acetic acid is the most
abundant compound, and the rest of the compounds represent a mixture from different
families (acids, alcohols, pyrans, aldehydes, esters, furans, and pyrazines). Table 6 shows
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that the chocolates made with 40 and 90% cocoa have an almost complete distribution of
aromas ranging from fruity to undesirable in a range of 13 to 25%.

Table 6. Odor activity values of key aroma compounds in dark chocolate.

Description OAV
Odor Contribution %

Reference
Fruit Floral Chocolate Buttery Spice Caramel Undesirable Earthy

Chocolate 90% cocoa 25.00 14.29 21.43 3.57 7.14 3.57 25.00 - [10]
Chocolate 40% cocoa liquor 13.33 26.67 2.00 13.33 6.67 6.67 13.33 - [11]

* Chocolate 51.6% cocoa
>1

11.11 11.11 44.44 11.11 - 11.11 11.11 - [12]** Chocolate 51.6% cocoa - - 66.67 - - 16.67 16.67 -
Chocolate 70% cocoa liquor 6.67 26.67 2.00 - 6.67 6.67 33.33 - [44]

Chocolate 90% cocoa 23.81 4.76 9.52 23.81 9.52 14.29 14.29 - [10]
Chocolate 40% cocoa liquor 11.11 - 66.67 11.11 - - 11.11 - [11]

* Chocolate 51.6%cocoa
<1

36.36 27.27 18.18 - - 18.18 - - [12]** Chocolate 51.6% cocoa 35.71 28.57 14.29 7.14 - 14.29 - -
Chocolate 70% cocoa liquor 40.91 13.64 18.18 - - 4.55 18.18 4.55 [44]

* Made with Ecuadorian national cocoa liquor. ** Made from African cocoa liquor.

Many of the compounds that remain in chocolate have an increased concentration
along the processing chain or remained unchanged, as has been reported; the influence of
the manufacturing process is greater than that of the difference in the cocoa production area,
providing a diversity of aroma profiles [86]. Particularly, criollo cocoa roasting increases ace-
tophenone, tetramethylpyrazine, 2,3,5-trimethylpyrazine, and 2,5-dimethylpyrazine concen-
tration, whereas 2-heptanol, phenylethyl alcohol, 2,3-butanedione, 2-phenylphenylpyrazine,
2,3-butanedione, 2,3-butanedione and 2,3-butanedione, 2,3-butanedione, 2-phenyl-2-butenal,
5-methyl-2-phenyl-2-hexanal, ethyl octanoate, ethyl phenylacetate, ethyl decanoate, and
trans-linalool oxide remain stable during roasting [2]. In addition, some of the samples’
volatile compounds are affected by each brand formulation, masking or enhancing a spe-
cific volatile. Ref. [26] considered three of the predominant masses of chocolates, namely,
mass 33, 43, and 61, which were identified as methanol, a fragment of diverse origin, and
acetic acid, respectively, and because of their high concentration, he suggested these three
masses can have a huge impact on the fingerprint analysis that differentiates them by
regions and brands.

4. Conclusions

Throughout the cocoa processing chain, aromatic precursor compounds give rise
to characteristic aromas in each cocoa matrix. The way aroma compounds contribute
to a specific matrix is estimated by the compound odor activity value. Initially, the dry
fermented beans had acidic notes for which the OAV was high. The diversity of acids
depends on the fermentation method used and also on bean preconditioning to reduce the
fermentable sugar and, therefore, the final acidity of the bean, whereas fruity and floral
aromas were characteristic of dry fermented beans. However, their concentration and
abundance of compounds depends on the variety used. Compounds that exude chocolate
aromas are scarce in dry fermented beans as they arise from Maillard reactions during
roasting. The roasting parameters, like temperature, roasting time, and the roasting method,
influence the appearance of new compounds and the preservation of those already found
in the dry beans. Temperatures above 160 ◦C for a period of 35 min favor the appearance of
pyrazines but reduce the compound concentration responsible for fruity and floral aromas,
such as esters and ketones. In cocoa liquor, on average, 61.84% of the compounds represent
fruity and floral aromas. The abundance of compounds in chocolate is directly related to
the conching process, whereby the remaining fraction of moisture and undesirable aroma
is eliminated, and the desirable aromas are concentrated.
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Abstract: In winemaking, the influence of Saccharomyces cerevisiae strains on the aromatic components
of wine is well recognized on a laboratory scale, but few studies deal with the comparison of
numerous strains on a pilot scale fermentation. In this scenario, the present work aimed to validate
the fermentative behavior of seven wild S. cerevisiae strains on pilot-scale fermentations to evaluate
their impact on the aromatic profiles of the resulting wines. The strains, isolated from grapes of
different Italian regional varieties, were tested in pilot-scale fermentation trials performed in the cellar
in 1 hL of Aglianico grape must. Then, wines were analyzed for their microbiological cell loads, main
chemical parameters of enological interest (ethanol, total sugars, fructose, glucose, total and volatile
acidity, malic and lactic acids) and volatile aroma profiles by GC/MS/SPME. Seventy-six volatile
compounds belonging to six different classes (esters, alcohols, terpenes, aldehydes, acids, and ketones)
were identified. The seven strains showed different trends and significant differences, and for each
class of compounds, high-producing and low-producing strains were found. Since the present work
was performed at a pilot-scale level, mimicking as much as possible real working conditions, the
results obtained can be considered as a validation of the screened S. cerevisiae strains and a strategy to
discriminate in real closed conditions strains able to impart desired wine sensory features.

Keywords: pilot scale fermentation; Saccharomyces cerevisiae; wine flavor; volatile molecule
fingerprinting; Aglianico

1. Introduction

The use of indigenous strains of Saccharomyces cerevisiae as region-specific wine starters
is increasingly attracting the interest of wine researchers and winemakers [1]. These yeasts
are well adapted to micro-area conditions of a given region [2–4] and could ensure the
maintenance of the typical flavor and aroma of wines obtained by grapevine cultivars of
a specific geographical area [5–7]. Indeed, S. cerevisiae strains collected from ecologically
and geographically diverse sources typically show genetic divergences associated with
habitat type [8–10]. Furthermore, due to their better acclimatization to the environmental
conditions of the wine-producing region and of the grape must composition, selected
indigenous strains are mostly endowed with a higher level of dominance than commercial
strains, exhibiting an elevated competition against yeast microbiota naturally present in
the grape must [11].
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It is widely recognized that S. cerevisiae produces different amounts of compounds
affecting wine aroma profile, in the function of grape variety, fermentation conditions
and must composition (availability of micronutrients, vitamins and assimilable nitro-
gen, etc.) [12] and that there is a high strain difference within this species due to the variation
in their production of aromatic metabolites of wine [13–15]. Many studies demonstrated
that indigenous S. cerevisiae strains with strain-specific metabolic profiles are correlated
with wine chemical composition, reflecting the specificity of a terroir [16–18].

In general, wine aromas can be classified into varietal, fermentative, and aging aromas,
but most of the compounds responsible for wine aroma are volatile molecules, and they can
be classified into different chemical classes such as higher alcohols, carbonyl compounds,
volatile fatty acids, esters, sulfur compounds, terpenoids and volatile phenols, that result
from the yeast metabolism [19]. Overall, the aroma plays an important role in determining
the organoleptic quality of the wine and, therefore, significantly affects the attractiveness of
the wine [20–22].

A large amount of literature is available on the influence of the different S. cerevisiae
strains on the aromatic components of wine, but the publications substantially describe
fermentations carried out on a laboratory scale, and few studies deal with the comparison
of numerous strains in pilot-scale fermentation. Indeed, laboratory-scale fermentation is an
important condition to evaluate the specific metabolic traits of the different yeast strains
because it allows us to compare a large number of strains under different conditions at the
same time. The researchers’ choice to carry out lab-scale fermentations depends mainly on
the practical requirements (such as the availability of small-sized fermenters and the cost of
reagents, substrates, and instruments) [23], and there are some advantages for sampling and
controlling the fermentation parameters. To evaluate the fermentative behavior of selected
indigenous S. cerevisiae starters at a laboratory scale is a useful preliminary screening,
although the results often differ from those obtained from a winery level in large volumes.

Some authors compared lab- and pilot-scale fermentations showing that the small
fermentations cannot mimic those on a pilot or industrial scale and that there are significant
differences in the kinetics and in the production of the aromatic compounds between these
scales [24].

Based on these observations, the present work focused on the study of seven different
wild strains of S. cerevisiae in pilot-scale fermentations with the aim of evaluating their
impact on the product through the aromatic profiles of the resulting wines.

2. Materials and Methods

2.1. Yeast Strains

Seven wild Saccharomyces cerevisiae strains from the UNIBAS Yeast Collection (UBYC),
University of Basilicata (Potenza, Italy), were used to conduct the alcoholic fermentation
at a pilot scale. The strains were previously isolated from grapes of different varieties,
directly collected in the vineyard of different Italian regions (Table 1), and characterized
for their oenological performances [25], such as high dominance and fermentative vigor,
ethanol tolerance of 16–17% (v/v), medium relative nitrogen demand, low foam production,
killer factor. The strains were maintained at 4 ◦C for short-term storage on a YPD medium
(bacteriological peptone, 20 g/L; yeast extract, 10 g/L; glucose, 20 g/L; agar, 15 g/L, Oxoid,
Hampshire, UK).

Table 1. Origin and grape variety of S. cerevisiae strains used in this study.

Strain Origin Grape Vine Variety

Sc7 Apulia Bombino nero (red)
Sc22 Campania Fiano (white)
Sc34 Basilicata Aglianico Vulture (red)
Sc41 Sicily Nero d’Avola (red)
Sc48 Sardinia Vermentino (white)
Sc65 Apulia Aglianico (red)
Sc70 Sardinia Cannonau (red)
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2.2. Pilot Scale Fermentation

Fermentation trials were carried out in a winery of the Apulia region using stainless
steel 1-hL capacity vessels containing 0.9 hL of Aglianico grape must with the following
characteristics: total acidity 5.37 g/L; pH 3.6; TSS 22.0; density 1.097 g/L; Yeast Assimilable
Nitrogen 211.9 mg N/L. Subsequently, 50 mg/L of sulfur dioxide (Sigma, St. Louis,
MO 63304, USA) was added and mixed to the grape must with the aim of inhibiting
the natural microbiota possibly present in the must, in particular acetic and lactic acid
bacteria. In addition, pectinolytic enzymes (1 g/hL) were added to the must in order to
favor clarification and facilitate settling [26].

In the laboratory, the yeast cultures were precultured by refreshing each strain on YPD
plates and incubated at 26 ◦C for 24 h. Then, 1 loopful of each strain was inoculated into 0.5-
L flasks filled with 0.2-L of YPD broth for 24 h at 25 ◦C under shaking conditions (180 rpm).
For the fermentation trials in the cellar, the biomass was achieved by BioFlo/CelliGen 110
bioreactor (Eppendorf, Hamburg, Germany) by inoculating the precultures of each strain
in a vessel containing 5 L of YPD broth. During growth, the following parameters were
controlled: a temperature of 26 ◦C, stirring at 200 rpm, and oxygen at 4 vvm.

After overnight growth in the bioreactor, the cells of each strain were collected by
centrifugation (4700 rpm for 10 min) and cell concentration was determined by microscope
counting by Thoma chamber (magnification 400×). The recovered biomass was stored
for limited times at 4 ◦C until use. Once in the winery, each strain culture was suspended
and mixed in 1 L of Aglianico grape must and left for 1 h at room temperature in order
to allow the cells to adapt to the must. Then, the strain-must mixture was inoculated at a
density of approximately 1 × 107 cells/mL in a 1 hL vessel containing 0.90 hL of the same
Aglianico grape must. All fermentations were carried out at 25 ◦C in duplicate by breaking
the cap twice a day by gently pressing the skins with a steel plunger. During the process,
the fermentative course was monitored daily by measuring the temperature, pH and the
reducing sugars by refractometric analysis (◦Brix). Before the application, an aliquot of
each sample was centrifuged at maximum speed for 5 min to avoid interference from the
presence of yeast cells in the suspension. At the end of the fermentation (8 days), samples
were collected from each wine and immediately stored at −20 ◦C until analysis.

Basic chemical parameters of wines, such as ethanol, total sugars, fructose, glucose,
total and volatile acidity, and malic and lactic acids, were determined by Fourier transform
infrared spectrometry (FTIR) using a Wine Scan analyzer (OenoFoss™, Hillerød, Denmark),
calibrated according to OIV [27].

2.3. Microbiological Control

Samples for microbiological control were taken from the grape must (T0) before
inoculum and SO2 addition and at the initial (1 day, T1), tumultuous (4 days, T4) and final
fermentation (8 days, T8). Samples, taken at different stages of fermentation, were used to
count yeast cells and to monitor the persistence of non-Saccharomyces during the process.

Aliquots of 10-fold dilution of the samples were spread onto Wallerstein Laboratory
Nutrient Agar medium (WL, Oxoid, Hampshire, UK) [28], and colony counting was
performed after 5 days of incubation at 26 ◦C. The samples were also spread on Lysine
agar medium (Oxoid, Hampshire, UK) in order to differentiate Saccharomyces from non-
Saccharomyces yeasts, as the former cannot grow on this medium.

2.4. Analysis of Volatile Compounds

The volatile compounds of the obtained wines were analyzed using solid phase micro
extraction-gas chromatography-mass spectrometry (SPME-GC/MS) using Agilent 6890 GC
gas chromatograph coupled with Agilent 5973 mass spectrometry (MS) detector. DB-
WAXetr column, 30 m × 0.25 mm i.d., 0.25 μm film thickness (J&W Scientific, Folsom, CA,
USA), was employed and helium as the carrier gas was used with a flow rate of 1.5 mL/min.
The injector temperature was 250 ◦C, and the oven temperature was programmed from
40 ◦C for 6 min to 180 ◦C, at 5 ◦C/min for 3 min, then at 7 ◦C/min to 240 ◦C for 5 min.
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The fiber used for the extraction of the volatile molecules, in headspace condition,
was the polydimethylsiloxane (PDMS) 100 μm. About 20 mL of each sample was placed
into a 50 mL amber glass vial containing 3 g of NaCl (saturation level) and 0.5 mL of
isooctane as internal standard (IS). The sample vials were equilibrated for 30 min at 40 ◦C
in a thermostated bath. Afterward, the fiber was exposed to the headspace for 20 min,
inserting the stainless-steel needle through the vial’s septum and pushing the fiber into the
sample headspace to collect the analytes. The fiber was then withdrawn within the needle,
and the SPME device was removed from the vial and inserted into the injection port of the
GC apparatus for thermal desorption. The analytes removal from the fiber was carried out
in the splitless mode at 240 ◦C for 5 min. Detection was carried out by mass spectrometry
on the total ion current obtained by electron impact at 70 eV, and the masses were scanned
from m/z 29–300. The volatile compounds were identified by comparison of the mass
spectra with the NIST (National Institute of Standards and Technology, Gaithersburg, MD,
USA) library database and quantified in equivalent μg/L by comparison of their mass
spectra and retentions time on the basis of standard compounds.

2.5. Statistic

All analyses were done in duplicate over two independent samples. Significant
differences were pointed out through a 1-way Analysis of Variance (ANOVA) and LSD
test as the post-hoc-test; the P-level was set to 0.05. The concentrations of the different
compounds were also analyzed through Principal Component Analysis, using the method
“SS/(n-1)” to compute the variance and evaluate sample distribution in the factorial space
(SS is the sum of squares, and n is the number of observations).

Finally, data on sugar consumption throughout fermentation (as ◦Bx) were modeled
through the shoulder/tail model of Geeraerd et al. [29], cast in the following form:

S = (S0 − Sres) exp(−kmaxt)
exp(kmaxSL)

1 + [exp(kmaxSL)] exp(−kmaxt)
+ Sres

where S is sugar concentration over time (◦Bx), t is the time (days), S0 and Sres are the
initial and residual sugar concentration, respectively, kmax is the rate of sugar consumption
(◦Bx/day), and SL is the shoulder length (time before the beginning of sugar decrease, days).

Statistics were done through the software Statistica for Windows (Statsoft, Tulsa,
OK, USA).

3. Results

3.1. Fermentation Kinetics and Main End-Products

The fermentation kinetics of S. cerevisiae strains were monitored by assessing sugar
concentration to evaluate the time before the beginning of sugar consumption by yeasts
(shoulder length), the rate of sugar consumption and the residual amount at the end of the
experiment. Data on sugar concentrations were modeled through the shoulder/tail model
by Geerared et al. [29]. The fitting lines are in Figure 1, while the kinetic parameters are
reported in Table 2.

It is worth mentioning that for the data hereby reported, the tail effect represents the
residual concentration at the end of the fermentation assessment in the cellar (8 days), not
the final residual concentration of sugars evaluated through chemical methods and shown
in Table 3.

Regardless of origin, strains experienced a shoulder length of approximately 3 days
(from 2.44 to 2.78 days) without significant differences; concerning the tail, residual sugar
concentration was at 2–3 ◦Bx, except for strain Sc34, which showed a residual sugar
concentration, after 8 days of 6.13 ◦Bx.

The resulting wines were also characterized for some main end-products (ethanol,
total and volatile acidity, malic and lactic acids, and sugar concentration at the end of
fermentation; Table 3). The amount of ethanol ranged from 11.88 to 12.33% v/v, while the
concentration of residual sugars was 1.25–1.45 g/L. Both these parameters were not affected

86



Fermentation 2023, 9, 245

by the kind of strains, as well as total and volatile acidity (8.90–9.65 g/L and 0.25–0.41 g/L,
respectively).

 

Figure 1. Kinetic of sugar consumption by the seven S. cerevisiae strains. Bars represent standard
deviation, while lines are the best fit through the model of Geeraerd et al. [29].

Table 2. Kinetic of sugar consumptions for the seven strains of S. cerevisiae: fitting parameters
evaluated through shoulder-tail model. SL, shoulder length (time before the beginning of sugar
consumption, days). kmax, rate of sugar consumption (◦Bx/day) Sres, sugar residual (◦Bx). Mean
values ± standard error. For each column, letters indicate significant differences (one-way ANOVA
and LSD test, p < 0.05).

Strain SL kmax Sres

Sc7 2.65 ± 0.25 A 10.82 ± 1.09 A 3.85 ± 0.74 A
Sc22 2.44 ± 0.26 A 10.81 ± 1.07 A 3.28 ± 0.72 A
Sc34 2.82 ± 0.30 A 9.03 ± 1.09 A 6.13 ± 0.71 B
Sc41 2.71 ± 0.30 A 14.65 ± 2.62 A 2.65 ± 0.89 A
Sc48 3.20 ± 0.32 A 13.34 ± 2.08 A 3.89 ± 0.87 A
Sc65 2.58 ± 0.27 A 10.85 ± 1.12 A 3.13 ± 0.77 A
Sc70 3.78 ± 0.12 A 25.79 ± 3.27 B 2.77 ± 0.58 A

Table 3. End-products and residual sugars in the wines obtained by the seven S. cerevisiae strains.
Mean ± standard deviation. For each column, letters indicate significant differences (one-way
ANOVA and LSD test, p < 0.05).

Strain
Ethanol
(%, v/v)

Sugars
(g/L)

Total Acidity
(g/L)

Volatile Acidity
(g/L)

Malic Acid
(g/L)

Lactic Acid
(g/L)

Sc7 11.88 ± 0.41 A 1.45 ± 0.07 A 9.65 ± 0.68 A 0.37 ± 0.04 A 3.00 ± 0.30 B 0.60 ± 0.11 C, D
Sc22 12.20 ± 0.14 A 1.25 ± 0.07 A 9.25 ± 0.59 A 0.33 ± 0.05 A 3.30 ± 0.25 B 0.60 ± 0.06 C, D
Sc34 12.04 ± 0.07 A 1.23 ± 0.11 A 9.35 ± 1.64 A 0.25 ± 0.06 A 2.90 ± 0.21 A, B 0.15 ± 0.04 A
Sc41 12.32 ± 0.10 A 1.45 ± 0.07 A 8.90 ± 0.66 A 0.41 ± 0.08 A 3.20 ± 0.21 B 0.45 ± 0.08 B, C
Sc48 11.97 ± 0.10 A 1.55 ± 0.07 A 9.55 ± 1.53 A 0.37 ± 0.06 A 2.38 ± 0.22 A 0.70 ± 0.01 D
Sc65 12.20 ± 0.11 A 1.25 ± 0.07 A 9.55 ± 0.78 A 0.35 ± 0.06 A 3.65 ± 0.35 B 0.67 ± 0.13 D
Sc70 12.33 ± 0.10 A 1.40 ± 0.14 A 9.45 ± 0.17 A 0.26 ± 0.03 A 3.00 ± 0.23 B 0.40 ± 0.03 B

The amount of malic acid was 2.38–3.65 g/L, with the lowest concentration in the
wine resulting from strain Sc48. The concentration of lactic acid was 0.15–0.70 g/L, with
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the lowest amount in the wine from strain Sc34 and the highest for strains Sc48 and Sc65
(0.67–0.70 g/L).

The yeast cell loads were evaluated to monitor the persistence of non-Saccharomyces
during the process and to confirm that the S. cerevisiae strains were dominant at the end of
the fermentation. For this purpose, yeast sampling was performed at different stages of
the fermentative process both on WL and Lysine agar medium. At T0 (before S. cerevisiae
strains inoculum and the addition of SO2), autochthonous microbiota, belonging only
to non-Saccharomyces species, was at the level of about 3.0 × 105 UFC/mL. After the
first day (T1), the colonies showing the typical Saccharomyces morphology were about
1.0 × 108 UFC/mL, and the number of non-Saccharomyces was reduced to a level of
about 2.1 × 104 UFC/mL. At the middle fermentation time (T4) and at the end (T8),
only Saccharomyces strains (3.2 × 108 UFC/mL and 1.0 × 106 UFC/mL, respectively) were
found. The presence of non-Saccharomyces only until the second fermentation days was
also confirmed by the test on lysine agar. These results underlined that the high level
of inoculum (1 × 107 UFC mL) of the S. cerevisiae starter strains, endowed with compet-
itive oenological characteristics, was ensured to completely overcome the presence of
non-Saccharomyces autochthonous strains in 72–96 h, also guaranteeing the success of the
guided fermentations.

3.2. Volatile Aromatic Compounds

After the assessment of strain performance under real conditions, also the VOCs
(volatile organic compounds) were investigated by using a GC/MS/SPME approach,
identifying 76 different compounds belonging to six different classes (esters, 42 compounds;
alcohols, 16 compounds; terpenes, six compounds; aldehydes, seven compounds; acids,
three compounds; ketones, three compounds).

The total amount of esters, alcohols, aldehydes and terpenes is reported in Table 4.
The strains showed different trends and significant differences, and for each class of
compounds, high-producing and low-producing strains were found. In the case of esters,
the lowest producer was strain Sc48 (946.10 μg/L), and the highest producer was strain
Sc34 (1863.55 μg/L), followed by strains Sc41, Sc65, and Sc70 (1290–1350 μg/L), while
for the other classes of VOCs, strain Sc41 was always the highest producer (2374.80 μg/L
of alcohols, 52.45 μg/L of terpenes and 156.44 μg/L of aldehydes). Acids and ketones
were always below the detection limit or at very low concentrations (max 0.15 μg/L) (data
not shown).

Table 4. Total amounts of esters, alcohols, terpenes and aldehydes produced by the seven S. cerevisiae
strains (equivalent μg/L). Mean values ± standard deviation. For each column, letters indicate
significant differences (one-way ANOVA and LSD test, p < 0.05).

Strain Esters Alcohols Terpenes Aldehydes

Sc7 1142.01 ± 55.87 B 1825.21 ± 81.02 D 36.61 ± 1.97 B 120.15 ± 6.59 B
Sc22 1024.21 ± 28.37 A,B 1388.67 ± 40.11 B 28.33 ± 0.68 A 85.57 ± 1.85 A
Sc34 1863.55 ± 13.33 D 1562.44 ± 49.94 B,C 45.99 ± 1.75 C 93.17 ± 11.42 A
Sc41 1345.58 ± 57.59 C 2374.80 ± 186.40 E 52.45 ± 1.99 D 156.44 ± 13.94 C
Sc48 946.10 ± 94.82 A 1413.19 ± 19.02 B,C 26.28 ± 0.38 A 83.55 ± 2.20 A
Sc65 1290.20 ± 63.24 C 1123.17 ± 15.75 A 28.69 ± 0.18 A 118.63 ± 7.43 B
Sc70 1350.42 ± 0.53 C 1592.37 ± 12.17 C 46.57 ± 2.05 C 109.20 ± 0.56 B

The amounts of esters, alcohols, aldehydes, and terpenes were used as input variables
for a Principal Component Analysis to assess the global differences of the strains, as shown
in Figure 2. The analysis accounted for ca. 91% of the total variability; alcohols, terpenes,
and aldehydes were mainly related to component 1 (factor correlation between −0.80
to −0.94), while esters’ amount was related to component 2 (factor correlation at 0.83)
(Figure 2A). The strains were clustered in the factorial space in three different groups
(labeled as 1, 2 and 3) (Figure 2B). Group 1 was composed of strains Sc65, Sc22, and Sc48,
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which were characterized by very similar trends and the low production of VOCs. On the
other hand, group 3 comprised only strain Sc41, which was generally characterized by a
high production of VOCs, mainly alcohols, aldehydes, and terpenes.

Figure 2. Principal Component Analysis run on the total amounts of esters, terpenes, alcohols, and
aldehydes. (A) variables’ projection; (B) cases’ projection.

Finally, an intermediate group (medium producers) was found (strains Sc7, Sc70, and
Sc34). The strains belonging to this group showed similar trends for alcohols, aldehydes,
and terpenes but not for esters, as strain Sc34 was an ester/high-producer.

Then, a second series of PCA was run using the amounts of the different esters
(Figure 3) and alcohols (Figure 4). The compounds with very low concentrations or below
the detection limit were excluded (for example, in the case of esters, methyl butyrate,
isobutyl hexanoate, methyl octanoate, ethyl dodecanoate, ethyl dihydrocinnamate, ethyl
cinnamate, ethyl 2-hydroxyisovalerate, ethyl 3-hydroxybutyrate and others). In addition,
the analysis was not done for aldehydes and terpenes due to the low number of com-
pounds. The actual amount of the different compounds, the odor and threshold values are
summarized in Supplementary Table S1.

PCA run on esters is reported in Figure 3. The analysis accounted for 63% of the total
variability, and the input variables were either related to component 1 or component 2. The
compounds 1 (ethyl propanoate, threshold level (TL) 2.1 mg/L), 2 (ethyl isobutyrate, TL
0.6 mg/L), 4 (propyl acetate, TL 0.2 mg/L), 14 (ethyl hexanoate, TL 0.05 mg/L), 17 (ethyl
heptanoate, TL 0.6 mg/L), 21 (ethyl octanoate, TL 0.02 mg/L), and 29 (ethyl phenylacetate,
TL 0.25 mg/L) were related to the component 2, while the others to the component 1
(Figure 3A).

Figure 3. Principal Component Analysis run on esters. (A) variables’ projection; (B) cases’ projection.
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Figure 4. Principal Component Analysis run on alcohols. (A) variables’ projection; (B) cases’ projection.

Strain distribution in the factorial space is complex, and it was not possible to point
out groups with homogeneous trends (Figure 3B). Strain Sc41 was characterized by the high
amount of many esters, like isoamyl acetate (compound 11), ethyl hexanoate (compound 14),
and ethyl butanoate (compound 3). Strain Sc34 (the highest ester producer, at least in terms
of the total amount) was characterized by the highest production of ethyl propanoate
(compound 1), ethyl isobutyrate (compound 2), and ethyl octanoate (compound 21).

The other strains showed the highest production for some specific compounds, but
their concentration was generally lower than the molecules reported for strains Sc41
and Sc34.

PCA run on alcohols accounted for 75% of the total variability. The input variables
generally were related to component 1, except for the compounds 46 (1-pentanol, TL
80 mg/L), 47 (4-methyl-1-pentanol, TL 50 mg/L), 50 (cis-3-hexen-1-ol, TL 0.4 mg/L) and
56 (benzyl alcohol), which showed a correlation with the factor 2 (factor correlations
between 0.64 and 0.73) (Figure 4A). The factorial distribution of the strains reproduced the
distribution in three classes, as reported for the PCA with the total amounts of the different
classes. In fact, strain Sc41 showed a completely different trend from all other strains, as it
generally produced a high amount of all alcohols. In the other groups, strains Sc34 and Sc7
showed a similar trend, as well as strains Sc22 and Sc48 (Figure 4B).

4. Discussion

The first aim of the present research was to select S. cerevisiae strains able to work at an
up-scale level and to impart to the Aglianico wine-specific volatile molecule fingerprinting
in relation to the strain used. In the present experimental work, the seven tested strains
were evaluated at pilot-scale mimicking conditions closed as much as possible to the real
conditions, and, according to our knowledge, this is one of the few pieces of experimental
evidence performed at the pilot scale also assessing the final wine aroma profile. Although
lab-scale fermentations offer numerous options for sampling and control of fermentation
conditions, they are unable to mimic pilot- or industrial-scale fermenters, especially in
relation to secondary metabolism, such as aroma production by yeasts [24]. Instead, pilot-
scale fermentations in 100 L tanks are described as well-adapted for mimicking industrial
fermentations [30].

The seven wild strains were chosen according to parameters that make them highly
competitive due to a combination of properties [31], such as fast growth, efficient glucose
consumption, good ability to produce ethanol, high tolerance to ethanol and medium
relative demand of nitrogen, have exhibited fermentative profiles comparable to the com-
mercial strain generally employed for Aglianico wine production such as S. cerevisiae FE
(Fermol Elegance) [32]. In fact, the tested S. cerevisiae strains were able to efficiently convert
the grape sugars to alcohol, fitting the primary selection criteria of yeast strain selection [5].
In particular, strains Sc41 and Sc70 showed the highest rate of sugar consumption, even if
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the residual sugars were at an acceptable level for all the tested strains. Also, the volatile
acidity detected for all the final wines responded to the required selection criteria according
to strain ability for volatile acidity, which needs to be lower than 0.45 g/L. As regards
the microbial cell loads detected on WL and lysine medium, the results confirmed the
dominance of S. cerevisiae strains on non-Saccharomyces ones during the evolution of the
guided fermentations, confirming the data present in the literature [11,33]. Furthermore,
the high inoculum level of the strains (1.0 × 107 UFC/mL) ensured the predominance over
non-Saccharomyces yeasts, considering that their development is strongly inhibited by the
initial concentration of the starter culture and by its growth rate during vinification.

Until a few decades ago, wine yeasts were selected basically on their ability to quickly
transform grape sugars into ethanol, their resistance to sulfur dioxide and their low acetic
acid production. Actually, their role has been significantly enlarged by the advent of
modern oenological microbiology, and thus, their selection has involved the addition of
criteria that take into account the improvement of wine quality in terms of color, aroma,
structure, technological, and also healthy properties [34,35]. The importance of these
criteria depends on the type and style of wine to be made as well as the requirements of
the winery. In particular, the selection of yeast strains according to the generated volatile
aroma profiles has been largely considered by several authors since the yeast strain’s ability
to impart good sensory features is one of the most important criteria. In fact, although the
complexity of wine aroma can also vary depending on many variables such as the type
of grape variety, terroir, microbial starter, fermentation process, aging, and bottling, the
selection of new wild strains within the species S. cerevisiae, able to satisfy conventional
selection criteria and impart new aroma volatile profile could be a useful tool to enlarge
the gamma of sensory properties of wine products [32,36]. In fact, consumers, who are
increasingly more demanding, are looking for distinctive characteristics in wines, and this
encourages the producers and researchers to develop biotechnological strategies (including
new strain selection) to improve the aromatic complexity of wines. The challenge is actually
to find new wild strains able to work on winery conditions. In fact, the literature shows
a huge amount of research works based on lab trials, but few are focused on up-scale
conditions [37].

The volatile wine profiles of the present work were obtained by GC/MS/SPME, a
technique widely used for this type of sample due to the high volatility of esters and alco-
hols, particularly. Moreover, the volatile fingerprinting obtained throughout the headspace
analysis technique results in profiles closed to the perception of the panelist [35]. The results
showed that the tested S. cerevisiae strains influenced and drove wine volatile molecule
profiles in a strain-dependent way, imparting specific features to the obtained wines. In
particular, in our experimental conditions, the inoculation with S. cerevisiae Sc41 resulted in
wine characterized by large amounts of alcohols, terpenes and aldehydes able to impart
specific flavor notes to the final wine.

Differently, strain Sc34 was the highest producer of esters in terms of amount, followed
by strain Sc41. Since different authors have found great variability in wine volatile molecule
profile in relation to the S. cerevisiae strain tested [38], emphasizing the potential role of this
parameter as a trait for starter culture selection also to enlarge the potential of diversification
of the wine sector, the selection of the best-performing yeasts could be done according to
the traits to impart to the final product. In general, esters are formed by yeasts during the
alcoholic fermentation, and they are responsible for the fruity odor, while terpenic and
nor-isoprenoid compounds are the most important constituent of the varietal aroma of
grapes and confer a flowery odor to the wine [39].

From a technological point of view, it could be interesting to find yeast strains able
to increase linalool, a-terpineol, and citronellol, able to impart citrus and peach flavor
notes, throughout their B-glucosidase activity, a trait not very common among S. cerevisiae
strains [40]. Particularly, volatile esters constitute one of the most important classes of
aroma compounds and are largely responsible for the fruity aromas associated with wine
and other fermented beverages [19,41,42]. Their formation differs widely among yeast
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strains, and other external factors such as fermentation temperature, nutrient availability,
pH, unsaturated fatty acid/sterol levels, and oxygen levels could contribute, all playing an
important part in determining the end levels of esters in a wine.

Our research suggested that, in real conditions, S. cerevisiae Sc41 was able to produce
high amounts of many esters, like isoamyl acetate (TL 0.03 mg/L), ethyl hexanoate (TL
0.05 mg/L), ethyl butanoate (TL 0.6 mg/L), which are largely described to contribute
to fruity aromas (pineapple, apricot). On the other hand, strain Sc34 (the highest ester
producer, at least for the total amount) was characterized by the highest production of
ethyl propanoate (TL 2.1 mg/L), ethyl isobutyrate (TL 0.6 mg/L) and ethyl octanoate (TL
0.02 mg/L).

Regarding alcohols, which play a fundamental role since they usually have a strong,
pungent smell, particularly when exceeding 400 mg/L, all the samples contained 2-phenyl-
ethanol responsible for honey, spice, rose, and lilac nuances even if below the concentration
threshold (0.75 mg/L). Strain Sc41 produced the highest amount of 2-phenyl-ethanol and
benzyl alcohol recognized for their rose and fruity note, respectively.

Sc41produced also the highest amount of hexanol (TL 4 mg/L) able to impart grass note.
Nevertheless, the ratio among the volatile molecules plays an important role in defin-

ing the final wine flavor and taste and not only the individual compounds. Also, the
interaction with non-volatile compounds needs to be taken into consideration.

According to the final features intended to impart to the product in terms of alcohols
or esters, a proper selection can be defined. In fact, although all the strains showed
the potential to ferment Aglianico must, different profiles for volatile compounds were
identified, and this trait is fundamental for strain selection.

5. Conclusions

The selection of starter cultures is a complex process, and many researchers stop their
experiments after a preliminary laboratory validation, while in this article, a fermentation
with 100 L (with independent batches for each strain) was carried out. Although lab-
scale fermentations offer numerous options for sampling and control of fermentation
conditions, they are unable to mimic pilot- or industrial-scale fermenters, especially in
relation to secondary metabolism, such as aroma production by yeasts. At the same time,
pilot-scale fermentations in 100 L tanks are described as suitable for mimicking industrial
fermentations, producing even reproducible results.

In conclusion, since the present work was performed at a pilot-scale level, mimicking
as much as possible real working conditions, the results obtained can be considered as a
validation of the screened S. cerevisiae strains and a strategy to discriminate a strain, among
others, to impart desired wine sensory “features,” also providing to the experts of the sector
exploitable information for operating in cellars.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/fermentation9030245/s1, Table S1: Amounts of esters,
alcohols, terpenes (equivalent μg/L) and their odor and threshold values. The numbers in the column
“code” are those used as a symbol of the molecules in the PCA (Figures 3 and 4). In a row, values
with different letters are significantly different (one-way ANOVA and LSD test, p < 0.05).
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Abstract: Hop-derived volatile organic compounds (VOCs) and their transformation products sig-
nificantly impact beer flavour and aroma. Geraniol, a key monoterpene alcohol in hops, has been
reported to undergo yeast-modulated biotransformation into various terpenoids during fermentation,
which impacts the citrus and floral aromas of the finished beer. This study monitored the evolu-
tion of geraniol and its transformation products throughout fermentation to provide insight into
differences as a function of yeast species and strain. The headspace concentration of VOCs produced
during fermentation in model wort was measured using Solid-Phase Microextraction Gas Chro-
matography/Mass Spectrometry (SPME-GC/MS) and Proton Transfer Reaction-Time of Flight-Mass
Spectrometry (PTR-ToF-MS). In the absence of yeast, only geraniol was detected, and no terpenoid
compounds were detected in geraniol-free ferments. During fermentation, the depletion of geraniol
was closely followed by the detection of citronellol, citronellyl acetate and geranyl acetate. The
concentration of the products and formation behaviour was yeast strain dependent. SPME-GC/MS
provided confidence in compound identification. PTR-ToF-MS allowed online monitoring of these
transformation products, showing when formation differed between Saccharomyces cerevisiae and Sac-
charomyces pastorianus yeasts. A better understanding of the ability of different yeast to biotransform
hop terpenes will help brewers predict, control, and optimize the aroma of the finished beer.

Keywords: beer; fermentation; geraniol; biotransformation; SPME-GC/MS; PTR-ToF-MS

1. Introduction

Monoterpenoids are volatile organic compounds (VOCs) which can strongly impact
food flavour. They are found in the essential oils of various plants, including hops [1,2].
Monoterpene alcohols, such as geraniol, linalool, nerol and α-terpineol, provide a “floral”
or “citrus” aroma to beer. Interestingly monoterpenes such as citronellol and geranyl acetate
have been detected in beer but not in hops [3]. While the generation of such compounds
is not fully understood due to the complex chemical, physical and biochemical changes
that occur throughout brewing and fermentation, Saccharomyces yeast have been reported
to biotransform aroma compounds [4–7]. Specifically, geraniol has been reported to be a
precursor for many of the monoterpenoids (via biotransformation) present in wine [8–10]
or beer [4–6,11,12].

The complexity of hop essential oils and the various transformation reactions during
fermentation make it challenging to determine the origin of VOCs produced in beer [3].
This challenge is particularly true for terpenoid compounds, which are responsible for
much of the flavour and aroma in beer. Terpenoids can be present in the form of glycosides.
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The cleavage of glycosides by yeast enzymes during fermentation can lead to the release
of free terpenoids in beer, further contributing to the challenge of identifying the origin
of aroma in beer [13]. Investigating the biotransformation of individual compounds in a
model system could provide a better understanding of potential reaction pathways and
the impact of different yeast strains on terpene production during fermentation. To date,
research on biotransformation has mostly relied on techniques such as Solid Phase Micro
Extraction (SPME) coupled with Gas Chromatography/Mass Spectrometry (GC/MS) to
determine the VOC composition of beer. A limitation to this approach is that the analysis
is typically performed only at the end of the fermentation, which does not provide all the
information required to understand the dynamics of the biochemical reactions. Steyer et al.
2013, were among the first to evaluate the transformations of terpenes over time using
Stir Bar Sorptive Extraction-Liquid Desorption (SBSE-LD) and GC/MS. The findings of
their study indicated that geraniol underwent a transformation during fermentation by
S. cerevisiae, resulting in the production of citronellol, linalool, nerol, citronellyl acetate,
and geranyl acetate [14]. Alternative high throughput techniques, such as Proton Transfer
Reaction-Time of Flight-Mass Spectrometry (PTR-ToF-MS) have been used to follow VOC
development during fermentation [15]. PTR-ToF-MS provides dynamic measurements,
increasing the understanding of volatile compounds’ generation dynamics or reaction
pathways, which can be useful for identifying the impact of different brewing conditions
on the flavour and aroma [16].

Due to its high concentration in fresh hops, geraniol was an appropriate choice as the
initial compound to investigate using model ferments. Previous studies have proposed
several pathways for the biotransformation from geraniol. Still, limitations of these studies
are the use of a complex starting material (whole hop cones) as well as the use of different
microorganisms that are not commonly used in beer fermentation: Cyanobacterium [17],
Aspergillus niger [18], Castellaniella defragrans and Pseudomonas aeruginoa [19]. An overview
of the current literature related to beer and wine on the biotransformation of geraniol by S.
cerevisiae is displayed in Figure 1 [5,6,20–22].

Figure 1. Previously identified biotransformation reactions of geraniol [5,6,20–22].

The current “gold standard” for the identification and off-line monitoring of VOCs
is Gas Chromatography/Mass Spectrometry (GC/MS) which is a widely used analyt-
ical technique due to its high sensitivity, selectivity, wide linear range, versatility, and
precision. GC/MS can detect VOCs at very low concentrations, even in the presence of
other compounds. It can separate and identify individual VOCs in a sample, and it can
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measure a wide range of VOC concentrations, from low parts-per-billion (ppb) to high
parts-per-million (ppm) levels [23]. However, drawbacks of GC/MS include the long time
required for a single analysis due to its labour-intensive sample preparation and quan-
titative analysis requiring reference standards [24]. In contrast, PTR-ToF-MS suits rapid
quantitative analysis of VOCs in complex mixtures. It is an ultra-high sensitive technique
that allows for the online analysis of VOCs based on their mass-to-charge ratio and can
detect trace gases at ultra-low concentration levels (low ppt). A limitation of PTR-ToF-MS
is that isomers are not distinguishable. Therefore, identification should be complemented
by another analytical technique, such as GC/MS [25–27] or by implementing additional
tools, such as fast-GC [28]. These two techniques have been previously used to measure
VOCs in cheese, potatoes, infant formula, blueberries, milk, olive oil and truffles [26,29–31]
and can support the identification of spectrometric peaks used for rapid monitoring over
time [26,32]. The rapid PTR-MS-based methods also allow for the measurement of a larger
number of replicates, making results statistically more robust. Therefore, two separate
analyses were carried out at the same time in this study: one using SPME-GC/MS of a few
select time points to identify the VOCs present, and the other using PTR-ToF-MS at more
time points to monitor the generation of the VOC overtime more accurately.

The overall aim of the current study was to monitor the dynamic changes of geraniol
during beer fermentation to understand and quantify in real time the point at which
differences between S. cerevisiae and S. pastorianus yeast occurred and to provide new
information on the biotransformation of geraniol during beer production.

2. Materials and Methods

2.1. Yeast Hydration and Model Wort Preparation

Commercially available yeast strains supplied by Fermentis (Lilles, France) were Sac-
charomyces cerevisiae strains SafAle US-05 and SafAle WB-06 and Saccharomyces pastorianus
strains SafLager W-34/70 and SafLager S-23. Table 1 provides an overview of the samples
measured with SPME-GC/MS and PTR-ToF-MS. The SPME-GC/MS samples were mea-
sured once every 24 h over a 5-day period, while the PTR-ToF-MS samples were measured
once every 6 h over the same 5-day period. Each dried yeast strain was rehydrated sepa-
rately in model wort. The model wort was prepared by dissolving 260 g of spray-dried
malt extract (Briess Golden light) into 2 L deionized water (18 MΩ cm). For pH correction,
166 mg of calcium chloride (CaCl2) was added [33]. In place of bittering hops, 76.7 mg of
Iso-α-acids (ICS—I4 Iso Standard; American Society of Brewing Chemists, St. Paul, MN,
USA) was added to provide an international bitterness unit (IBU) of 20. The model wort
was heated to 90 ◦C using a water bath and held for 10 min, then decreased to 20 ◦C using
an ice bath. The main analytical characteristic of the model wort was pH 5.2, with a specific
gravity of 12 ◦P. Each yeast strain starting density was 10 × 107 cells per mL, which was in
line with manufacturing recommendations and best brewing practices.

Table 1. An overview of the samples measured with SPME-GC/MS and PTR-ToF-MS.

Yeast Species Yeast Strain SPME-GC/MS
Measurement
Frequency (h)

PTR-ToF-MS
Measurement
Frequency (h)

S. cerevisiae SafAle US-05 � 24 � 6

S. cerevisiae var. Diastaticus SafAleWB-06 � 24 � 6

S. pastorianus SafLager W-34/70 - - � 6

S. pastorianus SafLager S-23 - - � 6

2.2. Micro-Fermentations

Each 3 mL micro-fermentation consisted of model wort, yeast and 5 ppm of geraniol.
In addition, samples without geraniol and samples without yeast served as blank controls.
The samples were added into 20 mL glass head-space vials, sealed then placed into a ther-
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mostatic autosampler tray (set to 20 ◦C) in a randomized order (CTC CombiPAL, CTC
Analytics, Zwingen, Switzerland).

2.3. HS- SPME-GC/MS Analytical Conditions

VOCs were extracted using Head Space Solid Phase Microextraction on (HS-SPME-
GC/MS) with 2-cm fibre coated with 50/30-μm divinyl benzene/carboxen/poly-
dimethylsiloxane (DVB/CAR/PDMS, Supelco, Bellefonte, PA, USA). The fibre was exposed
to the headspace for 40 min. The compounds absorbed on the SPME fibre were desorbed at
250 ◦C in the GC/MS injection port. The mass detector operated in electron ionization mode
(EI, internal ionization source; 70 eV) with a scan range from m/z 33 to 350. Analysis was
carried out using Perkin Elmer Clarus 500 GC/MS equipped with an HP-INNOWax fused
silica capillary column (30 m, 0.32-mm ID, 0.5-μm film thickness; Agilent Technologies, Palo
Alto, CA, USA). The oven temperature was initially set at 40 ◦C for 1 min, then increased to
220 ◦C at 4 ◦C/min, increased to 250 ◦C at 15 ◦C/min and maintained for 2 min. Helium
was used as carrier gas with a flow rate of 1.5 mL/min. Compound identification was
based on mass spectra matching with NIST14/Wiley98 libraries. Linear retention indices
were calculated under the same chromatographic conditions after the injection of a C7–C30
n-alkane series (Supelco).

2.4. PTR-ToF-MS Measurement

Headspace measurements were performed with a commercial PTR-ToF-MS 8000 appara-
tus from Ionicon Analytik GmbH (Innsbruck, Austria) in a standard configuration (V mode).
The ionization conditions were as follows: 500 V drift voltage, 110 ◦C drift temperature, and
2.80 mbar drift pressure resulting in an E/N ratio of 130 Townsend (1 Td = 10−17 cm2 V−1 s−1).
Sample handling, headspace flushing and sampling were carried out using an autosampler
(MPS MultiPurpose Sampler, Gerstel, Germany) specially adapted for PTR-ToF-MS [34]. The
autosampler moved the sample from the incubation tray to the temperature-controlled purg-
ing site, connected to the PTR-ToF-MS inlet. Dynamic headspace analysis took place for 60 s
with an acquisition rate of one mass spectrum per second between m/z 15 and 349. Due to the
high ethanol concentration, argon was added to the inlet system at a flow rate of 120 sccm,
with the total flow rate of the system at 160 sccm. This prevented primary ion depletion and
the formation of ethanol clusters that might affect the final quantification of volatiles [35]. The
argon flow rate was controlled by a multi-gas controller (MKS Instruments, Inc., Andover, MA,
USA). After measurement, the vial was moved back to the same position as the incubation tray,
and the cycle was repeated on the following sample. During fermentation, the measurement
was repeated every 6 h to monitor the fermentation process.

Deadtime correction, internal calibration of mass spectral data, and peak extraction were
performed according to previously described procedures [36,37]. The peak intensity in ppb/v
(parts per billion per volume) was estimated using the formula described in the literature [38].
The formula uses a constant value for the reaction rate coefficient (k = 2.10−9 cm3 s−1).

Systematic errors can arise due to various factors, such as the use of a constant reaction
coefficient, humidity, and fragmentation. However, in most cases, the error associated with
measuring the absolute concentration of each compound is less than 30% and can be corrected
post-analysis [36]. Certain mass peaks, such as those associated with isotopologues of 13C, 18O,
and 27S, as well as water and ethanol clusters, were excluded from the dataset to minimise
errors. Tentative compound identification was conducted by comparing the measured mass
to the theoretical mass in the literature (Table 2). SPME-GC/MS was employed in conjunc-
tion with PTR-TOF-MS to confirm the tentative identification of compounds through the
comparison of their mass spectra and chromatographic retention times.
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Table 2. List of the peaks identified with PTR-ToF-MS. The measured mass, the identified mass, the
sum formula and a tentative identification are given.

Theoretical m/z Measured m/z Sum Formula Chemical Class Tentative Identification

28.0062 28.006 C2H5
+ Alcohols Ethanol Fragment

33.0339 33.034 CH4OH+ Alcohols Methanol
48.0529 48.053 C2H5OH+ Alcohols Ethanol (isotopologue)
59.0491 59.049 C3H6OH+ Aldehydes/ketones Propanol/acetone
62.0317 62.031 C2H4O2H+ Esters and acids Acetic acid

64.0292 64.029 C2H6SH+ Sulphur
compounds Dimethylsulfide

69.0697 69.069 C5H8H+ Terpene Terpene fragment
76.047 75.043 C3H6O2H+ Esters and acids Propionic acid

81.0699 81.07 C6H8H+ Terpene Terpene fragment
83.0783 83.084 C6H10H+ Terpene Terpene fragment
85.0654 85.064 C5H8OH+ Aldehydes/Ketones Pentanal/pentenone
87.0439 87.043 C4H6O2H+ Ketones Butanedione
87.0803 87.08 C5H10OH+ Alcohols Pentanol
94.0952 93.068 C7H7

+ Terpene Terpene fragment
95.0492 95.046 C6H6OH+ Phenols Phenol
95.096 95.09 C7H10H+ Terpenes Terpene fragment
97.0284 97.027 C5H4O2H+ Aldehydes Furfural
97.0642 97.057 C6H8OH+ Aldehydes/Furans Hexadienal/ethylfuran
99.0802 99.079 C6H10OH+ Aldehydes Hexenal/methylpentenone
101.0951 101.091 C6H12OH+ Alcohols Hexanol
103.0749 103.074 C5H10O2H+ Esters and acids Methylbutanoic acid
107.0705 107.07 C7H6OH+ Aldehydes Benzaldehyde

107.1071 107.102 C8H10H+ Aromatic
hydrocarbons Xylene/ethylbenzene

109.0712 109.059 C7H8OH+ Phenols Benzyl alcohol (cresol)
111.0463 111.042 C6H6O2H+ Furans Acetyl furan
111.0804 111.076 C7H10OH+ Aldehydes Heptadienal
113.0965 113.096 C7H12OH+ Aldehydes Heptanal
115.1109 115.111 C7H14OH+ Ketones Heptanone

121.0691 121.067 C8H8OH+ Aldehydes Methylbenzaldehyde-
coumaran

127.1117 127.112 C8H14OH+ Ketones Octenone/methylheptenone
129.0911 129.091 C7H12O2H+ Esters and acids Hexenyl formate
129.1272 129.125 C8H16OH+ Ketones Octanone/Dimethylcyclohexanol
131.1062 131.107 C7H14O2H+ Esters and acids Heptanoic acid/hexyl formate

135.1032 135.109 C10H14H+ Aromatic
hydrocarbons Methylpropylbenzene

136.1073 136.112 C9H13NH+ Heterocyclic
compounds

Butyl-pyridine/ethyl-
propylpyridine

137.132 137.133 C10H16H+ Terpenes Various monoterpenes
141.1357 141.127 C9H16OH+ Aldehydes Nonanal
143.1443 143.148 C9H18OH+ Ketones/Aldehydes Nonanone/nonanal
151.1108 151.112 C10H14OH+ Terpenes Carvacrol/safranal
153.0615 153.063 C8H8O3H+ Aldehydes Vanillin, methyl salicylate
153.1234 153.126 C10H16OH+ Aldehydes Citral

155.1424 155.143 C10H18OH+ Alcohols Linalool/geraniol/a-
terpineol/nerol

157.1576 157.158 C10H20OH+ Alcohols Citronellol/dihydrolinalool
171.1373 171.137 C10H18O2H+ Terpenes Linalool oxide/Citronellic acid
199.1677 199.169 C12H23O2H+ Terpenes Citronellyl acetate
201.1819 201.184 C12H24O2H+ Terpenes Dihydrocitronellyl acetate
205.1878 205.200 C12H23O2H+ Terpenes Humulene

Fragmentation Pattern Measurement

To improve the confidence in m/z used to monitor terpenes, the fragmentation patterns of
pure standards were also measured (Table 3). Terpenoid standards; linalool, geraniol,α-terpineol,
citral, citronellal, citronellal acetate, limonene,β-pinene, nerol, geranyl acetate, dihydrocitronellyl
acetate, dihydrolinalool, myrcene, and caryophyllene, were diluted to a final concentration of
5 ppm through serial dilutions. These diluted standards were then analyzed with PTR-ToF-MS
to obtain their fragmentation patterns. Preliminary experiments determined that the headspace
concentrations were suitable and not below the detection limit. Compound identification was
then carried out by comparing spectral data with fragmentation data. However, it is important
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to mention the identification from PTR-ToF-MS remained tentative as isomeric product ions
(both molecular ions and fragments) of different compounds can overlap at a given m/z.

Table 3. Terpenes, their molecular weight (MW), and formular and relative abundances of their
different fragments determined by PTR-ToF-MS.

MW (g/mol) m/z 81 83 93 95 135 137 139 155 157 199

Geraniol 154.25 C10H18O 82.03 100 51.25 46.06 0.27
Citronellol 156.27 C10H20O 78.52 100 64.75 26.60 20.32

Geranyl acetate 196.29 C12H22O2 100 10.45 1.6 42.53
Citronellyl acetate 198.30 C12H22O2 40.47 100 11.10 41.32 25.51

2.5. Data Analysis

Table 1 provides an overview of the samples measured with SPME-GC/MS and PTR-
ToF-MS. Multivariate statistical analysis was carried out using R 3.2.0 (R Foundation for
Statistical Computing, Vienna, Austria) internal statistical functions and external packages,
specifically: ggplot2 and ANOVA. Principal component analysis (PCA) was carried out
using the R package “mixomics” [39] on the log-transformed and mean-centred data. A
two-way ANOVA (yeast strain and time, p < 0.001) was used to determine the mass peaks
with significant differences between yeast strains. When a monoisotopic mass peak was
saturated, its isotopologue was considered a substitute ion.

3. Results and Discussion

3.1. SPME-GC/MS Results

The VOCs detected during the fermentation by the different yeasts with SPME-GC/MS
are presented in Table 4. S. cerevisiae strains SafAle US-05 and SafAle WB-06 were selected to
be measured using PTR-ToF-MS because previous experiments (data not shown) indicated
that they were the most different in terms of their VOC composition. A preliminary data
exploration was made using a principal component analysis (PCA), each point representing
a distinct measurement (Figure 2). The first two principal components accounted for 88.44%
of the total variability. Time-dependent evolutions are observed with different colours,
representing the time points from day 1 to day 5. The first time point for all samples was
similar, irrespective of yeast strain or compound, and clustered together close to the top
left quadrant. After day 1, different evolutions were evident when comparing the samples
with or without geraniol and separating by yeast strain. The loadings plot (Figure 2) shows
the contribution of each VOC to the principal components at different time points and
illustrates the differences in VOC evolution between yeast strains. On the other hand,
the correlation circle plot (Figure 3) identifies which VOCs are most strongly associated
with each principal component. In this study, terpenoid compounds such as geraniol (18),
geranyl acetate (15), citronellol (16), and citronellyl acetate (13) played a crucial role in
differentiating samples with added geraniol from the samples without added geraniol.

The time evolution of the detected terpenes (as the area under the curve) is displayed
in Figure 4. In the samples with geraniol spiked, regardless of the yeast strain, the peak
area of geraniol decreased over the first two days of fermentation and remained constant.
This initial loss could result from several factors, including the removal of the compound
from the solution due to CO2 production by the yeast (stripping) during fermentation, as
well as loss during sample measurement (purging). The ability of CO2 to “blow off” the
linalool during fermentation was investigated by Ferreira et al. (1996), who observed a
reduction of 7.5% after 24 h [40].

When geraniol was not added, no terpenoids were detected. The terpenoids, geraniol,
geranyl acetate, citronellol and citronellyl acetate were only detected in samples containing
yeast to which geraniol had been added, with the concentration varying greatly depending
on the yeast strain. The peak area of geranyl acetate on the second day of fermentation was
more than three times higher with SafAle WB-06 than in the samples fermented with SafAle
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US-05. Interestingly, geranyl acetate concentration in SafAle WB-06 decreased dramatically
over time but remained relatively constant for SafAle US-05.

For the first two days of fermentation, citronellyl acetate was not detected in samples
fermented with SafAle US-05. It then increased and plateaued until the final measurement
on day 5. The formation of citronellyl acetate with SafAle WB-06 was comparable to
the pattern for geranyl acetate; a dramatic increase followed by a decline. At the end of
fermentation, the mean peak area of citronellyl acetate was similar for both yeast strains
(SafAle US-05: 4.49 × 106 ± 5.53 × 105 and SafAle WB-06: 4.39 × 106 ± 9.80 × 105). The
production of citronellol by SafAle US-05 and SafAle WB-06 followed a similar pattern,
with similar abundance at each time point. Studies using GC/MS generally only provided a
snapshot of the volatile profile of beer at a single time point, often at the end of fermentation.
As a result, this approach has previously missed important dynamic changes in volatile
production that occurred over the course of fermentation. Taking dynamic measurements
throughout the fermentation provides a more comprehensive understanding of yeast
metabolism and strain-dependent differences.

Table 4. Compounds detected at the end of fermentation with SPME-GC/MS.

Number Compound Formula CAS

1 Ethyl Acetate C4H8O2 141-78-6
2 Ethanol C2H6O 200-578-6
3 Ethyl propanoate C5H10O2 105-37-3
4 Ethyl butanoate C6H12O2 105-54-4
5 Isobutyl alcohol C4H10O 78-83-1
6 Isoamyl acetate C7H14O2 123-92-2
7 Isoamyl alcohol C5H12O 123-51-3
8 Ethyl hexanoate C8H16O2 123-66-0
9 Ethyl octanoate C10H20O2 106-32-1

10 Acetic acid CH3COOH 64-19-7
11 Ethyl decanoate C12H24O2 110-38-3
12 Isoamyl octanoate C13H26O2 2035-99-6
13 Citronellyl acetate C12H22O2 150-84-5
14 Ethyl 9-decenoate C12H22O2 67233-91-4
15 Geranyl acetate C12H20O2 105-87-3
16 Citronellol C10H20O 106-22-9
17 Ethyl dodecanoate C14H28O2 106-33-2
18 Geraniol C10H18O 106-24-1
19 Phenylethyl alcohol C8H10O 60-12-8
20 Octanoic acid C8H16O2 124-07-2

Figure 2. Score plot of the first two principal component analyses (PCA) of VOC produced during
fermentation (5 days) by commercially available yeast: S. cerevisiae strain SafAle US-05 and S. cerevisiae
var Diastaticus strain SafAle WB-06 (n = 2). Different colours represent the different days of fermentation.
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Figure 3. Correlation circle plots from the PCA applied to GC/MS data. Correlation circle plots
display the correlation structure between compounds produced throughout fermentation in the space
spanned by PC1 and PC2. The numbers represent the name of the compound displayed in Table 4.

Figure 4. Time evolution of VOCs determined with SPME-GC/MS GC–MS. Quantification is given in
the peak area detected under the curve, which can be quantitatively compared between the different
measurements. Data presented as the mean peak area ± standard deviation of two replicates.
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Steyer et al. (2013) [14] investigated terpene production between two yeast strains, S.
cerevisiae strain S288c and a haploid strain 59a derived from a wine strain EC1118. Each yeast
was added to a synthetic must medium (MS300) with geraniol (1 mg/L). Stir bar sorptive
extraction (SBSE) and GC–MS analysis showed a rapid disappearance of geraniol from the
medium, followed by the appearance of citronellol, nerol and linalool, and finally, geranyl-
and citronellyl acetate were synthesized by both yeast stains. Neither nerol nor linalool
was observed in the current study. Commercial yeast strains have been developed to meet
the specific requirements of brewers with regard to stress resistance, brewing performance,
enzyme release and the profile of aromantic compounds produced. Comparing the results
from the current study highlights the impact of terpenoid addition and yeast on the
compounds produced. Even yeast strains classified as the same species often show a
high level of genetic divergence [41]. This genetic variability affects metabolism, and this
information is not generally provided to brewers even though it could have a large impact
on the VOC profile and flavour of the beer.

3.2. PTR-ToF-MS Results

S. cerevisiae strains SafAle US-05 and SafAle WB-06 and S. pastorianus strains SafLager
W-34/70 and SafLager S-23 were selected for measurement with PTR-ToF-MS. Of the
measured mass range between 15–245 m/z, 345 peaks were observed. After peak extraction
and filtering, data calibration and filtration (eliminating isotopologues, water and ethanol
clusters), 47 peaks were assigned to a sum formula and tentatively assigned to one or
more compounds based on GC/MS identification and literature (Table 4). These tentatively
identified compounds belonged to various chemical classes, many derived from yeast
metabolism. PTR-ToF-MS measurement of four individual terpenoids produced fragment
ions of masses 81 and 95 as non-isotopic ions (only 12C and 1H, not 13C or 2H) (Table 3).
Mass 81 and 95 have previously been reported as terpene fragments [42–44]. Holzinger
et al. (2000) proposed calculating the total monoterpene concentration from the signal of
masses 67, 81, 95, 137 and 156 [42].

Development of Volatiles during Fermentation

The emission of ethanol and CO2 during fermentation is directly associated with
yeast activity as carbohydrates are converted into CO2, ethanol, and hundreds of other sec-
ondary metabolites. Monitoring the evolution of ethanol (m/z 47.049) and carbon dioxide
(m/z 44.999) was easily achieved as their protonated molecular ions are the predominant
peaks [45]. No significant difference (p < 0.001) in the concentration of CO2 between yeast
strains was observed during fermentation (Figure 5). In contrast, the ethanol concentration
in the samples produced by yeast strain WB-06 was significantly higher in the second,
third and fourth measurement. There was no significant difference in the concentration of
ethanol between yeast strains for the remainder of fermentation.

Secondary metabolites generated by yeast at the same time as CO2 and ethanol are
formed, which can influence the aroma and taste of beer. Variation in the metabolites across
different yeast strains is what allows yeast to impart characteristic flavours to beer [46].
The selected 11 peaks were the protonated molecular ions of each terpenoid and their
fragments identified from the SPME-GC/MS data: geraniol (m/z 155.143, 137.132, 95.089,
93.952, 81.073), geraniol acetate (m/z 135.109), citronellol (m/z 157.158), citronellyl acetate
(m/z 199.169, 139.141, 83.084) and a fragment which is used to demonstrate total terpene
concentration (m/z 67.056) as mentioned by Holzinger et al. (2000). The identification
of the compound by m/z was done using standards, literature (if available) and by com-
parison to SPME-GC/MS data. Figure 6 displays the concentration (ppbV) of geranyl
acetate (m/z 135.109), geraniol (m/z 155.143), citronellol (m/z 157.158) and citronellyl
acetate (m/z 199.169) and measured by PTR-ToF-MS for four commercial yeast strains. The
remaining 7 peaks (m/z 139.141, 137.132, 95.089, 93.952, 83.084 and 81.073) are displayed in
the supplementary material.
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Figure 5. Mean concentration (ppbV) of ethanol (m/z 47.049) and carbon dioxide (m/z 44.999)
during fermentation by commercially available yeast: Saccharomyces cerevisiae strain SafAle US-05,
Saccharomyces cerevisiae var Diastaticus strain SafAle WB-06 and Saccharomyces pastorianus strains
SafLager S-23 and SafLager W-34/70. Data presented as mean ± standard deviation of seven
independent measurements. Asterisk (*) reflects statistically significant differences between strains
with a p-value < 0.001, one-way ANOVA.

The signal evolution pattern for m/z 157.158 is associated with citronellol as confirmed
with pure standards and literature [47]. The gradual increase in citronellol over time was
comparable to the results of SPME-GC/MS (Figure 4). The rapid analysis of samples with
PTR-ToF-MS enabled the inclusion of additional yeast strains, such as S. pastorianus strains
SafLager S-23 and SafLager WB-34/70, in the analysis. This increased sample throughput
enabled the identification of species-specific differences that had not previously been
observed. A significant increase in citronellol around the last two days of fermentation was
identified, with the final concentration being highest in samples produced by S. pastorianus
yeast. Species-dependent differences in the final concentration of citronellol from geraniol
have been previously reported by Haslbeck et al. (2018). Unhopped wort with 70 μg/L
of geraniol produced between 0.7–0.9 μg/L and 0.4 ug/L of citronellol by S. cerevisiae and
S. pastorianus, respectively [48]. The old yellow enzyme (OYE) has been postulated as
the enzyme responsible for this reduction of geraniol into citronellol [14]. The authors
demonstrated this by fermenting using strains with the OYE2 gene either overexpressed or
deleted. Deletion of the gene resulted in considerably less citronellol, and overexpression of
the gene resulted in considerably more citronellol. The reduction of geraniol to citronellol
may change the floral character of the beer to a more citrus-like character [4].
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Figure 6. Mean concentration (ppbV) of geranyl acetate (m/z 135.109), geraniol (m/z 155.143),
citronellol (m/z 157.158) and citronellyl acetate (m/z 199.169) during fermentation by commercially
available yeast: Saccharomyces cerevisiae strain SafAle US-05, Saccharomyces cerevisiae var Diastaticus
strain SafAle WB-06 and Saccharomyces pastorianus strains SafLager S-23 and SafLager W-34/70. Data
presented as mean ± standard deviation of seven independent measurements. Asterisk (*) reflects
statistically significant differences between strains with a p-value < 0.001, one-way ANOVA.

The unique signals of m/z 83.084, m/z 139.141 and m/z 199.169 were associated with
citronellyl acetate. Monitoring the protonated molecule (m/z 199.169) showed increased concen-
tration throughout fermentation by all yeast strains. Consistent with the SPMS GC/MS results,
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an initial lag in the concentration of citronellyl acetate by SafAle US-05 was observed. All four
yeast strains produced similar concentrations throughout fermentation until the end of day four,
where a significantly higher concentration was produced by both S. cerevisiae strains. The unique
signal of m/z 135.109 was associated with geranyl acetate, which was determined using a pure
reference standard. A significant difference in the concentration began halfway through day 3
and continued until the end of fermentation, with the highest concentration from samples pro-
duced by SafAle WB-06. The lowest concentration was from samples produced by SafAle US-05.
SafLager S-23 and W 34/70 had a similar formation pattern throughout fermentation. Alcohol
acetyltransferase (ATF) is the enzyme involved in the esterification of geraniol to citronellyl-
and geranyl acetate [49,50]. Steyer et al. (2013) used a BY4741 strain with ATF1, or ATF2 genes
deleted derived from S. cerevisiae S288C to display the involvement of ATF1 and ATF2 in the
formation of terpenyl acetates through overexpression and deletion. When ATF1 and ATF2
were deleted, there was a drastic reduction in the formation of geranyl- and citronellyl acetate
from geraniol. When the same gene was overexpressed, an increase in formation was observed.
In the current study, the level of OYE and ATF expression in the different strains is likely to
explain the differences observed. The loss of geraniol by biotransformation is mainly due to
its reduction to citronellol catalyzed by OYE and acetylation to citronellyl acetate and geranyl
acetate catalyzed by ATF. Brewers could utilize this knowledge to choose yeast strains that
express these genes at desired levels, thereby achieving the desired concentrations of citronellol,
citronellyl acetate and geranyl acetate in their beer.

3.3. Comparison between PTR-ToF-MS and GC/MS to Monitor the Formation of Compounds
throughout Beer Fermentation

PTR-ToF-MS can measure more time points compared to GC/MS (four times a day vs. once
a day for each micro-fermentation in our case). This is important, especially at the beginning of
the fermentation, when many changes in VOCs are occurring, as evident in the initial 24 h for
m/z 157.158 (citronellol), m/z 199.169 (citronellyl acetate) and m/z 135.109 (geranyl acetate). An
initial rapid increase in the concentration of citronellol was observed after 6 h. The concentration
of citronellyl acetate started to increase, and finally, after 18 h, the concentration of geranyl
acetate increased. A summary of this formation is shown in Figure 7. The delay of acetylation
is likely due to the repression of ATF gene expression when oxygen (dissolved in the wort) is
present [51]. The concentration of oxygen in wort gradually decreases during the first hours of
fermentation. By 210 min, complete oxygen depletion is typically observed [52].

Figure 7. Proposed formation of citronellol, citronellyl acetate and geranyl acetate during fermenta-
tion. Enzymes (OYE and ATF) are based on literature [14,50,51].
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4. Conclusions

The fate of geraniol during beer fermentation by S. cerevisiae or S. pastorianus was in-
vestigated as an example of biotransformation of hop flavour compounds occurring during
beer fermentation. The reduction in the concentration of geraniol was closely followed by
the detection of citronellol, citronellyl acetate and geranyl acetate. The ability of yeast to
transform geraniol into these compounds has previously been identified. However, this is
the first study to monitor the changes in real-time by direct injection mass spectrometry. The
use of PTR-ToF-MS enabled differences between yeast strains to be identified during fer-
mentation with high temporal resolution. The implementation of two separate techniques
allowed for the identification of compounds (GC/MS), online monitoring and quantitative
determination (PTR-MS). The results show that the concentrations of terpenoids detected
throughout fermentation were impacted by the yeast species and strain. In general, a higher
concentration of the detected terpenoids was produced by S. pastorianus. An example of
strain-dependent differences was shown on the initial day of fermentation, where the
increase in the concentration of citronellyl acetate (m/z 199.169) was slower in S. cerevisiae
SafAle US-05 and WB-06 when compared to S. pastorianus SafLager S-23 and W-34/74.
Biotransformation terpenoids increased in concentration at a similar rate for S. pastorianus
strains, whereas S. cerevisiae strains SafAle- US-05 and WB-06 differed greatly. The differ-
ence between yeasts may be due to the diverse level of OYE and ATF expression, impacting
the concentration of citronellol, citronellyl acetate and geranyl acetate, respectively. The
concentration of some of the VOCs detected in the micro-fermentations (3 mL) may have
different magnitudes when compared to industrial-sized fermentation. Still, the yeast
differences and proposed pathways are expected to be comparable. Using this developed
method to investigate terpenoids important for beer aroma is essential and might be used
to investigate the effect of biological and technological parameters. To expand the current
understanding of aroma generation during fermentation, analyzing more terpenoids with
a similar experimental design will provide more valuable information on yeast production
and transformation reactions. There is also a need to analyze different yeast strains, which
would give the brewers additional information to manage and change the aroma of the
beer to meet consumers’ preferences.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fermentation9030294/s1, Figure S1: Mean concentration (ppbV)
of m/z 139.141, m/z 137.132, m/z 95.089, m/z 93.952, m/z 83.084 and m/z 81.073 during fermentation
by commercially available yeast: Saccharomyces cerevisiae strain SafAle US-05, Saccharomyces cerevisiae
var Diastaticus strain SafAle WB-06 and Saccharomyces pastorianus strains SafLager S-23 and SafLager
W-34/70. Data presented as mean ± standard deviation of seven independent measurements.
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Abstract: The compound acetaldehyde has complex synthesis kinetics since it accumulates during
the growth phase and is consumed by yeast during the stationary phase, as well as evaporating
(low boiling point) throughout the process. One recurrent question about this molecule is: can
temperature both increase and decrease the consumption of the molecule by yeast or does it only
promote its evaporation? Therefore, the main objective of this study was to describe and analyze the
evolution of acetaldehyde and shed light on the effect of temperature, the main parameter that impacts
fermentation kinetics and the dynamics of acetaldehyde synthesis. Thanks to new online monitoring
approaches, anisothermal temperature management and associated mathematical methods, complete
acetaldehyde production balances during fermentation made it possible to dissociate biological
consumption from physical evaporation. From a biological point of view, the high fermentation
temperatures led to important production of acetaldehyde at the end of the growth phase but also
allowed better consumption of the molecule by yeast. Physical evaporation was more important at
high temperatures, reinforcing the final decrease in acetaldehyde concentration. Thanks to the use of
production balances, it was possible to determine that the decrease in acetaldehyde concentration
during the stationary phase was mainly due to yeast consumption, which was explained by the
metabolic links found between acetaldehyde and markers of metabolism, such as organic acids.

Keywords: acetaldehyde; online monitoring; alcoholic fermentation; consumption; production balance

1. Introduction

Alcoholic fermentation is the central stage of the wine-making process using the yeast
Saccharomyces cerevisiae. The main reaction in this biological process is the bioconversion
of sugars into ethanol and carbon dioxide, as well as many other compounds responsible
for the organoleptic profile of the wine. Acetaldehyde, also referred to as ethanal or acetic
aldehyde, is a powerful aromatic compound that can be found in many food matrices: apple
juice, spirits, beer, cider, wine, cheese, yogurt and butter [1]. In wine, free acetaldehyde can
form more or less stable combinations with other molecules to produce combined or bound
acetaldehyde; the sum of the free and combined acetaldehyde corresponds to the total ac-
etaldehyde. Typically, in the presence of sulfite, the combination rate is 50–60% at the end of
fermentation [2]. The concentration of total acetaldehyde in wines generally varies between
10 and 200 mg/L, with a sensory perception threshold of around 100 to 125 mg/L for free
acetaldehyde. At low concentrations, acetaldehyde has a pleasant and fruity aroma, while
at high levels, its odor becomes irritating and pungent, which depreciates the organoleptic
qualities of wines for consumers. These high concentrations of acetaldehyde give undesired
organoleptic properties to wines, such as green apple, freshly cut grass and nutty aromas,
which, however, are sometimes sought after; in particular, in wines such as “vins jaunes”.
The acetaldehyde in wines has microbiological and/or chemical origins. Indeed, during
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alcoholic fermentation under reducing conditions, acetaldehyde is the most important
carbonyl compound produced by yeasts after ethanol. Acetaldehyde accumulation differs
according to yeast species and strain, ranging from 0.5 for the least productive ones to more
than 700 mg/L for the most productive ones [1]. Moreover, under oxidative conditions,
acetaldehyde can also be produced after oenological fermentation through ethanol chemical
oxidation when the wine is exposed to air. The presence of the carbonyl group makes
acetaldehyde very reactive and sensitive to oxidation phenomena. The main physical
properties of acetaldehyde are: a boiling point of 20.1 ◦C [3], 120 kPa vapor pressure, and a
Henry’s law constant in water at 298.15 K of about 15 mol·kg−1·bar−1 [4]. This molecule is
also very polar, with water solubility of 2.568 × 105 mg/L at 298.15 K and log Kow = −0.34.

Acetaldehyde is a key compound of yeast metabolism and an intermediate of gly-
colysis produced during alcoholic fermentation. Its metabolic pathway thus begins with
glycolysis, which generates pyruvate as the final product. Pyruvate can then be converted
to acetaldehyde and carbon dioxide by pyruvate decarboxylase (PDC); then, acetaldehyde
can be reduced to ethanol through the action of alcohol dehydrogenase (ADH). These steps
of alcoholic fermentation take place in the cell cytoplasm. Acetaldehyde has a central role
in yeast metabolism as the precursor of many molecules, such as ethanol, acetate, acetoin,
α-acetohydroxybutyrate and α-acetolactate. Acetaldehyde is also used to generate the
cytoplasmic acetyl-CoA required for lipid biosynthesis. The reduction of acetaldehyde to
ethanol is highly dependent on ADH activity in close connection with the cofactor NADH.
Compared to its high production, acetaldehyde accumulation in the fermentation medium
is negligible, as it is directly transformed into ethanol (the main flux of alcoholic fermenta-
tion). However, acetaldehyde accumulation could be one way to orient the metabolism;
in particular, by inducing the synthesis of certain by-products (organic acids) while main-
taining the redox balance [5]. The dynamics of acetaldehyde production during alcoholic
fermentation can be divided into three phases. Early formation of this compound is ob-
served during the lag phase at the beginning of fermentation before any detectable yeast
growth [6]. Acetaldehyde accumulation continues throughout the growth phase. Finally,
its concentration decreases during the stationary phase until the end of alcoholic fermenta-
tion [2,7,8]. Comparison of acetaldehyde kinetics and sugar consumption kinetics shows a
possible relationship between the moment when the maximum acetaldehyde concentration
is reached and the divergence of glucose and fructose degradation rates [8,9]. Thus, sugar
concentration influences acetaldehyde kinetics [10]. These kinetics are also highly depen-
dent on the redox balance of the cell. At the beginning of fermentation, glycerol production
allows NADH/NAD+ recycling. This production phase ensures the maintenance of the cell
redox balance. Then, in the stationary phase, glycerol mainly plays a role related to coping
with osmotic stress, so its synthesis is continuous [11]. Afterwards, as soon as acetaldehyde
is present in a sufficient quantity, it is able to play its role of reducer [12]. Thus, through
its catabolism, acetaldehyde serves as a terminal electron acceptor in yeast redox balance
and has the ability to create energy through glycolysis [1]. Although sugar is the main
substrate for acetaldehyde formation, the metabolism of amino acids, such as alanine, also
contributes to the formation of this compound [13]. In this case, acetaldehyde is produced
through the Ehrlich pathway: alanine is catabolized to 2-oxopropanoate, which can then be
decarboxylated to acetaldehyde [14].

Online monitoring of molecules, which involves dozens or hundreds of measurements
during fermentation, brings new information of direct interest for the study of metabolism
and for a better understanding of the kinetics of the production of compounds [15]. With
manual sampling, the dynamics of acetaldehyde synthesis, including the accumulation
peak at the end of the growth phase and its synchronization with the fermentation kinet-
ics, would have been difficult results to obtain due to the compiling of precision errors.
Moreover, employing this online monitoring tool, a recent study evaluated the physical
properties of acetaldehyde during alcoholic fermentation by characterizing the partition
coefficient of this molecule, thus making it possible to determine production balances by es-
timating the share of acetaldehyde losses attributable to evaporation [7]. However, to date,
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acetaldehyde accumulation, including its metabolic and physicochemical aspects, remains
poorly described and demonstrated. Using an online monitoring tool for the production of
this volatile molecule during oenological fermentation, the atypical synthesis kinetics of
acetaldehyde in the presence of SO2 have recently been investigated [2]. However, much
work remains to be undertaken, particularly on the impact of fermentation parameters on
the synthesis and re-consumption of this compound by yeast, since the hypotheses in the
literature diverge, notably with respect to the fermentation temperature. Indeed, although
otherwise contradictory, studies agree in considering the fermentation temperature a key
point in acetaldehyde production [8,16–20]. For Amerine and Ough (1964), the fermentation
temperature has little effect on the final acetaldehyde content, while other authors correlate
the increase in acetaldehyde content with increasing fermentation temperature [18].

To obtain a general understanding of acetaldehyde dynamics, this work employed
a combination of original approaches, including (a) the use of an online acetaldehyde
monitoring system in the gas phase during alcoholic fermentation; (b) the implementation
of complete production balances, including for physicochemical and metabolic aspects; and,
finally, (c) the application of different isothermal and anisothermal temperature profiles in
order to understand the impact of this parameter on the synthesis of the molecule using
three Saccharomyces cerevisiae yeast strains in a natural must.

2. Materials and Methods

2.1. Schematic Overview of the Experimental Program

The experimental process in this study relied on different techniques: (a) the online
monitoring of fermentation kinetics; (b) the control of the anisothermal temperature during
fermentation; (c) the online monitoring of volatile compounds, such as acetaldehyde; and
(d) as a result of this monitoring, the implementation of a complete production balance
using mathematical models allowing the dissociation of the biological effects (consumption
by yeast) and physical effects (evaporation) on the decrease in acetaldehyde during the
stationary phase (Figure 1).

Figure 1. Schematic overview of the experimental design: acetaldehyde production balance during
alcoholic fermentation.
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2.2. Yeast Strains

Fermentations were carried out with the commercial Saccharomyces cerevisae strains
Lalvin FC9® (Lallemand SA, Montreal, QC, Canada), Fermivin 7013® and Fermivin SM102®

(Erbslöh S.A.S., Servian, France). Fermenters were inoculated with 20 g/hL active dry yeast
previously rehydrated for 30 min at 37 ◦C in a 50 g/L glucose solution (1 g of dry yeast
diluted in 10 mL of this solution).

2.3. Natural Must

The must was prepared from the Ugni blanc grape variety (2020) harvested in the
Cognac region, France. Grapes were pressed and the must was settled for 24 h at 4 ◦C in the
presence of 3 mL/hL enzymes (MYZYM SPIRIT, Institut Oenologique de Champagne, Eper-
nay, France). A final turbidity of 95 NTU (measured with a 2100 N turbidimeter (Hach®,
Lognes, France)) was achieved for the must and the sludge was collected separately. A cor-
relation between sludge concentration and turbidity was previously calculated (R2 = 0.9924)
by adding different amounts of solid particles to final volumes (100 mL) of must:

Turbidity = 37.05 × [solids particles] + 47.32 (1)

where the concentration of added solid particles ([solid particles]) is in percentage points
(v/v) and the turbidity in NTU.

The must characteristics were as follows: 185 g/L total sugar, 111 mg/L assimilable
nitrogen (35 mg/L and 76 mg/L mineral and organic nitrogen, respectively) and pH 3.02.

Based on the relationship determined between turbidity and the percentage of solid
particles (Equation (1)), 216 mL of sludge was added to a final volume of 1.8 L must to
obtain a turbidity of 500 NTU. The corresponding volume of must was previously removed
from the fermenter to be substituted with the sludge.

Assimilable nitrogen was adjusted to 200 mg Nass/L (=assimilable nitrogen/L) with
a solution of amino acids and NH4Cl, respecting the proportions of 30% mineral nitrogen
(NH4

+) and 70% organic nitrogen (a mix of amino acids) found in the initial Ugni blanc
must. The free amino acid content of the initial Ugni blanc must was determined using
cation-exchange chromatography (see Section 2.5). The composition of the amino acid stock
solution added was as follows (in g/L): tyrosine, 0.29; tryptophan, 0.22; isoleucine, 0.33;
aspartate, 4.33; glutamate, 6.02; arginine, 9.46; leucine, 0.49; threonine, 0.95; glycine, 0.06;
glutamine, 3.89; alanine, 2.19; valine, 1.16; methionine, 0.09; phenylalanine, 1.02; serine,
1.66; histidine, 0.38; lysine, 0.15; asparagine, 0.38; and proline, 9.38.

A solution of NH4Cl (21.45 g/L) was used as an ammonium source. To obtain 200 mg
Nass/L in must, 18 mL of amino acid stock solution and 9 mL of NH4Cl solution were
added to 1.8 L of must, respectively.

2.4. Fermentation Conditions

The fermentations were performed in four 2 L jacketed glass autoclavable bioreactors
(Applikon®, Delft, the Netherlands). Bioreactors were equipped with direct drive stirring
systems (150 rpm) coupled with Rushton impellers (diameter 45 mm). Temperature regula-
tion in each bioreactor was ensured with a Huber cryostat (Offenburg, Deutschland) with
coolant liquid circulation in the double jacket. Each cryostat was coupled with a Pt 100
sensor to ensure temperature control. Online measurement of the rate of CO2 production
(dCO2/dt) was undertaken automatically with a gas thermal mass flow controller (Brooks®

Instrument, Hatfield, PA, USA). Different temperature profiles were applied. For the three
strains, three isothermal temperature profiles were selected: 18, 24 and 30 ◦C.

For strains FC9® and SM102®, anisothermal temperature profiles were additionally
obtained with a temperature control slope of 0.2 ◦C/gCO2 released and a trigger level for
the temperature change applied just after 20 g of CO2 was released. This slope corresponds
to the average cooling or heating slope observed in wineries’ industrial tanks [21]. The
first anisothermal profile was an ascending one from 18 ◦C to 30 ◦C. The second profile
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decreased from 30 ◦C to 18 ◦C. The third profile was 24–18 ◦C and, finally, the fourth
was 24–30 ◦C. Each isothermal and anisothermal fermentation operation was performed
in duplicate.

2.5. Quantification of Sterols and Fatty Acids in Grape Solids
2.5.1. Dry Matter

A total of 200 mL of must was centrifuged for 10 min at 10,000 rpm to concentrate grape
solids. Supernatant was removed and grape solids were washed three times consecutively
with a NaCl solution (10 mM) to remove sugars. The final pellet was freeze-dried overnight
to recover dry matter (DM).

2.5.2. Lipid Composition

Total lipids from lyophilized grape solids (aliquot of 1 g) were extracted overnight
with methanol/chloroform (2:1, v/v), and the solid residue was then extracted over 2 h
with methanol/chloroform/water (2:1:0.8, v/v/v). The organic extracts were dried over
Na2SO4 and concentrated to dryness using a rotatory evaporator. Phytosterols (campesterol,
stigmasterol and β-sistosterol) and main fatty acids were determined in the remaining
solids with the method described by Grison et al. (2015), as adapted by [22]. Total fatty
acid concentration was 28.06 mg/g DM. C18 unsaturated acids represented approximately
57% of the total fatty acid content, and the most abundant saturated fatty acid was palmitic
acid (23%). The concentration of phytosterols was 6.93 mg/g DM; i.e., within the limits
of the concentrations described for other grape varieties [22]. The main phytosterol was
β-sitosterol (84%), while campesterol and stigmasterol accounted for approximately 10.5%
of total phytosterols.

Using the lipid composition of the solid particles’ dry matter and Equation (1) (infor-
mation on the amount of solid particles as a function of turbidity), it was calculated that the
500 NTU turbidity corresponded to 26.3 mg/L of sterols and 106.43 mg/L of fatty acids.

2.6. Quantification of Assimilable Nitrogen

Ammonium concentration was determined enzymatically (R-Biopharm AG™, Darm-
stadt, Germany). The free amino acid content of the must was measured using cation-
exchange chromatography with post-column ninhydrin derivatization (Biochrom 30,
Biochrom™, Cambridge, UK), as described by [23].

2.7. Determination of Concentration of Metabolites of Central Carbon Metabolism

With every 10 g/L of CO2 released, samples were analyzed to determine the concen-
trations of ethanol, glycerol, succinate, α-cetoglutarate and acetate using HPLC (HPLC
1260 Infinity, Agilent™ Technologies, Santa Clara, CA, USA) on a Phenomenex Rezex ROA
column (Phenomenex™, Le Pecq, France) at 60 ◦C. The column was eluted with 0.005 N
H2SO4 at a flow rate of 0.6 mL/min. Organic acids were analyzed with a UV detector
(Agilent™ Technologies, Santa Clara, CA, USA) at 210 nm; the concentrations of the other
compounds were quantified with a refractive index detector (Agilent™ Technologies, Santa
Clara, CA, USA). Analyses were carried out with the Agilent™ OpenLab CDS 2.x software
package (Santa Clara, CA, USA).

2.8. Online Acetaldehyde Monitoring

Our online measurement device consisted of a GC Compact 4.0 (Interscience, Breda,
The Netherlands) gas phase chromatography system for carbon and sulfur volatile com-
pounds analysis.

For volatile compounds (acetaldehyde) analysis, headspace gas was sequentially
pumped from each 2 L bioreactor for 1 min at a flow rate of 15 mL/min through a dedicated
heated transfer line at 90 ◦C. The gas phase passed through a sampling loop of 50 μL to feed
the analysis channel of the sulfur compounds, while carbon compounds were concentrated
in a cold trap (TenaxTM) at 5 ◦C.
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After this concentration step, carbon compounds were desorbed from TenaxTM at
280 ◦C for 1 min. The injector temperature was 250 ◦C with a split flow at 2 mL/min. The
GC Compact 4.0 was equipped with a programmable oven containing a MXT-Wax column
(30 m × 0.25 mm ID, 0.5 μm film thickness) from RestekTM (Lisses, France). Helium at a
constant pressure of 80 kPa was used as the carrier gas. The oven temperature program was:
40 ◦C for 2 min, increase to 160 ◦C at a rate of 8 ◦C/min, hold at 160 ◦C for 10 s, increase to
220 ◦C at a rate of 15 ◦C/min, and hold at 220 ◦C for 3 min. The Flame Ionization Detector
(Thermo Fisher ScientificTM, Toulouse, France) was set at 150 ◦C.

The areas of the acetaldehyde peaks were acquired with Chromeleon™ Chromatog-
raphy Data System (CDS) software (Thermo Fisher ScientificTM, Toulouse, France). The
analysis frequency was once every 2 h for each bioreactor.

2.9. Determination of Acetaldehyde
2.9.1. Calibration in the Gas Phase

The GC Compact 4.0 (Interscience, Breda, the Netherlands) gas phase chromatography
system was calibrated with an ATIS Adsorbent Tube Injector System 230V (Supelco®, Sigma-
Aldrich, Saint-Louis, MO, USA) supplied with CO2. The liquid calibration standard (1 μL)
was injected with a microsyringe through a replaceable septum in the center of the injection
glassware, which was heated to 100 ◦C. Each flash-vaporized sample was pumped in a
CO2 atmosphere into the gas phase chromatography system for analysis. A stock solution
of acetaldehyde (CAS no. 75-07-0) (10.03 g/L) was prepared from pure acetaldehyde
(Acetaldehyde, PESTANAL®, analytical standard, Sigma, St Quantin Fallavier, France).
The different calibration points were determined for this stock solution with the following
liquid concentrations: 1.00, 2.00, 4.01, 6.01, 8.02 and 10.03 g/L.

2.9.2. Losses during Fermentation

During fermentation, the losses in the gas L(t) in mg per liter of must were calculated
according to the following equation:

L(t) =
∫ t

0
Cg(t) × Qt × dt (2)

where Cg(t) is the concentration of acetaldehyde in milligrams per liter of CO2 measured
online in the gas phase and Qt is the CO2 flow rate at time t expressed in liters of CO2 per
liter of must and per hour.

The rate of losses in the gas phase RL(t)
in mg per liter of must and per hour was

calculated as follows:

RL(t)
=

L(t) − L(t−i)

t − (t − i)
(3)

where t and (t − i) correspond to two successive sampling points in an hour.

2.9.3. Production Mass Balances

Offline liquid sampling was performed with every 10 g/L of CO2 released until the
end of fermentation and total acetaldehyde concentrations were precisely measured using
a commercial enzymatic test kit (Ref 984347, ThermoFischer scientificTM).

The kinetics of total acetaldehyde in the liquid phase were thus smoothed with a
polynomial function of degree two for the accumulation phase in the medium (growth
phase) and with logarithmic smoothing for the decrease phase (stationary phase) to obtain
the concentration of acetaldehyde in the liquid Cl(t) in milligrams per liter of must.

The rate of accumulation in the liquid phase RCl(t)
in mg per liter of must and per hour

was calculated as follows:

RCl(t)
=

Cl(t) − Cl(t−i)

t − (t − i)
(4)

where t and (t − i) correspond to two successive sampling points in an hour.
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The rate of acetaldehyde consumption by yeasts, expressed as RCo(t) in milligrams
per liter of must per hour, was calculated as the difference between the absolute value of
the acetaldehyde accumulation rate in the liquid, expressed as Abs

(
RCl(t)

)
in milligrams

per liter of must per hour, and the absolute value of the rate of losses in the gas phase,
expressed as Abs

(
RL(t)

)
in milligrams per liter of must per hour (Equation (5)):

RCo(t) = Abs
(

RCl(t)

)
− Abs

(
RL(t)

)
(5)

2.10. Statistical Analysis

All the experiments were carried out in biological duplicates. Statistical analyses
were performed with R version 3.6.2 (R Development Core Team 2016). The ANOVA was
realized using the aov function from the R package agricolae (v1.3.5) and Tukey’s test was
used for the separation of means.

3. Results and Discussion

3.1. Fermentation Kinetics

In all the fermentation experiments, sugars were almost exhausted; i.e., the residual
sugar content was lower than or equal to 2 g/L. As the limiting nutrient, assimilable
nitrogen was completely consumed at the end of the growth phase in all experiments.
Anisothermal profiles applied during the stationary phase changed the overall shape of
the fermentation kinetics and the fermentation parameters, such as fermentation duration.
When the temperature was increased during fermentation (from 18 to 30 ◦C) (Figure 2A),
the fermentation rate was maintained at a high value, which resulted in faster fermentation
of about 100 h compared to the initial isothermal fermentation performed at 18 ◦C. The
temperature increase of 0.2 ◦C/g of CO2 released allowed yeasts to maintain their fermen-
tative activity [24–26]. On the other hand, when the temperature was decreased (30 ◦C to
18 ◦C) during the stationary phase, it was observed that yeast cellular activity was slowed
down, which resulted in an additional 100 h of fermentation compared to the isothermal
control fermentation at 30 ◦C (Figure 2B). Similar trends were observed as previously with
the two other anisothermal temperature profiles, even though fermentation only started at
24 ◦C (Figure 2C). However, when the profile was raised from 24 to 30 ◦C, the fermenta-
tion time was 40 h shorter instead of the 100 h reduction when fermentation was started
at 18 ◦C. Thus, isothermal and anisothermal profiles highlighted the importance of the
effects of temperature on yeast metabolic activity, which resulted in major modifications in
fermentation kinetics.

3.2. Synthesis of Primary Carbon Metabolites
3.2.1. Glycerol Production

Glycerol is quantitatively the most important by-product, and its production during
fermentation with Saccharomyces cerevisiae is associated with ethanol and carbon dioxide
production. In wines, levels between 1 and 15 g/L are frequently encountered; higher levels
are thought to contribute to a wine’s smoothness and viscosity [27] but do not contribute
directly to its aroma due to glycerol’s non-volatile nature. The two most important functions
of glycerol synthesis in yeast are related to redox balancing and the hyperosmotic stress
response. Osmotic stress is one of the most common types of stress imposed on yeasts,
making it necessary for the cell to survive under these conditions. The role of NADH-
consuming glycerol formation is to maintain the cytosolic redox balance, especially under
anaerobic conditions, compensating for cellular reactions that produce NADH [28]. Figure 3
shows the kinetics of glycerol production as a function of CO2 throughout the alcoholic
fermentation. Glycerol synthesis was very high during the growth phase and until the
middle of the stationary phase. With 50 g/L of CO2 released and more, a decrease in the
slope for glycerol synthesis was observed, indicating a tendency towards a slowing down
of production. This result was observed for the three fermentation temperatures: 18, 24
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and 30 ◦C. The application of non-isothermal temperatures did not induce any changes in
the synthesis of this compound.

Figure 2. Fermentation kinetics analyzed at (A) 18 ◦C (light green) and 18–30 ◦C (dark green),
(B) 30 ◦C (dark red) and 30–18 ◦C (light red) and (C) 24 ◦C (orange), 24–18 ◦C (light orange) and
24–30 ◦C (dark orange) with anisothermal temperature profiles (gray and black).
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Figure 3. Production kinetics for organic acids at 18 ◦C (A), 24 ◦C (B) and 30 ◦C (C): glycerol
(orange), succinate (brown), α-ketoglutarate (yellow) and acetic acid (green).  growth phase and

 stationary phase.

Therefore, glycerol maintained the redox balance throughout the fermentation and,
especially, up to the middle of the stationary phase (i.e., 60 g of CO2 released), where a
change in the slope was observed. During this phase, glycerol acted purely as a safety
valve for the elimination of excess reducing power and not as a protective agent against
increases in the osmotic pressure of the medium [29]. After that, one hypothesis could be
that acetaldehyde served as an electron acceptor for the novel oxidation of NADH to NAD+.
This hypothesis is detailed in the following sections. Temperature favored the production
of final amounts of glycerol at concentrations of 6.3 g/L at 18 ◦C, 6.8 g/L at 24 ◦C and
7.2 g/L at 30 ◦C (ANOVA p-value < 0.001), as observed in other studies [30–33]. This
temperature-related overproduction could be explained by higher glycerol-3-phosphate
deshydrogenase (GPDH) activity at approximately 25 ◦C [11].

3.2.2. α-Ketoglutaric Acid Production

α-Ketoglutarate (also known as αKG, 2-oxoglutarate and 2-oxoglutaric acid) is a
key tricarboxylic acid (TCA) cycle intermediate and an important intermediate in many
catabolic and anabolic processes. Under fermentative conditions with Saccharomyces
cerevisiae, TCA does not function in a cyclic form, as under aerobic conditions [34], but
with an oxidative and a reductive branch with succinate as the final compound [35].
Camarasa et al. (2003) showed that, under oenological conditions, about two thirds of the
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succinate were synthesized via the reducing branch but that the oxidative pathway was
also active during the growth phase and allowed the synthesis of α-ketoglutarate, a key
component of nitrogen metabolism (redirected to amino acid synthesis).

It was found in this study that α-ketoglutarate was produced throughout the alcoholic
fermentation and in a very similar way as glycerol (Figure 3) for all three isothermal
temperatures (no impact on the synthesis at anisothermal temperatures). When glycerol
synthesis was plotted against α-ketoglutarate during alcoholic fermentation, very high
correlations were obtained at 18 ◦C (r2 = 0.9980), 24 ◦C (r2 = 0.9916) and 30 ◦C (r2 = 0.9961).
These correlations clearly showed a metabolic link between the syntheses of these two
compounds. Indeed, the α-ketoglutarate synthesis pathway through the TCA cycle was
responsible for the reduction of NAD+ to NADH via isocitrate conversion to α-ketoglutarate
in contrast to the glycerol synthesis pathway that oxidized excess NADH to NAD+.

Regarding the effect of temperature on α-ketoglutarate synthesis, it was observed
that higher temperatures induced higher concentrations of this compound. Indeed, final
α-ketoglutarate concentrations of 0.59, 0.97 and 1.28 g/L were found for 18, 24 and 30 ◦C,
respectively (ANOVA p-value < 0.001).

Two hypotheses explaining this result could be proposed. The first hypothesis is
that, although cell activity was higher at high temperature [24,32,36–38], the higher flux
of α-ketoglutarate was not used by the glutamate pathway to form amino acids [39,40].
Indeed, in the present work employing a high lipid concentration (linked to a high turbidity
of 500 NTU), the flux within the acetic acid synthesis pathway (precursor of lipid synthesis)
was low [31,32]; therefore, so was NADPH availability. The low availability of this co-factor
thus resulted in very limited α-ketoglutarate conversion to glutamate [40], leading to α-
ketoglutarate accumulation in the extra-cellular medium. The second hypothesis is related
to the fact that α-ketoglutarate synthesis was highly correlated with that of glycerol. When
the production of the latter was enhanced, the cell needed to reduce high quantities of
NAD+ (generated by the glycerol-3-phosphate pathway) to maintain its intracellular redox
balance. Therefore, the reductive pathway of the TCA cycle was activated, resulting in
increased accumulation of α-ketoglutarate.

3.2.3. Succinic Acid Production

Succinic acid is a by-product in the alcoholic fermentation of yeasts, with amounts
ranging from a few mg up to 2 g/L in all products of fermentation [41]. As the main
acid produced by yeast, it significantly influences organoleptic balance by providing
acidity and a desirable salty–bitter taste. Succinate synthesis started at the beginning of
fermentation [42] and continued during the growth and the stationary phases regardless of
the temperature applied (Figure 3).

Succinic acid can be formed from pyruvate or aspartate via the reductive branch of
the TCA cycle or from pyruvate via the oxidative branch. In the reducing pathway of the
TCA cycle, the precursor of succinate is L-malate. In the present work, it is important
to note that, depending on the state of advancement of the fermentation, the correlation
behavior of these two compounds diverged. Indeed, during the growth phase and for up
to 50% of the fermentation process, a negative correlation existed at the three temperatures
(18 ◦C, r2 = 0.9913; 24 ◦C, r2 = 0.9759; and 30 ◦C, r2 = 0.9747): malate (present in the must at
4 g/L) was consumed to synthesize succinate. On average, at 18 and 24 ◦C, the decrease
of 0.3 g/L of malate induced the production of 1.3 g/L for succinate, while at 30 ◦C, there
was a decrease of 0.25 g/L for malate with an increase of 0.9 g/L of succinic acid. During
the second part of the fermentation—i.e., during the stationary phase—re-accumulation
of malate in the fermentation medium was associated with succinate production, with
positive correlations at 18 ◦C (r2 = 0.9243), 24 ◦C (r2 = 0.8886) and 30 ◦C (r2 = 0.9470).
Indeed, during this phase, succinate was produced by the TCA reductive pathway but the
malate concentration of natural musts could also have stimulated succinate synthesis in
the first phase [43].
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Finally, establishing correlations between succinate and other intermediates of the TCA
cycle makes it possible to better understand the production kinetics of this acid. At first,
citrate synthesis (precursor of succinate through the oxidative pathway) was only observed
during the growth phase (positive correlation with succinate) and up to the beginning of the
stationary phase; i.e., for up to 40% of the fermentation process for 18 ◦C (r2 = 0.8792), 24 ◦C
(r2 = 0.9796) and 30 ◦C (r2 = 0.9864). In contrast, α-ketoglutarate, which is also a precursor
of succinate, was always correlated with succinate throughout the fermentation for all three
temperatures (r2 = 0.9848, 0.9823 and 0.9739 for 18, 24 and 30 ◦C, respectively). This can
be explained by the fact that succinic acid can also be produced from glutamate through
glutamate oxidation to α-ketoglutarate followed by the conversion of α-ketoglutarate to
succinic acid via this step of the TCA cycle (a reverse pathway from glutamate). All these
results confirmed that the TCA reductive branch (reductive pathway) is the main pathway
operative during anaerobic fermentation [29,43].

3.2.4. Acetic Acid Production

In Saccharomyces cerevisiae, acetate is produced as an intermediate of the pyruvate de-
hydrogenase (PDH) bypass, which converts pyruvate to acetyl-CoA in a series of reactions
catalyzed by pyruvate decarboxylase (PDC), acetaldehyde dehydrogenase (ACDH) and
acetyl-CoA synthetase. This pathway is the sole source of cytosolic acetyl-CoA, which is
required for anabolic processes, such as lipid biosynthesis [44]. The reaction catalyzed by
ACDH also generates reducing equivalents, which are required for a variety of synthetic
pathways and redox reactions, in the form of NADPH [45].

The monitoring of acetic acid synthesis showed that acetic acid was essentially pro-
duced during the growth phase and until the maximum CO2 production rate was reached.
Afterwards, stabilization and a slight decrease in acetate concentration in the medium
were observed during the stationary phase. In the present work, the decrease was even
more significant at high temperatures, with final concentrations of 0.32 g/L of acetic acid
at 18 ◦C compared to 0.21 and 0.23 g/L at 24 and 30 ◦C, respectively. The volatility of the
molecule could explain these results, but the data in the literature remain contradictory to
date [46,47].

Acetaldehyde, a precursor of acetate through the activity of aldehyde dehydrogenase,
has similar kinetics to acetate, showing accumulation during the growth phase until a
maximum concentration is reached, as observed by other authors [8,18]. This was also
illustrated by the positive correlation between acetaldehyde and acetate synthesis observed
at 18 ◦C (r2 = 0.8230), 24 ◦C (r2 = 0.8803) and 30 ◦C (r2 = 0.9253).

3.3. Acetaldehyde and Metabolism

The kinetics of acetaldehyde depend strongly on the redox balance of the cell. At
the beginning of the winemaking process, glycerol synthesis allows the recycling of
NADH/NAD+ and ensures the maintenance of the redox balance of the cell system. Then,
in the stationary phase, the slower but continuous synthesis of glycerol is generally used
to fight against osmotic stress, as acetaldehyde is present in sufficient quantities to play
its reducing role with an important flux [12]. A previous study stated that acetaldehyde
is unable to serve as an electron acceptor for cytosolic NADH and that the accumulated
NADH is instead oxidized by the reduction of dihydroxyacetone phosphate to glycerol-3-
phosphate [48]. However, addition of acetaldehyde at the beginning of fermentation has
been shown to reduce the lag phase of the yeast. Therefore, the acetaldehyde molecule
seems to act as an activator of NADH-consuming metabolic pathways and, in particular, of
the lower part of the glycolysis pathway [6].

These results were corroborated by the strong correlation between glycerol and ac-
etaldehyde synthesis observed in our work. Figure 4A,D,G demonstrate the metabolic link
between the syntheses of these two metabolic markers involved in redox balance mainte-
nance. Additionally, an inverse correlation was noted between the final concentrations of
acetaldehyde and glycerol. Thus, during its catabolism, acetaldehyde serves as a terminal
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electron acceptor for the redox balance of yeast and its creation of energy through glycoly-
sis [1], while glycerol is always produced so that it can also participate in the maintenance
of the redox balance, on the one hand, and for resistance against osmotic stress, on the
other hand [29] Yeast consumption of extracellular acetaldehyde may hypothetically be
connected with hexose transporter activity. Indeed, Saccharomyces cerevisiae harbors
several hexose transporters that transport glucose and fructose through facilitated diffusion.
It has been shown that, under enological conditions, the activity of the low-affinity hexose
transport system starts to decrease when the fermenting cells are in the early stationary
phase, limiting sugar transport [49,50]. This decreased activity reduces the flux in the
earlier part of the glycolysis pathway, resulting in a lower intracellular concentration for ac-
etaldehyde, therefore enabling the consumption of extracellular acetaldehyde to regenerate
NADH (Figure 5A).

Figure 4. Correlation between the production of glycerol (A,D,G) and the organic acids succinate
(B,E,H) and α-ketoglutarate (C,F,I), with acetaldehyde synthesis for the three isothermal temperatures
(18, 24 and 30 ◦C) for strains FC9® (orange), SM102® (purple) and 7013® (green).

122



Fermentation 2023, 9, 299

Figure 5. Hypotheses regarding the biological phenomenon of acetaldehyde reconsumption
(A) through the decreased activity of hexose transporters and (B) through the principle of the
acetaldehyde–ethanol Adh3p (Ac-Et) shuttle and the importance of the amount of NADH for
yeast metabolism.

An alternative hypothesis regarding acetaldehyde consumption by yeast can be put
forward in this study. Acetaldehyde synthesis is strongly correlated with the synthesis of
TCAs, such as succinate and α-ketoglutarate, as markers of metabolism involved in the
reduction of NAD+ to mitochondrial NADH (Figure 4B,C,E,F,H,I). Such a correlation be-
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tween acetaldehyde consumption and organic acid synthesis by yeast during the stationary
phase has already been described [51] This metabolic link can be verified by considering
the acetaldehyde–ethanol shuttle that allows the exchange of mitochondrial NADH with
cytosolic NADH [52]. Coupling of the mitochondrial alcohol dehydrogenases Adh3p and
cytosolic Adh2p can be ensured by the diffusion of acetaldehyde and ethanol between the
two compartments. However, this shuttle is not functional in oenological fermentations:
if Adh3p is indeed active during fermentation, Adh2p is inactive because of repression
by glucose [53]. The action of the Adh3p enzyme with the entry of acetaldehyde into
mitochondria and the exit of ethanol from this compartment thus distorts the cytosolic
NADH/NAD+ balance: the entry of one mole of acetaldehyde into mitochondria gener-
ates a surplus of cytosolic NADH since this molecule cannot be used to form ethanol. In
order to equilibrate the cytosolic NADH/NAD+ balance, the yeast cell again consumes the
acetaldehyde previously excreted in the medium to compensate for this redox imbalance
(Figure 5B). A recent study also underlined the importance of Adh3p in the oxidization
of mitochondrial NADH to NAD+ and the central role of the major TCA-contributing
metabolites (malate, α-ketoglutarate, succinate and citrate), showing a strong correlation
between organic acid production and acetaldehyde consumption [5,54]. The production of
these acids helps maintain the mitochondrial redox balance by reducing NAD+ (produced
by Adh3p) to NADH. The evolution of accumulated and consumed acetaldehyde over time
indicates that it correlates directly with markers of interest for redox balance, thus allowing
its maintenance thanks to its role as electron acceptor.

3.4. Impact of Temperature on Acetaldehyde

Temperature can impact both (a) acetaldehyde synthesis and consumption by yeast
and (b) evaporation of this volatile molecule. However, to date, the relative contributions of
these two phenomena to the evolution kinetics of acetaldehyde concentration in the liquid
phase remain unknown.

First, high temperatures resulted in higher accumulation of acetaldehyde in the
medium (Table 1) when the maximum population was reached, as previously demon-
strated by [8]. For strain FC9®, maximum acetaldehyde concentrations varied around
27.3 mg/L at 18 ◦C versus 35.8 mg/L at 30 ◦C (p-value < 0.001). With strain SM102®, the
impact of temperature was limited, and the strain appeared to produce a similar amount
of acetaldehyde (around 40 mg/L, p-value < 0.05) regardless of the temperature chosen.
Finally, for strain 7013®, a major impact from temperature was observed, with a variation
of 31.0 mg/L at 18 ◦C versus 53.5 mg/L at 30 ◦C (p-value < 0.001). While results concerning
the levels of acetaldehyde accumulated in the medium at the end of the growth phase
remain contradictory, authors agree in considering the fermentation temperature a key
point in the production of acetaldehyde [8,16–20] and that high temperatures seem to pro-
mote high concentrations of acetaldehyde at the end of the growth phase [17], in addition
to higher cellular activity [36]. The effect of the strain on acetaldehyde production was
also highly significant (Table 1) (p-value < 0.001), with strain 7013® being the strain that
resulted in the highest accumulation of acetaldehyde. Indeed, acetaldehyde production is a
“strain-dependent” trait, which complicates comparisons with other studies [10].

A strain effect was also observed for residual acetaldehyde (Figure 6), but this time,
strain 7013® achieved the lowest final concentration. For the other two strains, final acetalde-
hyde concentrations were similar with isothermal temperature profiles, while strain FC9®

led to the lowest concentrations with anisothermal profiles. The impact of temperature on
residual acetaldehyde was different from that on accumulated acetaldehyde; indeed, high
temperatures induced a decrease in final acetaldehyde content. At 30 ◦C, the concentrations
for the three strains were around 5 mg/L in the wines compared to around 9 mg/L (Tukey
test < 0.001) at 18 ◦C. Furthermore, descending anisothermal temperature profiles (30–18 ◦C
and 24–18 ◦C) tended to resulted in lower residual acetaldehyde concentrations than the
ascending profiles (18–30 ◦C and 24–30 ◦C). Thus, an inverse correlation was observed for
all temperatures between accumulated and residual acetaldehyde concentrations.
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Table 1. Concentration of acetaldehyde accumulated in the extracellular medium at the end of the
growth phase. ANOVA statistical analysis: effect of temperature and strain.

Acetaldehyde Concentration (mg/L)

FC9® SM102® 7013®

Isothermal temperature
profiles

18 ◦C 27.3 ± 0.7 32.0 ± 0.1 31.0 ± 0.7

24 ◦C 30.9 ± 0.2 39.1 ± 0.5 37.2 ± 7.7

30 ◦C 35.8 ± 0.8 40.0 ± 1.4 53.5 ± 1.2

Anisothermal
temperature profiles

18–30 ◦C 28.2 ± 0.5 37.9 ± 1.0
30–18 ◦C 36.7 ± 0.6 40.3 ± 0.3
24–18 ◦C 29.1 ± 2.6 39.5 ± 2.1
24–30 ◦C 30.1 ± 0.5 39.4 ± 1.0

Temperature effect ANOVA
(p-value)

*** * ***

Strain effect ANOVA
(p-value)

***

(***): ANCOVA p < 0.001, (*): ANCOVA p < 0.05.

Figure 6. Residual acetaldehyde concentration at the end of alcoholic fermentation for isothermal
(A) and anisothermal (B) temperature profiles with the three yeast strains: FC9® (orange), SM102®

(purple) and 7013® (green). The letters (a, b, c) indicate homogeneous groups for acetaldehyde
contration at the 95% confidence level, as tested by Tukey’s statistical test.
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To understand the impact of temperature on acetaldehyde synthesis, various hypothe-
ses can be proposed: (a) From a biological point of view, yeast metabolic activity is lower at
low temperatures and can be correlated with lower accumulation of acetaldehyde in the
medium. Alternatively, poor cellular activity may be associated with poor consumption
of acetaldehyde by yeast, leading to high residual concentrations [8]. In contrast, it can
also result in a longer time for yeasts to consume acetaldehyde (low fermentation rate),
which is associated with low residual concentrations [8–10,19]. (b) Another situation is
when fermentation takes place at high temperatures: metabolic activity is higher with high
acetaldehyde accumulation in the medium but there is better consumption by yeast and,
thus, a lower residual concentration. Too short a fermentation duration can also reduce
the time available for yeast consumption of acetaldehyde [10], thus inducing high final
concentrations. (c) From a physical perspective, acetaldehyde evaporation at low tempera-
tures will be lower and acetaldehyde will be present in higher concentrations at the end of
fermentation. The reverse reasoning can be applied for high temperature. A question of
interest thus emerges: what is the major phenomenon—evaporation or consumption by
yeasts—involved in the decrease in acetaldehyde concentration in the liquid part during
the stationary phase? Furthermore, was the observed inverse correlation between maxi-
mum accumulated acetaldehyde and residual acetaldehyde due to a physical or biological
phenomenon? The isothermal and anisothermal temperature profiles demonstrated (a) the
effect of temperature on the evaporation of the molecule (c.f. Section 3.4.1) and (b) the im-
portance of cell activity and consumption time for acetaldehyde (c.f. Section 3.4.2). Thanks
to the online monitoring system, we could access the complete balances for acetaldehyde
production (Figure 7), and the biological phenomenon of consumption by yeasts could be
distinguished from the physical phenomenon of evaporation of the molecule.

3.4.1. Physical Effect: Evaporation

Figure 8A,B show the cumulative losses of acetaldehyde throughout the alcoholic
fermentation as a function of different temperature profiles and for two strains. Molecule
losses were enhanced with temperature increases. When fermenting at 18 ◦C, cumulative
losses were about 14.9 mg/L at the end of fermentation compared to 21.8 mg/L and
27.2 mg/L at 24 and 30 ◦C, respectively (Figure 7A,B). For the rising anisothermal profiles,
such as 18–30 ◦C and 24–30 ◦C, the progressive increase in temperature generated additional
increases in the accumulation of losses of 1.27 mg/L for the 18–30 ◦C profile and 1.94 mg/L
for 24–30 ◦C compared to the isothermal profiles at 18 and 24 ◦C, respectively. When the
temperature was lowered during the process, for the 24–18 ◦C profile, the cumulative losses
were reduced by 6.68 mg/L at the end of fermentation compared to the isothermal 24 ◦C
profile. On the other hand, different behavior was observed for the 30–18 ◦C profile. The
cumulative losses were similar to the 30 ◦C isothermal profile, with a total of 30.16 mg/L.
Since the temperature decrease was greater at 30–18 ◦C compared to 24–18 ◦C, more than
half of the fermentation occurred between 30 ◦C and 26 ◦C—i.e., above the boiling point
of acetaldehyde—and, therefore, evaporation continued to be promoted throughout the
alcoholic fermentation.

Figure 8C,D show the rates of losses for all temperature profiles. The maximum rate of
loss was systematically obtained after 20% of the fermentation process, which corresponded
with the maximum acetaldehyde produced and accumulated in the extracellular medium
when the yeast population was at its maximum, as well as with the high CO2 release rate
achieved, which necessarily influences the rate of loss. Therefore, the more acetaldehyde
was produced and accumulated at high temperatures, the more acetaldehyde was also lost
simultaneously. Using the real-time quantification of losses, online monitoring data for the
molecule made it possible to demonstrate that a part of the acetaldehyde was lost in the gas
phase through evaporation during alcoholic fermentation [7]. Then, the differences between
the physical and biological effects on the consumption of the molecule were demonstrated.
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Figure 7. The value of online monitoring, making it possible to produce and visualize complete
production balances for the two strains FC9® (A,C,E,G) and SM102® (B,D,F,H) at 18 ◦C (A,B), 30 ◦C
(C,D), 18–30 ◦C (E,F) and 30–18 ◦C (G,H). Assessments carried out during the stationary phase: the
decrease in the acetaldehyde concentration was demonstrated by the rate of decrease in the liquid
phase (mg/L/h), the rate of physical losses (mg/L/h) and the rate of consumption (mg/L/h).
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Figure 8. Monitoring of acetaldehyde in the gas phase that provides access to (A, B) cumulative losses
(mg/L) and (C,D) loss rates (mg/L/h) for all temperature profiles with the example of a fermentative
kinetics (grey) for both strains: (A,C) FC9® and (B,D) SM102®.

3.4.2. Biological Effects: Consumption by Yeast

The acetaldehyde consumption profiles in the stationary phase were visualized for
the two yeast strains used at all the different fermentation temperatures (Figure 9). The
same phenomena were observed for both strains. The yeast acetaldehyde catabolism (i.e.,
the rate of consumption) was higher at the isothermal temperature of 30 ◦C (Figure 9A,D).
For the anisothermal profiles starting at 24 ◦C (Figure 9B,E), the rate of consumption
increased simultaneously with the temperature increase (24–30 ◦C), whereas, when the
temperature was decreased, the rate of consumption was lower. For the 18–30 ◦C rising
temperature profile (Figure 9C,F), the consumption rate was stimulated and plateaus of
consumption were maintained at 0.35 mg/L/h and 0.5 mg/L/h for the FC9® and SM102®

strains, respectively, in contrast to the isothermal fermentation at 18 ◦C, for which this
rate only decreased. After 70% of the fermentation process with the FC9® strain, yeast
consumption was more than three times lower at 18 ◦C compared to that observed with
the 18–30 ◦C temperature profile.
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Figure 9. Acetaldehyde consumption rates (mg/L/h) for strains FC9® (A–C) and SM102® (D–F) with
isothermal temperature profiles (A,D):18 ◦C (green), 24 ◦C (orange) and 30 ◦C (red)and anisothermal
temperature profiles (B,C,E,F):24–18 ◦C (light orange), 24–30 ◦C (dark orange), 18–30 ◦C (dark green)
and 30–18 ◦C (dark red).

On the other hand, for the 30–18 ◦C descending profile, the consumption rate was
not slowed down by the decrease in temperature compared to the isothermal profile at
30 ◦C. Indeed, the amplitude of the temperature difference was important, as it was for
the phenomenon of losses, but since half of the fermentation occurred at a temperature
higher than 25 ◦C, yeast metabolic activity remained optimal; this also promoted efficient
consumption during half of the fermentation, amounting to between 8 and 1 mg/L/h
for the FC9® strain and between 6 and 1 mg/L/h for SM102®. After the accumulation of
extracellular acetaldehyde, at the beginning of the stationary phase, the rate of consumption
was maximal (Figure 9 and Table 2) and related to temperature: 0.68, 0.72 and 0.99 mg/L/h
for FC9®, SM102® and 7013®, respectively, at 18 ◦C compared to 7.6, 5.38 and 5.64 mg/L/h
at 30 ◦C. Therefore, there was no inhibitory effect from temperature on ADH activity,
as previously reported [55]. Thus, high temperatures enabled the promotion of cellular
activity with a better catabolism and, even when the fermentation rate was higher, the time
necessary to assimilate acetaldehyde was not a limiting factor in obtaining low residual
acetaldehyde content, in contrast to the hypothesis posed by [10]. However, acetaldehyde
assimilation is lowered by temperature decreases, which entails higher residual contents [7].

Furthermore, at high temperatures, although the yeast accumulated more acetalde-
hyde, the addition of physical evaporation and biological consumption phenomena led
to the lowest residual acetaldehyde levels. While it was the strain that produced the most
acetaldehyde at the end of the growth phase, 7013® was the least efficient in catabolizing
acetaldehyde (Table 2). The strain effect on acetaldehyde synthesis has been described as a
“strain-dependent” trait [9], but so is the strain’s ability to consume this metabolite in the
medium. These two capacities are, moreover, not correlated: a strain that produces high
amounts of acetaldehyde does not necessarily have the highest consuming capacity.

129



Fermentation 2023, 9, 299

Table 2. Maximum acetaldehyde consumption rate at the beginning of the stationary phase. ANOVA
statistical analysis: effects of temperature and strain.

Vmax of Consumption (mg/L·h−1)

FC9® SM102® 7013®

Isothermal
temperature profiles

18 ◦C 0.68 ± 0.04 0.78 ± 0.01 0.99 ± 0.04

24 ◦C 2.14 ± 0.09 2.00 ± 0.09 2.09 ± 0.06

30 ◦C 7.60 ± 0.35 5.38 ± 0.32 5.64 ± 0.07

Anisothermal
temperature profiles

18–30 ◦C 0.79 ± 0.11 0.54 ± 0.005
30–18 ◦C 7.58 ± 0.49 5.36 ± 0.45
24–18 ◦C 1.94 ± 0.05 2.90 ± 0.37
24–30 ◦C 1.42 ± 0.05 1.63 ± 0.03

Temperature effect ANOVA
(p-value)

*** *** ***

Strain effect ANOVA
(p-value)

**

(***): ANCOVA p < 0.001, (**): ANCOVA p < 0.01.

It was thus possible to compare the physical effect of evaporation and the biological ef-
fect of consumption. Maximum rates of cumulative losses (Figure 7C,D) varied between 0.2
and 2.1 mg/L/h depending on the temperature, while the maximum rates of consumption
remained between 0.7 and 7.6 mg/L/h depending on the temperature and the strain used.
Thus, the biological phenomenon of acetaldehyde consumption by yeast contributes more
significantly to the atypical kinetics of this aroma in the stationary phase than the losses
caused by the evaporation of the molecule during the process. Despite being weaker than
the biological effect, the physical effect nevertheless had a significant impact. Indeed, in the
present work, it was clearly demonstrated that the lowest residual acetaldehyde contents
were obtained at high temperatures in combination with both high yeast consumption and
high evaporation.

4. Conclusions

The primary objective of this study was to describe and analyze the evolution of ac-
etaldehyde concentration during alcoholic fermentation and to shed light on the impact of
temperature, the main parameter that manages both fermentation and acetaldehyde synthe-
sis, on the dynamics of this molecule. Thanks to new online monitoring approaches that al-
low complete acetaldehyde production balances to be developed during fermentation—and
which also allowed biological consumption to be dissociated from physical evaporation—it
was possible to gain a detailed understanding of the different phenomena involved in
the kinetics of acetaldehyde production. First of all, from a biological point of view, high
fermentation temperatures led to important production of acetaldehyde at the end of the
growth phase but also entailed better consumption of this molecule by yeast, which led to
a lower residual acetaldehyde content. In addition, physical evaporation was even more
important at high temperatures due to the low boiling point of the molecule. On the other
hand, thanks to the use of production balances, it was possible to observe that consumption
played a larger role in the decrease in acetaldehyde in the stationary phase than the physi-
cal effect of evaporation. This was corroborated by the use of anisothermal temperature
profiles, allowing us to dissociate the temperature effects from the biological and physical
phenomena. The consumption aspect being the most important in the decrease in the
acetaldehyde concentration, metabolic links could be revealed between acetaldehyde and
markers of metabolism, such as organic acids. Hypotheses were put forward regarding
the involvement of acetaldehyde consumption and the maintenance of the cellular redox
balance, but they have yet to be validated.
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Finally, from the practical point of view of the oenological industry, it was clearly
established that the use of an anisothermal profile with a downward slope, such as 30–18 ◦C,
resulted in permanent consumption of acetaldehyde; however, the aromatic aspect remains
to be studied and optimized with such a temperature process. Future work will demonstrate
the value of anisothermal temperature profiles for the synthesis of higher alcohols, acetate
esters and ethyl esters using the same experimental strategy. In addition, the aromatic
content of the lees of the corresponding wines will also be studied to report on whether
the impact of temperature is similar for the compounds retained inside the cell. However,
it can be noted that such a temperature slope is not favorable in terms of technological
aspects, resulting in longer fermentation duration and high expenses for frigories.

Author Contributions: Conceptualization, X.P., J.-R.M. and V.F.; methodology, C.G., F.M., C.P. and
M.P.; formal analysis, C.G., M.P. and A.B.; investigation, C.G., A.B. and V.F.; writing—original draft
preparation, C.G., A.B. and V.F.; writing—review and editing, C.G., X.P., J.-R.M., J.-M.S. and V.F. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: The authors would like to thank the Chemosens Plateform (CSGA, INRAE
Dijon) for the analysis of lipids, Thérèse Marlin and Martine Pradal for the analysis of amino acids
(ADEL Team, UMR SPO, INRAE Montpellier) and Mélanie Veyret (UE Pech Rouge, INRAE) for her
help with acetaldehyde assays.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, S.-Q.; Pilone, G.J. An Overview of Formation and Roles of Acetaldehyde in Winemaking with Emphasis on Microbiological
Implications. Int. J. Food Sci. Technol. 2000, 35, 49–61. [CrossRef]

2. Ochando, T.; Mouret, J.-R.; Humbert-Goffard, A.; Aguera, E.; Sablayrolles, J.-M.; Farines, V. Comprehensive Study of the Dynamic
Interaction between SO2 and Acetaldehyde during Alcoholic Fermentation. Food Res. Int. 2020, 136, 109607. [CrossRef] [PubMed]

3. Sohrabvandi, S.; Mousavi, S.M.; Razavi, S.H.; Mortazavian, A.M.; Rezaei, K. Alcohol-Free Beer: Methods of Production, Sensorial
Defects, and Healthful Effects. Food Rev. Int. 2010, 26, 335–352. [CrossRef]

4. Buttery, R.G.; Ling, L.; Guadagni, D.G. Food Volatiles. Volatilities of Aldehydes, Ketones, and Esters in Dilute Water Solution. J.
Agric. Food Chem. 1969, 17, 385–389. [CrossRef]

5. Xu, X.; Wang, J.; Bao, M.; Niu, C.; Liu, C.; Zheng, F.; Li, Y.; Li, Q. Reverse Metabolic Engineering in Lager Yeast: Impact of the
NADH/NAD+ Ratio on Acetaldehyde Production during the Brewing Process. Appl. Microbiol. Biotechnol. 2019, 103, 869–880.
[CrossRef]

6. Cheraiti, N.; Guezenec, S.; Salmon, J.-M. Very Early Acetaldehyde Production by Industrial Saccharomyces Cerevisiae Strains: A
New Intrinsic Character. Appl. Microbiol. Biotechnol. 2010, 86, 693–700. [CrossRef] [PubMed]

7. Aguera, E.; Sire, Y.; Mouret, J.-R.; Sablayrolles, J.-M.; Farines, V. Comprehensive Study of the Evolution of the Gas–Liquid
Partitioning of Acetaldehyde during Wine Alcoholic Fermentation. J. Agric. Food Chem. 2018, 66, 6170–6178. [CrossRef]

8. Jackowetz, J.N.; Dierschke, S.; Mira de Orduña, R. Multifactorial Analysis of Acetaldehyde Kinetics during Alcoholic Fermentation
by Saccharomyces Cerevisiae. Food Res. Int. 2011, 44, 310–316. [CrossRef]

9. Li, E.; Mira de Orduña Heidinger, R. Acetaldehyde Metabolism in Industrial Strains of Saccharomyces Cerevisiae Inhibited by
SO2 and Cooling during Alcoholic Fermentation. OENO One 2020, 54, 351–358. [CrossRef]

10. Li, E.; Mira de Orduña, R. Evaluation of the Acetaldehyde Production and Degradation Potential of 26 Enological Saccharomyces
and Non-Saccharomyces Yeast Strains in a Resting Cell Model System. J. Ind. Microbiol. Biotechnol. 2011, 38, 1391–1398. [CrossRef]

11. Gao, Y.-T.; Zhang, Y.-S.; Wen, X.; Song, X.-W.; Meng, D.; Li, B.-J.; Wang, M.-Y.; Tao, Y.-Q.; Zhao, H.; Guan, W.-Q.; et al. The Glycerol
and Ethanol Production Kinetics in Low-Temperature Wine Fermentation Using Saccharomyces Cerevisiae Yeast Strains. Int. J. Food
Sci. Technol. 2019, 54, 102–110. [CrossRef]

12. Ribéreau-Gayon, P.; Dubourdieu, D.; Donèche, B.; Lonvaud, A. Traité D’oenologie, Tome 1: Microbiologie Du Vin, Vinifications;
Dunod: Malakoff, France, 1998.

13. Henschke, P.A.; Jiranek, V. Yeast-Metabolism of Nitrogen Compounds; Taylor & Francis Group: New York, NY, USA, 1993.

131



Fermentation 2023, 9, 299

14. Boulton, R.B.; Singleton, V.L.; Bisson, L.F.; Kunkee, R.E. Principles and Practices of Winemaking; Springer: Boston, MA, USA, 1996;
ISBN 978-1-4613-5718-6.

15. Mouret, J.-R.; Aguera, E.; Perez, M.; Farines, V.; Sablayrolles, J.-M. Study of Oenological Fermentation: Which Strategy and Which
Tools? Fermentation 2021, 7, 155. [CrossRef]

16. Amerine, M.; Ough, C. Studies with Controlled Fermentation. VIII. Factors Affecting Aldehyde Accumulation. Am. J. Enol. Vitic.
1964, 15, 23–33.

17. Bosso, A.; Guaita, M. Study of Some Factors Involved in Ethanal Production during Alcoholic Fermentation. Eur. Food Res.
Technol. 2008, 227, 911–917. [CrossRef]

18. Li, E.; Mira de Orduña, R. Acetaldehyde Kinetics of Enological Yeast during Alcoholic Fermentation in Grape Must. J. Ind.
Microbiol. Biotechnol. 2017, 44, 229–236. [CrossRef]

19. Romano, P.; Suzzi, G.; Turbanti, L.; Polsinelli, M. Acetaldehyde Production in Saccharomyces Cerevisiae Wine Yeasts. FEMS
Microbiol. Lett. 1994, 118, 213–218. [CrossRef] [PubMed]

20. Torija, M. Effects of Fermentation Temperature on the Strain Population of Saccharomyces Cerevisiae. Int. J. Food Microbiol. 2003,
80, 47–53. [CrossRef]

21. Colombié, S.; Malherbe, S.; Sablayrolles, J.-M. Modeling of Heat Transfer in Tanks during Wine-Making Fermentation. Food
Control 2007, 18, 953–960. [CrossRef]

22. Casalta, E.; Salmon, J.-M.; Picou, C.; Sablayrolles, J.-M. Grape Solids: Lipid Composition and Role during Alcoholic Fermentation
under Enological Conditions. Am. J. Enol Vitic. 2019, 70, 147–154. [CrossRef]

23. Crépin, L.; Nidelet, T.; Sanchez, I.; Dequin, S.; Camarasa, C. Sequential Use of Nitrogen Compounds by Saccharomyces Cerevisiae
during Wine Fermentation: A Model Based on Kinetic and Regulation Characteristics of Nitrogen Permeases. Appl. Environ.
Microbiol. 2012, 78, 8102–8111. [CrossRef]

24. Sablayrolles, J.M. Control of Alcoholic Fermentation in Winemaking: Current Situation and Prospect. Food Res. Int. 2009, 42,
418–424. [CrossRef]

25. Sablayrolles, J.M.; Ball, C.B. Fermentation Kinetics and the Production of Volatiles During Alcoholic Fermentation. J. Am. Soc.
Brew. Chem. 1995, 53, 72–78. [CrossRef]

26. Sablayrolles, J.-M.; Barre, P. Kinetics of Alcoholic Fermentation Under Anisothermal Enological Conditions. I. Influence of
Temperature Evolution on the Instantaneous Rate of Fermentation. Am. J. Enol. Vitic. 1993, 44, 127–133. [CrossRef]

27. Remize, F.; Roustan, J.L.; Sablayrolles, J.M.; Barre, P.; Dequin, S. Glycerol Overproduction by Engineered Saccharomyces
Cerevisiae Wine Yeast Strains Leads to Substantial Changes in By-Product Formation and to a Stimulation of Fermentation Rate
in Stationary Phase. Appl. Environ. Microbiol. 1999, 65, 143–149. [CrossRef] [PubMed]

28. Van Dijken, J.P.; Scheffers, W.A. Redox Balances in the Metabolism of Sugars by Yeasts. FEMS Microbiol Rev. 1986, 1, 199–224.
[CrossRef]

29. Roustan, J.L.; Sablayrolles, J.-M. Modification of the Acetaldehyde Concentration during Alcoholic Fermentation and Effects on
Fermentation Kinetics. J. Biosci. Bioeng. 2002, 93, 367–375. [CrossRef] [PubMed]

30. Deroite, A.; Legras, J.-L.; Rigou, P.; Ortiz-Julien, A.; Dequin, S. Lipids Modulate Acetic Acid and Thiol Final Concentrations
in Wine during Fermentation by Saccharomyces Cerevisiae × Saccharomyces Kudriavzevii Hybrids. AMB Expr. 2018, 8, 130.
[CrossRef] [PubMed]

31. Guittin, C.; Maçna, F.; Sanchez, I.; Barreau, A.; Poitou, X.; Sablayrolles, J.-M.; Mouret, J.-R.; Farines, V. The Impact of Must
Nutrients and Yeast Strain on the Aromatic Quality of Wines for Cognac Distillation. Fermentation 2022, 8, 51. [CrossRef]

32. Guittin, C.; Maçna, F.; Sanchez, I.; Poitou, X.; Sablayrolles, J.-M.; Mouret, J.-R.; Farines, V. Impact of High Lipid Contents on
the Production of Fermentative Aromas during White Wine Fermentation. Appl. Microbiol. Biotechnol. 2021, 105, 6435–6449.
[CrossRef] [PubMed]

33. Scanes, K.T.; Hohrnann, S.; Prior, B.A. Glycerol Production by the Yeast Saccharomyces Cerevisiae and Its Relevance to Wine: A
Review. SAJEV 2017, 19, 17–24. [CrossRef]

34. Gancedo, J.M. The Early Steps of Glucose Signalling in Yeast. FEMS Microbiol. Rev. 2008, 32, 673–704. [CrossRef] [PubMed]
35. Gombert, A.K.; dos Santos, M.M.; Christensen, B.; Nielsen, J. Network Identification and Flux Quantification in the Central

Metabolism of Saccharomyces Cerevisiae under Different Conditions of Glucose Repression. J. Bacteriol. 2001, 183, 1441–1451.
[CrossRef]

36. Bely, M.; Sablayrolles, J.M.; Barre, P. Automatic Detection of Assimilable Nitrogen Deficiencies during Alcoholic Fermentation in
Oenological Conditions. J. Ferment. Bioeng. 1990, 70, 246–252. [CrossRef]

37. Malherbe, S.; Fromion, V.; Hilgert, N.; Sablayrolles, J.-M. Modeling the Effects of Assimilable Nitrogen and Temperature on
Fermentation Kinetics in Enological Conditions. Biotechnol. Bioeng. 2004, 86, 261–272. [CrossRef]

38. Rollero, S.; Bloem, A.; Camarasa, C.; Sanchez, I.; Ortiz-Julien, A.; Sablayrolles, J.-M.; Dequin, S.; Mouret, J.-R. Combined Effects of
Nutrients and Temperature on the Production of Fermentative Aromas by Saccharomyces Cerevisiae during Wine Fermentation.
Appl. Microbiol. Biotechnol. 2015, 99, 2291–2304. [CrossRef]

39. Godillot, J.; Sanchez, I.; Perez, M.; Picou, C.; Galeote, V.; Sablayrolles, J.-M.; Farines, V.; Mouret, J.-R. The Timing of Nitrogen
Addition Impacts Yeast Genes Expression and the Production of Aroma Compounds During Wine Fermentation. Front. Microbiol.
2022, 13, 829786. [CrossRef] [PubMed]

132



Fermentation 2023, 9, 299

40. Ljungdahl, P.O.; Daignan-Fornier, B. Regulation of Amino Acid, Nucleotide, and Phosphate Metabolism in Saccharomyces
Cerevisiae. Genetics 2012, 190, 885–929. [CrossRef] [PubMed]

41. Whiting, G.C. Organic acid metabolism of yeasts during fermentation of alcoholic beverages-a review. J. Inst. Brew. 1976, 82,
84–92. [CrossRef]

42. Thoukis, G.; Ueda, M.; Wright, D. The Formation of Succinic Acid during Alcoholic Fermentation. Am. J. Enol. Vitic. 1965, 16, 1–8.
43. Camarasa, C.; Grivet, J.-P.; Dequin, S. Investigation by 13C-NMR and Tricarboxylic Acid (TCA) Deletion Mutant Analysis

of Pathways for Succinate Formation in Saccharomyces Cerevisiae during Anaerobic Fermentation. Microbiology 2003, 149,
2669–2678. [CrossRef] [PubMed]

44. Pronk, J.T. Pyruvate Metabolism in Saccharomyces Cerevisiae. Yeast 1996, 12, 1607–1633. [CrossRef]
45. Saint-Prix, F.; Bönquist, L.; Dequin, S. Functional Analysis of the ALD Gene Family of Saccharomyces Cerevisiae during Anaerobic

Growth on Glucose: The NADP+-Dependent Ald6p and Ald5p Isoforms Play a Major Role in Acetate Formation. Microbiology
2004, 150, 2209–2220. [CrossRef]

46. Beltran, G.; Novo, M.; Guillamón, J.M.; Mas, A.; Rozès, N. Effect of Fermentation Temperature and Culture Media on the Yeast
Lipid Composition and Wine Volatile Compounds. Int. J. Food Microbiol. 2008, 121, 169–177. [CrossRef] [PubMed]

47. Llaurado, J.; Rozes, N.; Bobet, R.; Mas, A.; Constanti, M. Low Temperature Alcoholic Fermentations in High Sugar Concentration
Grape Musts. J. Food Sci. 2002, 67, 268–273. [CrossRef]

48. Neuberg, C.; Hirsch, J. Uber Den Verlauf Der Alkoholischen Garung Bei Alkalischer Reaktion: II. Garung Mit Lebender Hefe in
Alkalischen Lösungen. Biochem. Z 1919, 96, 175–202.

49. Salmon, J.M. Effect of Sugar Transport Inactivation in Saccharomyces Cerevisiae on Sluggish and Stuck Enological Fermentations.
Appl. Environ. Microbiol. 1989, 55, 953–958. [CrossRef]

50. Salmon, J.M.; Vincent, O.; Mauricio, J.C.; Bely, M.; Barre, P. Sugar Transport Inhibition and Apparent Loss of Activity in
Saccharomyces Cerevisiae as a Major Limiting Factor of Enological Fermentations. Am. J. Enol. Vitic. 1993, 44, 56–64. [CrossRef]

51. Roustan, J.L.; Sablayrolles, J.M. Impact of the Addition of Electron Acceptors on the By-Products of Alcoholic Fermentation.
Enzym. Microb. Technol. 2002, 31, 142–152. [CrossRef]

52. Bakker, B.M.; Bro, C.; Kötter, P.; Luttik, M.A.H.; van Dijken, J.P.; Pronk, J.T. The Mitochondrial Alcohol Dehydrogenase Adh3p Is
Involved in a Redox Shuttle in Saccharomyces Cerevisiae. J. Bacteriol. 2000, 182, 4730–4737. [CrossRef]

53. Ciriacy, M. Genetics of Alcohol Dehydrogenase InSaccharomyces Cerevisiac. Molec. Gen. Genet. 1975, 138, 157–164. [CrossRef]
[PubMed]

54. Xu, X.; Niu, C.; Liu, C.; Li, Q. Unraveling the Mechanisms for Low-Level Acetaldehyde Production during Alcoholic Fermentation
in Saccharomyces Pastorianus Lager Yeast. J. Agric. Food Chem. 2019, 67, 2020–2027. [CrossRef] [PubMed]

55. Lutstorf, U.; Megnet, R. Multiple Forms of Alcohol Dehydrogenase in S. Cerevisiae. I. Physiological Control of ADH-2 and
Properties of ADH-2 and ADH-4. Arch. Biochem. Biophys. 1968, 126, 933–944. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

133



Citation: Agarbati, A.; Canonico, L.;

Ciani, M.; Comitini, F. Metschnikowia

pulcherrima in Cold Clarification:

Biocontrol Activity and Aroma

Enhancement in Verdicchio Wine.

Fermentation 2023, 9, 302.

https://doi.org/10.3390/

fermentation9030302

Academic Editor: Niel Van Wyk

Received: 27 February 2023

Revised: 13 March 2023

Accepted: 18 March 2023

Published: 20 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fermentation

Article

Metschnikowia pulcherrima in Cold Clarification: Biocontrol
Activity and Aroma Enhancement in Verdicchio Wine

Alice Agarbati, Laura Canonico, Maurizio Ciani * and Francesca Comitini *

Department of Life and Environmental Sciences, Polytechnic University of Marche, Via Brecce Bianche,
60131 Ancona, Italy
* Correspondence: m.ciani@univpm.it (M.C.); f.comitini@univpm.it (F.C.)

Abstract: Non-Saccharomyces wine yeasts are not only proposed to improve the sensory profile of wine
but also for several distinctive promising features. Among them, biocontrol action at different steps
of the wine production chain could be a suitable strategy to reduce the use of sulfur dioxide. In this
work, the activity of a selected strain of Metschnikowia pulcherrima was evaluated as inoculum in cold
clarification with the aim to reduce SO2 and improve the aromatic profile of the wine. Fermentation
processes were carried out at the winery level for two consecutive vintages using a pied de cuve as the
starter inoculum coming from indigenous Saccharomyces cerevisiae strains. M. pulcherrima revealed an
effective bio-protectant action during the pre-fermentative stage even if the timely and appropriate
starter inoculum in the two years permitted the effective control of wild yeasts during the fermentation
also in the control trials. In general, the main oenological characters did not show differences if
compared with an un-inoculated trial, while the inoculum of M. pucherrima in cold clarification
determined an enhancement of ethyl hexanoate, isobutanol, acetaldehyde, and geraniol even if they
are considered in different amounts for each year. Indeed, the analytical and sensory profiles of wines
were also influenced by the vintage and variation pied the cuve population. Nonetheless, the overall
results indicated that M. pulcherrima led to biocontrol action and an improvement of the aromatic and
sensory profile of the wine.

Keywords: Metschnikowia pulcherrima; bioprotectant; aroma profile; Verdicchio wine; winery level

1. Introduction

Wine consumers are increasingly attentive to the diversification of distinctive styles
but also to the negative impact that chemical preservatives have on human health [1]. In
the wine industry, the most common chemical additive is sulphur dioxide (SO2). This
additive is considered an essential tool for winemakers due to its low-cost and its combined
antioxidant and antimicrobial properties against a wide spectrum of microorganisms [2].
SO2 is used to decrease undesirable microorganisms, reduce the oxidation of phenolic
compounds, and improve the quality and the shelf life of wine during the various stages
of the wine production [3]. Sulfites pose a problem for human health, especially for
sensitive consumers [4]. Sulphur dioxide is related to headaches, allergic reactions, and
breathing difficulties in asthma patients. For these reasons, the use of this additive is
strictly controlled by European Union legislation and reductions in all food and beverages
products are required.

Several technological approaches were proposed to control wine spoilage microorgan-
isms [5], even if a definitive substitute for SO2 has not been proposed, especially for wines
stored for a long time. In recent years, the use of microorganisms as bioprotective agents or
their antimicrobial products was extensively investigated particularly at the prefermenta-
tive stage [6–8]. Currently, species such as Metschnikowia pulcherrima, Torulaspora delbrueckii,
and Lachancea thermotolerans are the most applied in wine protection [9]. This strategy is
based on the inoculum of viable antagonist microorganisms or their antimicrobial products
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during, at the end, or after the wine fermentation [10–12]. In wine making, bio-protectant
strains can be a useful tool to reduce or replace sulfite addition [8,13,14].

In recent years, the increased number of studies has led to a better understanding of
the impact of mixed fermentation on overall wine quality. Among non-Saccharomyces yeast,
M. pulcherrima was one of the most investigated species for its positive contribution to wine
making, both as a bio-protectant agent and owing to its effect on analytical and sensory
wine traits [15–17]. M. pulcherrima is a well-characterized species for several positive
aspects of wine making. Indeed, its metabolic characteristics are the synthesis of secondary
metabolites to improve the volatile profile of the wine and act as a biocontrol agent. In
mixed fermentation, M. pulcherrima led to a reduction of ethyl acetate compound, favoring
the formation of 2-phenylethyl acetate, an increase of acetate esters, β-damascenone, and
higher alcohols, particularly isobutanol and 2-phenyl ethanol [18,19]. The action of M.
pulcherrima manifests as a biocontrol agent due to the production of pulcherrimin, a red
pigment with antifungal activity [14] that exhibited wide antimicrobial activity against
yeasts such as the Candida, Brettanomyces/Dekkera, Hanseniaspora, and Pichia genera as well
as filamentous fungi such as the Botrytis, Penicillium, Alternaria, and Monilia genera [20–23].

In this work a selected M. pulcherrima strain previously characterized for its antimi-
crobial activity [24] was inoculated at cold clarification stage under winery condition for
two consecutive vintages. The impact of M. pulcherrima toward the wild yeasts and the
contribution on the aroma and sensory profile of wine was evaluated.

2. Materials and Methods

2.1. Fermentation Trials at the Winery Level
2.1.1. M. pulcherrima Biomass Production

The biomass of the M. pulcherrima selected strain was obtained from pre-cultures in
a modified YPD medium (0.5% yeast extract, 0.1% peptone and 2% glucose) and grown
for 48 h at 25 ◦C in an orbital shaker (150 rpm). After this, each pre-culture was used
to inoculate a 2 L bench-top bioreactor (Biostat® C; B. Braun Biotech Int., Goettingen,
Germany) containing 25 L of modified YPD medium with airflow (1 L/L/min). A feed
batch process was used for biomass production. Biomass was collected by centrifugation,
washed three times with sterile distilled water, and inoculated at a 1 × 106 cell/mL initial
concentration on grape juice in cold clarification. This value was determined using the
Thoma-Zeiss counting chamber.

2.1.2. Preparation of Pied de Cuve

In total, 100 kg of undamaged grapes were harvested and soft pneumatic pressed.
Thus, the grape juice obtained was subjected to a clarification (10 ◦C for 24 h) with the
addition of enzymes and bentonite (MICROCOL® ALPHA, Laffort) without the addition
of SO2. The clarified grape juice was then separated and left to ferment for two days. After
this period, 15 mL/L SO2 was added and the pied de cuve was thus prepared and used to
inoculate the steel vessel of the trials.

2.1.3. Inoculation at Cold Clarification Stage and Fermentation

The fermentation trials were carried out for two consecutive vintages (2021–2022).
The main analytical parameters of the Verdicchio grape juice used in 2021 were the initial
sugar content 265 g/L, pH 3.09, total acidity 5.17 g/L, and yeast assimilable nitrogen
(YAN) content 9 mgN/L. In 2022, the main analytical parameters were initial sugar content
270 g/L, pH 3.11, total acidity 5.17 g/L, and yeast assimilable nitrogen (YAN) content
2 mgN/L.

In each vintage, a lot of grape juice (26 hL) was divided into two lots of Verdicchio
grape juice to fill two vats of 15 hL. One steel vessel was inoculated with 1 × 106 cell/mL
of M. pulcherrima and maintained at 10 ◦C for 24 h in cold static clarification. The other
batch was maintained at the same condition without the inoculum of M. pulcherrima as a
controlled trial. After 24 h of cold static clarification, the YAN was adjusted to 250 mgN/L

135



Fermentation 2023, 9, 302

by the addition of diammonium phosphate and yeast derivative (Genesis Lift® Oenofrance,
Bordeaux, France). After this time, the two batches were inoculated with the same pied de
cuve previously prepared.

2.2. Biomass Evolution

Samples during fermentation were collected to evaluate biomass evolution. A viable
cell count was carried out using lysine agar medium (Oxoid, Hampshire, UK) as a selective
medium and WL nutrient agar medium (Oxoid, Hampshire, UK) for the detection of colony
diversity. The plates were incubated at 25 ◦C for 48–72 h. The detection and enumeration
of inoculated and wild yeasts were evaluated to combine the results of lysine agar, and the
analysis of macro- and micro-morphological colonies in WL nutrient agar medium.

2.3. Saccharomyces cerevisiae Typing

Based on the micro- and macro-morphology of the colonies, presumptive S. cere-
visiae pure cultures derived from pied de cuves and samples from 2/3 of respective inoc-
ulated fermentations were isolated. DNA was extracted at 95 ◦C for 10 min, and then it
was amplified by PCR using the primers ITS1 (5′-TCCGTAGGTGAACCTCGCG-3′) and
ITS4 (5′-TCCTCCGCTTTATTGATATGC-3′) following the procedure reported by Agar-
bati et al. [25]. A total of 74 strains obtained from the two years were then subjected to
genotyping using pairs delta12/21 (delta12: 5′-TCAACAATGGAATCCCAAC-3′; delta21:
5′-CATCTTAACACCGTATATGA-3′) and were used for interdelta sequence analyses, as
described by Legras and Karst [26]. The amplification was performed as per the following
program: 3 min at 95 ◦C; followed by 25 s at 94 ◦C, 30 s at 45 ◦C, and 90 s at 72 ◦C for
9 cycles; and 25 s at 94 ◦C, 30 s at 50 ◦C, and 90 s at 72 ◦C for 21 cycles and a final extension
at 72 ◦C for 10 min.

2.4. Analytical Procedures

The Official European Union Methods (2000) were used to determine the total acidity,
volatile acidity, pH, and ethanol content. Enzymatic kits (Megazyme International Ireland)
were utilized to determine glucose and fructose (K-FRUGL) and malic acid (K-DMAL)
following the manufacturer procedures, while the ammonium content was determined
using a specific enzymatic kit (kit no. 112732; Roche Diagnostics, Germany) and the free α-
amino acids were evaluated following Dukes and Butzke protocol [27]. Acetaldehyde, ethyl
acetate, n-propanol, isobutanol, amyl and isoamyl alcohols, and acetoin were quantified by
direct injection into a gas chromatography system (GC-2014; Shimadzu, Kyoto, Japan). Each
sample was prepared and analyzed as reported by Canonico et al. [28]. The volatile com-
pounds were determined by the solid phase microextraction (HS-SPME) method, preparing
the sample as follows: 5 mL of wine was placed into a vial, 1 g of NaCl and 3-octanol as
the internal standard (1.6 mg/L) were added, and the vial was closed with a septum-type
cap and placed on a magnetic stirrer for 10 min at 25 ◦C. Then, the sample was heated
to 40 ◦C and extracted with a fiber Divinylbenzene/Carboxen/Polydimethylsiloxane
(DVB/CAR/PDMS) for 30 min by insertion into the vial headspace. The compounds
were desorbed by inserting the fiber into a Shimadzu gas chromatograph GC injector, in
split–splitless modes following the procedure reported by Canonico et al. [29]. The glass
capillary column used was 0.25 μm Supelcowax 10, length 60 m, and internal diameter
0.32 mm.

2.5. Sensory Analysis

At the end of the fermentation, the wines were decanted and after three months, were
transferred into filled 750 mL bottles, closed with the crown cap, and maintained at 4 ◦C
until sensory analysis. After this period of refinement, they were subjected to sensory
evaluation. A group of 15 testers, 10 males and 5 females aged 25–45 years (80% expert and
20% non-expert), used a score scale of 1 to 10, where 10 was the score that quantitatively
represented the best judgment (maximum satisfaction) and 1 was the score to be attributed

136



Fermentation 2023, 9, 302

in case of poor satisfaction. The expert testers were composed of oenologists, sommeliers,
and wine producers.

2.6. Data Analyses

The analysis of variance (ANOVA) using the statistical software package JMP 11®

(statistical discovery from SAS, New York, NY, USA) was used to process all experimental
data. The averages obtained were processed significant differences between the averaged
data and were determined using the Duncan test. The experimental data were significant
with associated p-values < 0.05. The results of the sensory analysis were also subjected to
Fisher ANOVA to determine the significant differences with a p-value < 0.05.

3. Results

3.1. Effect of M. pulcherrima Addition in Cold Clarification

The results of the viable wild yeasts (WY) population before and after cold clarification
with and without M. pulcherrima are reported in Figure 1a,b. Vintages from 2021 (a) and
2022 (b) were considered. In the first year, the initial wild yeast population in grape juice
was about 105 CFU/mL in both trials. Without the use of M. pulcherrima there was an
increase of about one log CFU/mL, while the inoculated trial showed a containment of the
wild yeast population, which remained almost constant.

(a) 

(b) 

Figure 1. Effect of M. pulcherrima addition in cold clarification on wild yeasts (WY) in comparison

with control fermentation: (a) 2021 vintage and (b) 2022 vintage. before clarification;  after
clarification. Data (n = 3) are the means ± standard deviation. Data with different superscript letters
(a,b,c) are significantly different (Duncan tests; p < 0.05).
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During the 2022 vintage (Figure 1b), although the wild population was quantita-
tively comparable to that of the first year, a significant reduction of WY was shown in
both trials with and without the inoculation of M. pulcherrima (a reduction of WY of c.a.
0.6 Log CFU/mL and 0.3 Log CFU/mL, respectively). The major containment of WY in
the 2022 vintage could also be explained by the presence of wild M. pulcherrima (about
104 cell/mL) in grape juice.

3.2. Pied de Cuve Inoculum and S. cerevisiae Strains Typing

The two lots of clarified grape juice in both vintages (2021–2022) were inoculated with
pied de cuves coming from spontaneous fermentation described in the material and methods
section. Both pied de cuves before the inoculum of vats showed the exclusive presence of
S. cerevisiae with a viable cell count of 5 × 108 cell/mL. The results of the characterization at
the strain level of S. cerevisiae population are reported in Table 1. Biotyping results revealed
the presence of a total of nine different profiles. The biotypes present in the pied de cuves
almost dominated the fermentation processes with 90% and 58.3% in the 2021 vintage
control and inoculated M. pulcherrima trials, respectively, (biotypes I, II, III, and IV) and
60% and 50% in the 2022 vintage control and inoculated M. pulcherrima trials, respectively
(biotypes II, III, and VIII). Interestingly, 65% of the S. cerevisiae population showed the same
biotype profile (biotypes I, II, and III) contributing to both 2021 and 2022 vintages.

Table 1. S. cerevisiae biotypes found in the spontaneous fermentation of pied de cuves and in the
fermentation processes.

2021 2022

Pied de cuve

Byotype % n. Strains Byotype % Strains

I 12.5 2 II 67.0 12
II 37.5 6 III 11.0 2
III 12.5 2 VII 11.0 2
IV 12.5 2 VIII 11.0 2
V 25.0 4 - - -

Fermentation
control

VI 10.0 1 II 40.0 4
I 20.0 2 III - -
II 30.0 3 VIII 20.0 2
III - - I 20.0 2
IV 40.0 4 IX 20.0 2

M.
pulcherrima
in cold clar-

ification

VI 42.0 5 I 50.0 4
I 17.0 2 II 50.0 4
II 17.0 2 III - -
III 8.0 1 - - -
IV 17.0 2 - -

3.3. Biomass Evolution and Saccharomyces cerevisiae Characterization

The biomass evolution after 24 h of cold clarification and the inoculum of pied de
cuve in the vintage 2021 is reported in Figure 2a. The S. cerevisiae evolution in the two
fermentations showed a similar trend, therefore the presence of M. pulcherrima did not affect
the development of S. cerevisiae. The initial cell concentration was 106 cell/mL, achieving
the maximum of growth kinetics at the 5th day of fermentation to remain constant until
the end of fermentation. WY in both fermentations exhibited a similar trend: they started
with the different amounts found in Figure 1 and disappeared at the 4th of fermentation.
After cold clarification, the inoculated M. pulcherrima maintained a cell concentration of
103 cell/mL until the 8th day and then disappeared on the 12th day. The growth kinetics of
trials of the vintage 2022 are reported in Figure 2b. The biomass evolution of S. cerevisiae
also showed a similar trend to the vintage 2022, although there was a more abundant
inoculum (107 cell/mL) achieving the maximum biomass on the 3rd day of fermentation
(108 cell/mL) to remain constant at the end of fermentation. Regarding wild yeast evolution,
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the two fermentations did not show differences in terms of the cell concentration. The
overall results indicated that an adequate starter inoculum is also relevant in the control of
WY with and without M. pulcherrima.

(a) 

(b) 

Figure 2. Growth kinetics of the yeasts population in both (a) 2021 vintage and (b) 2022
vintage wines.  S. cerevisiae in the control trial; S. cerevisiae in M. pulcherrima cold clarification;

 WY in the control trial;  WY in M. pulcherrima cold clarification; MM. pulcherrima
biomass in the trial with M. pulcherrima cold clarification.

3.4. Main Oenological Characters of Wine

The results of the main analytical characters of wines obtained in 2021 and 2022 are
shown in Table 2. The presence of M. pulcherrima during cold clarification did not generally
significantly affect the main parameters analyzed in both vintages 2021 and 2022. Indeed,
the resulting wines coming from the two vintages exhibited a similar analytical profile. The
only exception was the residual sugar content: the vintage 2021 was significantly higher in
the control trial, while in 2022 the data showed an opposite result. Even comparing the
wines in the two vintages, the results did not show any differences, except for the higher
volatile acidity value in both fermentations in the 2021 vintage.

139



Fermentation 2023, 9, 302

Table 2. The main analytical characteristics of resulting wine coming from 2021 and 2022 vintages.

M. pulcherrima in Cold
Clarification (2021)

Control Trial (2021)
M. pulcherrima in Cold

Clarification (2022)
Control Trial (2022)

Ethanol %v/v 15.05 ± 0.02 a 14.49 ± 0.01 b 14.81 ± 0.15 a 15.08 ± 0.02 a

Total acidity (g/L
tartaric acid) 6.26 ± 0.09 a 6.52 ± 0.01 a 7.56 ± 0.12 a 7.84 ± 0.14 a

Sugar residue (g/L) 3.7 ± 0.02 b 14.0 ± 0.03 a 6.6 ± 0.7 a 1.5 ± 0.1 b

pH 3.28 ± 0.02 a 3.25 ± 0.00 a 3.08 ± 0.00 a 3.09 ± 0.00 a

Volatile acidity (g/L
acetic acid) 0.64 ± 0.01 a 0.56 ± 0.02 b 0.34 ± 0.02 a 0.36 ± 0.03 a

Total SO2 (mg/L) 25 ± 0.9 a 26 ± 0.8 a 21 ± 0.9 a 21 ± 0.9 a

Malic acid (g/L) 0.55 ± 0.03 a 0.49 ± 0.02 a 0.54 ± 0.05 a 0.55 ± 0.05 a

Ethanol yield (g/g) 0.45 ± 0.07 a 0.45 ± 0.06 a 0.44 ± 0.09 a 0.44 ± 0.09 a

Data (n = 3) are the means ± standard deviation. Data with different superscript letters (a,b) within each row and
vintage are significantly different (Duncan tests; p < 0.05).

3.5. Volatile Compounds of Wine

The resulting volatile compounds of vintage wines coming from 2021 and 2022 are
reported in Table 3. The inoculation of M. pulcherrima at the start of cold clarification
generally led to wine with a different volatile profile. Indeed, a significant increase in ethyl
hexanoate with relevant high OAV values in comparison with the control was observed.
Moreover, the trials with M. pulcherrima exhibited a significant increase in monoterpenes
content, in particular with respect to geraniol and nerol (1.5 OAV), and two higher alcohols
(n-propanol and isobutanol) in comparison with control trials. The results showed a
significant increase in the acetaldehyde content with M. pulcherrima but within the limits of
the negative threshold. On the contrary, the control trial exhibited a significant increase in
the isoamyl acetate and β-phenyl ethanol.

Table 3. The main by-products and volatile compounds in final wines during two vintages 2021–2022.

M. pulcherrima
in Cold

Clarification

2021

OAV

(Odor

Activity

Value)

Control Trial

2021

OAV

(Odor Activity

Value)

M. pulcherrima
in Cold

Clarification

2022

OAV

(Odor

Activity

Value)

Control Trial

2022

OAV

(Odor

Activity

Value)

Esters (mg/L)

Ethyl butyrate 0.13 ± 0.014 a 0.325 0.13 ± 0.00 a 0.325 0.187 ± 0.007 a 0.467 0.148 ± 0.006 b 0.445

Ethyl acetate 35.75 ± 0.41 a 2.97 35.55 ± 0.36 a 2.96 30.12 ± 0.18 b 2.51 31.91 ± 0.35 a 2.65

Phenyl ethyl
acetate

0.89 ± 0.042 a 12.19 0.88 ± 0.034 a 12.05 0.821 ± 0.032 a 11.24 0.773 ± 0.045 a 10.58

Ethyl
hexanoate

1.80 ± 0.121 a 22.5 0.63 ± 0.142 b 7.87 1.470 ± 0.050 a 18.37 0.612 ± 0.043 b 7.65

Ethyl
octanoate

0.00 ± 0.00 a 0 0.00 ± 0.00 a 0 0.002 ± 0.000 a 0.003 0.003 ± 0.001 a 0.005

Isoamyl
acetate

1.27 ± 0.026 b 7.93 2.22 ± 0.147 a 13.87 1.484 ± 0.112 a 9.27 1.404 ± 0.024 a 8.77

Alcohols

(mg/L)

n- propanol 30.88 ± 0.36 a 0.100 26.08 ± 0.13 b 0.08 36.44 ± 4.92 a 0.119 31.64 ± 0.05 a 0.103

Isobutanol 20.48 ± 0.29 a 0.512 18.30 ± 0.10 b 0.45 14.09 ± 0.34 a 2.83 11.41 ± 0.24 b 0.285

Amyl alcohol 13.00 ± 0.55 a 0.203 11.69 ± 0.41 a 0.18 10.03 ± 0.29 a 0.156 8.64 ± 0.48 a 0.135

Isoamyl
alcohol

113.94 ± 0.05 a 1.89 114.16 ± 0.24 a 1.90 89.94 ± 0.12 a 1.49 80.95 ± 0.52 b 1.34

β-Phenyl
Ethanol

55.9 ± 0.130 b 3.99 64.5 ± 0.152 a 4.60 14.01 ± 0.022 a 1 13.32 ± 0.045 a 0.951
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Table 3. Cont.

M. pulcherrima
in Cold

Clarification

2021

OAV

(Odor

Activity

Value)

Control Trial

2021

OAV

(Odor Activity

Value)

M. pulcherrima
in Cold

Clarification

2022

OAV

(Odor

Activity

Value)

Control Trial

2022

OAV

(Odor

Activity

Value)

Carbonyl

Compounds

(mg/L)

Acetaldehyde 63.16 ± 0.28 a 126.32 25.35 ± 0.37 b 70 22.39 ± 0.59 a 44.78 16.57 ± 0.1 b 33.14

Monoterpenes

(mg/L)

Linalool 0.015 ± 0.001 a 0.60 0.012 ± 0.002 a 0.48 0.010 ± 0.00 a 0.40 0.009 ± 0.00 a 0.36

Geraniol 0.010 ± 0.002 a 0.33 0.002 ± 0.000 b 0.06 0.016 ± 0.00 a 0.53 0.005 ± 0.001 b 0.17

Nerol 0.023 ± 0.001 a 1.53 0.005 ± 0.000 b 0.33 0.001 ± 0.000 a 0.06 0.001 ± 0.00 a 0.06

Data (n = 3) are the means ± standard deviation. Data with different superscript letters (a,b) within each row and
vintage are significantly different (Duncan tests; p < 0.05).

The other volatile compounds did not show significant differences. The results of the
wines coming from 2022 vintages showed an enhancement of ethyl butyrate and ethyl
hexanoate content in the presence of M. pulcherrima, while control trials showed a significant
increase in the ethyl acetate content.

Considering the two vintages, the results confirmed that the use of M. pulcherrima in
cold clarification affected the volatile compounds in terms of the terpens, alcohols, and
some esters compounds.

The main volatile compounds of the vintage wines obtained from 2021 and 2022 with
and without the inoculum of M. pulcherrima were elaborated using the Principal Component
Analysis (PCA). The total variance explained was 86.6% (PC1 = 66.0%;
PC 2 = 26.6%). Figure 3 reports the distribution of fermentations to assess the effect
of the yeast and the vintage in the function of the volatile compounds. The fermentation
trials were in four different quadrants: PC1 distinguished the trials on the base of the
vintage while PC 2 separated the trials in the function of the presence of M. pulcherrima
during the cold clarification stage. The production of ethyl hexanoate and geraniol is
characterized more specifically by the M. pulcherrima metabolism of volatile compounds
imparting a specific aromatic imprint to the wine.

Figure 3. Principal component analysis of the main volatile compounds in wine coming from two
consecutive vintages. The variance explained by principal component analysis (PCA) is PC 1 66%
X-axis and PC 2 26.6% Y-axis.
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3.6. Sensory Analysis

To evaluate the impact of M. pulcherrima inoculated in cold clarification on the aroma
complexity, the final wines were subjected to sensory analysis. The sensory analysis of
wines obtained by the 2021vintage are reported in Figure 4a. The results highlighted a
positive judgement of testers regarding each wine, characterized by specific aromatic notes
and without defects. The final wine from the control trial exhibited a more pronounced
persistence and bitterness. The use of M. pulcherrima led to wines with emphasized notes
of tropical fruits, sweetness, and more structure. No significant differences were shown
regarding the other aromatic descriptors. As for the wines of 2022 (Figure 4b), the use of M.
pulcherrima led to wine characterized by distinctive descriptors as structure, persistence,
herbs, and tropical fruits, in comparison with the control wine. The sensory analysis
highlighted the influence of the use of M. Pulcherrima in cold clarification on the sensory
profile of aroma wine.

 
(a) (b) 

Figure 4. Sensory analysis of Verdicchio wine coming from 2021 vintage (a) and 2022 vintage (b).
control trial; M. pulcherrima in cold clarification. *, significantly different (Fischer ANOVA;

p-value < 0.05).

4. Discussion

The term “biocontrol” related to the use of microorganisms as biocontrol agents
was defined by Baker and Cook [30] as the reduction of a pathogen or disease activities
through an organism. In agri-food, this concept is related to an alternative strategy to
the use of chemical products and the use of a microorganism with antagonist action
against other microorganisms reducing the use of pesticides and boosting food quality and
safety [19,30–32]. The increased consumer demands for safe food and beverages invigorated
research on the development of safe and ecofriendly wine, where the protection against
undesirable microorganisms before, during, after, or at the end of the fermentation process
is required [6,7,14]. Effectively, the use of non-Saccharomyces yeasts could be a valid strategy
as potential antagonists against phytopathogenic fungi of the genera due to their ability
to produce a wide spectrum of secondary metabolites. One of the yeast species best
known for its biocontrol potential is M. pulcherrima. This characteristic is also linked to
the production of the pulcherrimin pigment, which in turn is linked to the availability
of iron in the medium which would lead to the deprivation of different yeast species as
Brettanomyces/Dekkera, Pichia, Hanseniaspora, spp. Saccharomycodes ludwigii, and Candida
spp. [33]. M. pulcherrima can be compatible with the main yeast used for wine production,
for example in mixed fermentations, thus resulting in a reduction in the SO2 dose and
hence were usually used as an antimicrobial agent [34]. Moreover, recent investigations
conducted using M. pulcherrima strains or a mix of M. pulcherrima and T. delbrueckii in the
red wine making process at the prefermentative stage [7,8,14].

142



Fermentation 2023, 9, 302

In this work carried out at winery conditions, the efficacy of M. pulcherrima to control
the wild yeast population was found in cold clarification. On the other hand, the timely
and appropriate starter inoculum in the two years determined an effective control of wild
yeast during fermentation with and without M. pulcherrima inoculum. The WY control was
particularly evident in the 2022 vintage, where a high concentration of wild M. pulcherrima
was already present in grape juice before the clarification stage, influencing the control trial.
These data corroborate the results reported by other recent studies regarding the use of M.
pulcherrima in wine making as a bioprotectant agent [6–8]. In particular, the inoculum of a
selected M. pulcherrima strain would ensure the biocontrol activity and attempt to impart
specific aromatic traits to the final wine.

The bioprotectant action of M. pulcherrima used in cold clarification was displayed
without the addition of SO2 in Verdicchio grape juice with an inoculum of a pied de cuve
with indigenous S. cerevisiae strains.

The molecular monitoring of biotype profiles that led to the fermentation, including
those present in the pied de cuve, revealed a rather stable yeast strain consortium in the pres-
ence and absence of M. pulcherrima (80 %) as well as from a vintage to another (50%), even
if same differences can be found. This reflected the results of the PCA analysis indicating
that the impact on volatile profile was related not only to the effect of M. pulcherrima but
also to the different vintages and S. cerevisiae yeast strain variation. The presence of M.
pulcherrima increased ethyl hexanoate, isobutanol, acetaldehyde, and geraniol although
with different concentrations in both vintages.

Generally, the use of M. pulcherrima affected the esters, alcohol, and monoterpens
compounds that contribute to defining the overall sensory characteristics of wines and
increasing the perception of the varietal aroma of grapes [1]. Indeed, M. pulcherrima was
indicated in several works to improve the concentration of volatile compounds [35–37].
This species positively contributes to volatile thiol release in wines, especially during the
pre-fermentation stage in wine making [36]. The sensory analysis confirmed the results of
main analytical characters and volatile compounds, particularly regarding the descriptors
of tropical fruit and structure.

In this work, the multifactorial role of M. pulcherrima in wine making was highlighted
again. As recently reported [38,39], mixed fermentation with M. pulcherrima enhanced the
ester profile and increased the final quality of the wine, such as the sensory characteristics
and color parameters.

In conclusion, the results obtained indicate that the use of M. pulcherrima in the cold
clarification stage plays an effective biocontrol action against the wild yeast population.
This effect could be a strategy to reduce the use of sulfur dioxide in wine fermentation.
Moreover, M. pulcherrima was able to enhance the aromatic and sensory profile of the wine.
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Abstract: Cocoa pulp represents an interesting by-product of cocoa production, with an appealing
flavor. We developed a non-alcoholic beverage via the submerged fermentation of 10% pasteurized
cocoa pulp in water with Laetiporus persicinus for 48 h; the product was characterized by tropical
fruity notes such as coconut, mango, passion fruit and peach. The overall acceptance of the beverage
compared to the non-fermented medium, as rated by a panel, increased from 2.9 to 3.7 (out of
5.0 points) for odor and from 2.1 to 4.2 for taste. (R)-Linalool (flowery, fruity), methyl benzoate (green,
sweet), 2-phenylethanol (rose, sweet), 5-butyl-2(5H)-furanone (coconut, peach) and (E)-nerolidol
(flowery, woody) contributed to the overall aroma with odor activity values of >1. During aroma
dilution analysis, further substances with coconut, passion fruit and peach-like notes were perceived
and structurally assigned to the group of sesquiterpenoids. The fermentation generated a highly
interesting beverage using only 10% of the valuable cocoa pulp. The aroma formation via the fungus
L. persicinus on cocoa pulp is of great interest for further research as an example of the formation of
substances not yet described in the literature.

Keywords: cocoa pulp; basidiomycetes; beverage; Laetiporus persicinus; aroma dilution analysis

1. Introduction

Cocoa represents a valuable natural resource with a steadily increasing annual level of
production. The forecasted amount of cocoa beans produced in 2022/2023 was over 5.0 mil-
lion tons [1]. The cocoa value chain offers much potential for improvement as low levels of
value added and price fluctuations have major economic and environmental consequences
for many smallholders. Several by-products are generated during the production of cocoa
beans, which could contribute to more sustainable cocoa farming through upcycling [2].
In addition to cocoa pod husks and cocoa bean shells, by-products include cocoa pulp,
which is traditionally used for the fermentation of the cocoa beans and is thus ordinarily
lost [3]. However, it has been shown in various studies that a part of the cocoa pulp can be
separated prior to fermentation without negatively affecting the flavor of the beans [4,5].

Cocoa pulp has become the focus of recent studies due to its chemical composition and
interesting aroma. Depending on the origin, Bickel Haase et al. detected up to 65 different
aroma-active substances in the pulp [6]. The substances that typically characterize the
aroma include, besides others, 4-vinyl-2-methoxyphenol (clove), δ-decalactone (coconut),
linalool (flowery), β-damascenone (fruity, grape) and γ-nonalactone (fruity, coconut). Be-
cause of its high sugar content, it represents a suitable starting material for the production
of alcoholic beverages like fruit wine or beer via fermentation with yeasts [7,8]. Other
fermented products have also been studied, such as the cocoa pulp-based kefir drink [9].

Fermentation employing higher fungi of the division Basidiomycota has been de-
scribed in the literature, especially due to the potential of these fungi for use in the produc-
tion of natural-aroma compounds [10]. Well-known examples are the production of vanillin
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by Phanerochaete chrysosporium [11] and benzaldehyde by different Pleurotus species [12,13],
or the release of a wild strawberry-like flavor caused by the formation of (R)-linalool, methyl
anthranilate, 2-aminobenzaldehyde and geraniol during the fermentation of black current
pomace by Wolfiporia cocos [14]. Fermentation by basidiomycetes in submerged cultures has
the advantage of a direct use as a beverage after separation of the fungal mycelium [15,16].
A broad spectrum of aroma compounds can be formed by de novo synthesis or by bio-
transformation, thereby naturally flavoring the beverage. The production of flavoring
substances by biotechnological processes is an important alternative to plant-based and
chemical sources. It is also advantageous that biotechnologically obtained flavors can be
marketed as natural flavors according to current European and US legislation [17–19].

Generating valuable products from cocoa pulp is an important approach for making
cocoa farming more sustainable and adding value to the cocoa fruit [2]. Therefore, the aim
of the present study was to develop a novel beverage through the fermentation of cocoa
pulp with basidiomycetes.

2. Materials and Methods

2.1. Screening of Basidiomycetes

To select a suitable fungus for the fermentation of cocoa pulp, 20 different basid-
iomycetes were screened in surface cultures for 20 days on cocoa pulp agar plates and
on malt extract agar plates. The latter were used as reference media for the comparison
of substrate-specific aroma formation. The smell was described and rated every second
day for intensity and overall rating by three panelists (all female, 25–27 years old, all
non-smokers) as ‘- -’ means very weak/very bad; ‘-’ weak/bad; ‘0’ medium/neutral; ‘+’
intensive/good; and ‘++’ very intensive/very good. Malt extract agar contained 15 g/L
agar–agar (Carl Roth GmbH, Karlsruhe, Germany) and 20 g/L malt extract (Carl Roth
GmbH, Karlsruhe, Germany). Cocoa pulp agar contained 15 g/L agar–agar and 100 g/L
pasteurized cocoa pulp (origin: Ecuador; purchased from Carbosse Naturals AG,
Zürich, Switzerland).

2.2. Sterile Control of Pasteurized Cocoa Pulp

Submerged fermentations were carried out with pasteurized cocoa pulp. Sterile
controls were performed on LB agar (15 g/L agar–agar, 20 g/L LB-medium (Carl Roth
GmbH, Karlsruhe, Germany)). Approximately 1 g cocoa pulp was dispersed in 10 mL
sterile, demineralized water and 1 mL of the solution was inoculated on the agar plate and
spread with a Drigalski spatula. The plates were incubated at 37 ◦C for 48 h.

2.3. Fermentation of Cocoa Pulp with Laetiporus persicinus in Submerged Cultures

L. persicinus (CBS 274.92) was obtained from the Westerdijk Fungal Biodiversity In-
stitute (Utrecht, The Netherlands). For strain maintenance, the fungus was kept on malt
extract agar plates and transferred to a new plate every nine days using a spatula by
cutting a ~1 cm2 piece of overgrown agar. For the pre-cultures, 100 mL sterilized malt
extract media (20 g/L malt extract in drinking water) were placed in an Erlenmeyer flask
(250 mL) and inoculated with 1 cm2 of overgrown agar. Homogenization was performed
with an ULTRA-TURRAX (IKA Works Inc., Staufen, Germany) at 10,000 rpm for 30 s.
Cultivation took place on a horizontal shaker at 150 rpm at 24 ◦C in the dark for nine days.
Main cultures with cocoa pulp medium (CP-M) were prepared by autoclaving 185 mL tap
water in 500 mL Erlenmeyer flasks. After cooling to room temperature, 20 g pasteurized
cocoa pulp was added under sterile conditions. The pre-culture was homogenized using
an ULTRA-TURRAX as described above and centrifuged (10 min, 3500× g, 20 ◦C). The
supernatant was discarded, and the tube was filled with sterile water. This procedure was
repeated three times. The washed pre-culture was inoculated with 20 mL (10%) to the main
culture medium. Fermentation took place on a horizontal shaker at 150 rpm at 24 ◦C in the
dark for 72 h. The fermentates were harvested after fermentation times of 12, 24, 36, 48, 60
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and 72 h by centrifugation (10 min, 3500× g, 20 ◦C). The supernatant was either stored at
−20 ◦C and used for further analysis, or directly subjected to sensory evaluation.

2.4. Sensory Evaluation over the Cultivation Period

For the sensory evaluation of CP-M and fermented beverages, the samples were first
examined by a panel in a simple descriptive test (DIN 10964) in order to establish their
attributes for odor and taste. Subsequently, a conventional profile test with quantitative
descriptions of the intensities of the respective attribute was performed. Therefore, the
panelists rated the attributes from 0 (not recognizable) to 5 (very strongly recognizable)
(DIN 10967-1). The attributes used were sweet/sweetish, acidic, tropical, passion fruit-,
peach-, mango-, coconut-, citrus-, honey-, rhubarb-, pineapple-, apricot-, apple-, and tea-
like. The test was followed by an overall evaluation of the acceptability of the respective
sample. The beverages were analyzed after 12, 24, 36, 48, 60 and 72 h of fermentation. The
cocoa pulp medium (CP–M) served as blank. The panel comprised ten trained panelists
(two male, eight female, 21–29 years old, all non-smokers). All sensory descriptions were
carried out in a test laboratory according to DIN 10962.

2.5. Aroma Analysis Using Direct Immersion Stir Bar Sorptive Extraction (diSBSE)

A total of 5 mL of the respective fermentate or CP–M was added to a 20 mL GC vial.
The stir bars (10 mm with 0.5 mm PDMS coating) were conditioned prior to every analysis
in a TubeConditioner TC 2 (GERSTEL, Mülheim an der Ruhr, Germany). diSBSE was
carried out at room temperature on a multimagnetic stirring plate (MIXdrive 12, 2 mag,
Munich, Germany) at 150 rpm for 30 min. After extraction, the stir bars were rinsed with
ddH2O, dried with lint-free tissues and placed back in a conditioned tube.

Gas chromatographic analyses were performed using an Agilent 8890 GC-system (Ag-
ilent Technologies, Santa Clara, CA, USA) connected to a 7010B GC/TQ mass spectrometric
detector (Agilent Technologies). The system was equipped with a Thermal Desorption
Unit 2 (TDU) (GERSTEL), an Olfactory Detection Port 4 (ODP 4) (GERSTEL) and a VF-
WAXms column (30 m, i.d. 250 μm, film thickness 0.25 μm) or a DB-5ms column (30 m, i.d.
250 μm, film thickness 0.25 μm; both Agilent Technologies). Desorption started with
an initial temperature of 40 ◦C in the TDU (0.5 min). This temperature increased from
40 ◦C with 120 ◦C per min to 250 ◦C, and this level was maintained for 12 min. Cryogenic
focusing started at −70 ◦C in the CIS (0.5 min), increased from12 ◦C/s to 250 ◦C, and this
was maintained for 5 min. Helium 5.0 (Nippon Gases GmbH, Hürth, Germany) served as
carrier gas with a constant flow of 1.56 mL/min. The gas flow was split 1:1 between the
MSD and the ODP (transferline temperature 250 ◦C both). The ODP mixing chamber was
heated to 150 ◦C, and N2 was used as make-up gas. The oven temperature program started
at 40 ◦C (3 min), increased from 5 ◦C/min to 240 ◦C, and this level was maintained for
12 min. The MS source temperature was 230 ◦C; detection was conducted in scan mode
with 70 eV (m/z 33–300). Splitless measurements were performed with 30 mL/min purge
flow to split vent at 2 min in CIS, and a splitless mode was used in TDU.

2.5.1. Aroma Dilution Analysis (ADA)

ADA started at 6.24 mL/min purge flow to the split vent at 0 min in CIS, whereas
it began in a splitless mode in TDU. Different split ratios for ADA in CIS and TDU were
adapted from Trapp et al. to divide the split ratio in every step by two [20]. ADA was
carried out by three trained panelists (all females, 25–27 years old, all non-smokers). In
order to determine the flavor dilution factors (FD), the median of the lowest dilution level
was chosen at the point at which the odorant could still be perceived by the panelists.

2.5.2. Identification and Quantitation of Selected Aroma Compounds via
Standard Addition

Compound identification was carried out via a comparison of their retention indices
(RIs) according to the specifications of van den Dool and Kratz [21] and a comparison of
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their mass spectra (MS), as well as of their odors, with those of authentic standards and/or
with literature data. Enantioselective analyses of linalool were performed according to the
recommendations of Brescia et al. [22].

2-Nonanone (≥99%, Thermo Fisher Scientific, Waltham, MA, USA), (R)-linalool (≥95%,
Thermo Fisher Scientific, Waltham, MA, USA), methyl benzoate (99%, Alfa Aesar, Karl-
sruhe, Germany), 1-phenylethyl acetate (≥99%, Sigma Aldrich, St. Louis, MO, USA),
2-phenylethanol (99%, Acros Organics, Waltham, MA, USA), 5-butyl-2(5H)-furanone
(76% c.f. Figure S1, synthesized in-house by S.Y. [23]) and (E)-nerolidol (100%, Sigma
Aldrich, Steinheim, Germany) were quantitated in the final beverage via standard addition
in duplicate experiments. A mixed-stock solution was prepared in ddH2O, from which four
standard solutions (K1–K4) were prepared. For standard addition, 100 μL of each standard
solution was added to the sample (5 mL), respectively (cf. Section 2.5) (S1–S4). For S0,
100 μL ddH2O was added. The concentrations of the stock solution as well as the dilution
levels are presented in the Supplementary Material (Table S1). Extraction and measurement
were carried out as described above. Quantifier ions were chosen as follows: 2-nonanone
(m/z 58), (R)-linalool (m/z 93), methyl benzoate (m/z 105), 1-phenylethyl acetate (m/z 122),
2-phenylethanol (m/z 91), 5-butyl-2(5H)-furanone (m/z 84) and (E)-nerolidol (m/z 93).

2.5.3. Odor Threshold and Odor Activity Values (OAV)

Odor thresholds were taken from the literature. For 5-butyl-2(5H)-furanone, to the best
of our knowledge, no odor threshold in water has been published yet. The determination
was thus carried out according to the methods of Czerny et al., 2008 [24]. Starting from
a stock-solution of 1 mg/mL in ddH2O, the sample was diluted seven times in 1:3 steps.
A total of 10 mL of each dilution was filled into a 35 mL snap lid glass, covered with a small
watch glass and equilibrated for 30 min. The odor threshold was tested as a triangle test
to determine the difference between descending concentrations. The panel consisted of
21 trained panelists (7 male, 14 female, 24–33 years old, all non-smokers). The evaluation
was carried out according to DIN EN ISO 4120:2007 at a significance level of α = 0.05.
The odor threshold in water was the mean value between the lowest distinguishable
concentration from the references and the highest indistinguishable concentration of the
substance. Odor activity values were calculated by dividing the quantitated concentrations
by the respective odor threshold [25].

2.5.4. Dynamic Changes of Aroma Compound Formation during Cultivation

In order to investigate the development of selected aroma compounds over the culti-
vation period, the peak area of selected m/z ratios was used. The selected peak areas were
2-pentanone (m/z 86), 2-pentanol (m/z 45), 1-heptanol (m/z 70), 1-octanal (m/z 84), 18 (m/z
203), 21 (m/z 160), 23 (m/z 179), 25 (m/z 95) and 26 (m/z 123). For 2-nonanone, (R)-linalool,
methyl benzoate, 1-phenylethyl acetate, 2-phenylethanol, 5-butyl-2(5H)-furanone and (E)-
nerolidol, the same mass fragments were chosen as for quantitation via standard addition
(cf. Section 2.5.2).

3. Results and Discussion

The results of the screening in surface cultures are summarized in the Supplemen-
tary Material (Table S2). L. persicinus showed an outstanding aroma formation on cocoa
pulp agar plates and was therefore selected for further investigation. In recent years, the
fermentation of various substrates with edible fungi of the division Basidiomycota has
gained attention from different research groups due to the potential of the method to form
a broad spectrum of aroma compounds. However, to the best of our knowledge, L. persici-
nus has thus far not been subjected to in-depth aroma analyses [14–16,26–29], and no data
are available on the aroma composition of L. persicinus, whether grown in solid-state or in
submerged cultures. The present study shows the formation of a highly delicious beverage
via the fermentation of cocoa pulp with L. persicinus for the first time.
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3.1. Sensory Evaluation of Cocoa Pulp Fermented with L. persicinus over the Cultivation Time

The evaluation of the fermented beverage, observed by the sensory panel, revealed
differences between the respective cultivation times (Figure 1). Non-fermented CP-M
served as a reference and was described mainly by the attributes of acidic, fruity, citrus-
and apple-like. During the fermentation process, the highest values for the attributes sweet,
tropical, passionfruit, peach, mango, coconut, and apricot were reached after 48 h. The
acidic taste was decreased by fermentation and the lowest value was reached after 48 h,
while the sweet taste reached its maximum value at this point of time. Longer cultivation
periods resulted in the attainment similar sensory profiles, but these displayed lower
intensities. The overall acceptance of the beverage in terms of smell and taste showed a
maximum after 48 h. The acceptance of smell reached 2.9 out of 5.0 points for CP-M and
increased up to 3.7 until a fermentation time of 48 h. Afterwards, the acceptance values
decreased gradually. The acceptance of taste started with 2.1 out of 5.0 points for the CP-M
and increased up to 4.2 points until 48 h and decreased again afterwards.

Figure 1. (a) Odor evaluation of the cocoa pulp medium (CP-M) and of the fermented beverage at
specified cultivation periods; (b) taste evaluation (n = 10).

The sensory description of CP-M was consistent with those of cocoa pulp in the
literature, where it was described as floral, fruity, honey, citrus-like and tropical [6].
An improvement in the overall acceptance of a beverage fermented by basidiomycetes
has been shown for other substrates previously. For example, Sommer et al. produced
a beverage via submerged fermentation of black current pomace with Wolfiporia cocos and
the results showed an increase in the overall acceptance of 2.5 to 8.0 out of 10.0 points [27].
Wang et al. reported that the fermentation of okara with edible fungi can improve the
flavor quality by decreasing the amount of off-flavor compounds and by forming new
aromatic compounds [28]. Different from the fermentation of okara, no off-flavor contents
had to be masked in the present study. The beverage was characterized by highly appealing
tropical-fruity notes. Cocoa pulp thus represents a side-stream with enormous potential
for use in new food products. The proportion of fresh cocoa pulp in cocoa fruits depends
on various factors and ranges, according to the literature, from 10.0 to 26.4% [8,30]. Con-
sidering that only a part of the fresh cocoa pulp may be used due to the necessity of the
fermentation of the beans, the amount of available fresh cocoa pulp is limited. Nevertheless,
the development of novel products from cocoa side-streams can significantly contribute to
the increased sustainability of the cocoa sector and generate added value for farmers [2].

The use of cocoa pulp in beer and fruit wine production has been reported in the
literature. One study reported that, for the development of these alcoholic beverages,
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30% cocoa pulp was used in beer production to obtain a high acceptance, and a medium
starting from 100% cocoa pulp was used for fruit wine production, whereby the ◦Brix
was subsequently adjusted with sucrose solution [7,8]. Compared to these examples, the
beverage fermented by L. persicinus required a medium containing only 10% cocoa pulp. In
addition, the beverage developed in this study was free of alcohol. The per capita alcohol
consumption in Germany is steadily declining, which may be attributed to increased
health awareness and a changing age structure [31]. At the same time, the market for
non-alcoholic beverages is expanding to a great extent. Fermented non-alcoholic beverages
are also increasingly gaining attention of consumers due to advantages regarding enhanced
shelf life, improved flavor and the association between fermentation and health benefits [32].
Prior to bringing the novel beverage onto the market, a comprehensive evaluation of the
chemical composition, including, e.g., sugars, acids and secondary metabolites potentially
formed by the fungus will be required.

3.2. Aroma Compounds in CP-M

The occurrence of aroma substances in cocoa pulp depends on various factors, such as
their variety and the origin [6]. In total, 32 aroma compounds were detected olfactomet-
rically by means of GC–MS/MS–O in the CP–M, and seven non-odor-active compounds
could be identified additionally (Table 1).

A total 27 of the 32 substances identified here have been described before by Bickel
Haase et al., Chetschick et al., Hegmann et al. and Pino et al., who investigated cocoa pulps
from different origins and cultivars [6,33–35]. Compounds which have not been described
before in the literature on fresh cocoa pulp directly after opening the fruit were ethyl acetate,
acetoin, 1-octanol, hexanoic acid and decanoic acid. Ethyl acetate and acetoin are typical
flavoring substances produced by yeasts and lactic acid bacteria during fermentation [36].
In contrast to the studies mentioned above, cocoa pulp treated by pasteurization was used
in this work. Prior contact with microorganisms could not be excluded and thus may have
explained the occurrence of these two aroma compounds. Furthermore, other flavoring
substances have been described for cocoa pulp in the literature that could not be detected
here, such as β-damascenone (fruity, grape-like), γ- and δ-decalactone (coconut, peach) and
trans-4,5-epoxy-(E)-2-decenal (metallic) [6,33,34].

3.3. Aroma Dilution Analysis of the Beverage after 48 h Fermentation

Aroma dilution analysis (ADA) was performed for the aroma analysis of fermented
beverages. A total of 37 substances were olfactometrically perceived with FD factors
between 8 and 2048 (Table 2). Linalool (13) with sweet, fruity, flowery, and citrus notes,
showed the highest FD factor of 2048. The enantioselective analysis showed that (R)-
linalool was present in the sample, with an ee = 98.4%. 5-Butyl-2(5H)-furanone (24), which
has a strong coconut and peach-like odor, was present, as was (E)-nerolidol (27) with
sweet, popcorn, flowery and woody notes, and they had FD factors of 1024. 2-Nonanone
(8) showed an FD factor of 512 with a fruity, musty, herbaceous, spicy, but also cheesy,
odor. Methyl benzoate (14) with green, herbaceous, sweet and popcorn notes, as well as
2-phenylethanol (22) with sweet, rose, fruity and refreshing notes, showed an FD factor of
128. 1-Phenylethyl acetate (15) had an FD factor of 64 and a lavender, flowery, fruity, and
tropical odor. Nine other substances with FD factors < 64 were identified: 2-pentanone (1),
2-pentanol (3), 2-hexanol (4), octanal (6), 1-octen-3-one (7), 1-heptanol (11), 2-acetylfuran
(12) and τ-muurolol (31). However, these substances were not quantified due to their low
FD factors.

The seven identified substances with FD factors ≥ 64 were quantified by means of
standard addition. Using odor thresholds extracted from the literature, odor activity values
(OAVs) were calculated (Table 3). As no odor threshold has been published so far for
5-butyl-2(5H)-furanone, its odor threshold in water was determined for the first time with
62 μg/L. Of the compounds identified and quantified, (R)-linalool (13), 2-phenylethanol
(22), 5-butyl-2(5H)-furanone (24) and (E)-nerolidol (27) showed OAVs > 1 and thus most
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likely contributed to the characteristic aroma of the beverage. 2-Nonanone (8) and 1-
phenylethyl acetate (15) had OAVs << 1, indicating no or only a minor contribution to
the overall aroma. Methyl benzoate (14) had an OAV of 0.8. It is thus difficult to issue a
concluding statement on the contribution to the overall aroma. The linear regressions used
for quantitation of the aroma compounds by means of standard addition are presented in
the Supplementary Material (Table S3).

Table 1. Identified and olfactometrically perceived substances in CP–M with odor impressions and
RI indices according to van den Dool and Kratz [21]; n.i. = not identified.

Compound Odor Impression RIVF-Wax RIDB-5 Identification

ethyl acetate fruity 877 a - RI, odor, MSVF-Wax
2-pentanone fruity, sweetish 972 a <700 a RI, odor, MS

2-methyl-3-buten-2-ol fruity, green 1036 a <700 a RI, odor, MS
2-pentyl acetate fruity, sweetish 1071 b 850 b RI, odor, MS

hexanal sweetish, caramel, fresh 1080 a 801 a RI, odor, MS
n.i. green, herbaceous, fruity 1103 - -

2-pentanol organic solvent, herbaceous 1121 a 709 a RI, odor, MS
2-heptanone - 1182 a 892 a RI, MS

2-methyl-1-butanol - 1216 a 735 a RI, MS
2-heptyl acetate fruity, flowery 1264 b 1039 b RI, odor, MS

n.i. sweetish 1278 - -
acetoin sweetish, fatty 1279 a 720 a RI, odor, MS
octanal sweetish, citrus 1290 a 1005 a RI, odor, MS

1-octen-3-one mushroom 1303 a 976 a,c RI, odor, MS
2-heptanol sweetish, coconut 1320 a 903 a RI, odor, MS

6-methyl-5-hepten-2-one - 1339 a 986 a RI, MS
1-hexanol - 1350 a 869 a RI, MS

2-nonanone fruity, herbaceous, cheesy 1390 a 1092 a RI, odor, MS
1-heptanol fruity 1455 a 972 a RI, odor, MS

linalool-oxid (isomers) sweetish, flowery, spicy 1443 a/
1471 a

1074 a/
1089 a RI, odor, MS

acetic acid acetic acid 1450 a <700 a RI, odor, MS
linalool sweetish, flowery, citrus 1548 a 1101 a RI, odor, MS

1-octanol sweetish, flowery 1558 b - RI, odor, MSVF-Wax
acetophenone sweetish, fruity 1655 a 1070 a RI, odor, MS

3-methylbutanoic acid moldy, cheesy, banana 1681 a 842 a RI, odor, MS
α-terpineol citrus, woody 1698 a 1199 a RI, odor, MS

1-phenylethyl acetate sweetish, fruity, acidic 1704 a 1191 a RI, odor, MS
ethylphenyl acetate sweetish, fruity, flowery 1789 a 1245 a RI, odor, MS

hexanoic acid - 1857 a - RI, MSVF-Wax
benzyl alcohol sweetish, flowery 1868 a 1036 a RI, odor, MS

2-phenylethanol sweetish, rose, fruity, coconut 1901 a 1116 a RI, odor, MS
γ-nonalactone coconut 2039 a 1361 a RI, odor, MS
octanoic acid - 2069 b 1174 b RI, MS

n.i. fruity, tropical 2278 - -
decanoic acid - 2281 a 1370 a RI, MS

n.i. fruity, acidic 2452 - -
n.i. sweetish 2461 - -
n.i. fruity, cocoa pulp 2882 - -

a = identified by authentic standard. b = identified by comparison with literature data (NIST chemistry webbook
2022). c = identified by odor at given RI.

152



Fermentation 2023, 9, 533

Table 2. Olfactometrically perceived substances in the fermented sample used for ADA with FD
factors, odor impressions and RI according to van den Dool and Kratz [21]; n.i. = not identified.

Compound FD Odor Impression RIVF-Wax RIDB-5 Identification

1 2-pentanone 32 herbaceous, green,
sweetish, flowery 972 a <700 a RI, odor, MS

2 n.i. 32 herbaceous, green 1079 - -
3 2-pentanol 32 sweetish, flowery 1122 a 700 b RI, odor, MS

4 2-hexanol 32 green, herbaceous,
fruity, berry, spicy 1220 a 800 a,c RI, odor, MS

5 n.i. 16 sweetish, herbaceous 1271 - -

6 1-octanal 32 sweetish,
flowery, citrus 1290 a 1000 a,c RI, odor, MSVF-Wax

7 1-octen-3-one 32 mushroom 1303 a 976 a,c RI, odor, MSVF-Wax

8 2-nonanone 512
fruity, musty,
herbaceous,

spicy, cheesy
1390 a 1097 a RI, odor, MS

9 n.i. 16 fruity, flowery, citrus,
fresh, mushroom 1402 - -

10 (E)-2-octental 32 herbaceous, green,
chocolate, earthy 1431 a - RI, odor, MS

11 1-heptanol 8 fruity, organic
solvent, spicy 1455 a 972 a,c RI, odor, MSVF-Wax

12 2-acetylfuran 16 sweetish, citrus,
flowery, caramel 1509 b - RI, odor, MS

13 (R)-linalool 2048 sweetish, fruity,
flowery, citrus 1548 a 1101 a RI, odor, MS

14 methyl benzoate 128 green, herbaceous,
sweetish, popcorn 1626 a 1092 a,c RI, odor, MSVF-Wax

15 1-phenylethyl acetate 64 lavender, flowery,
fruity, tropical 1704 a 1191 a RI, odor, MS

16 n.i. 16 sweetish, popcorn,
coconut, fruity, peach 1720 - -

17 n.i. 64 green, herbaceous,
spicy 1750 - -

18
n.i.

(sesquiterpenoid) * 64 fruity, coconut, sweet,
passion fruit, 1803 1468 -

19 n.i. (sesquiterpenoid) 32 sweetish, fruity 1842 - -

20 n.i. (sesquiterpenoid) 64
spicy, herbaceous,
sweetish, flowery,

fruity, green
1858 - -

21 n.i. (sesquiterpenoid) 32 fruity, citrus, coconut 1902 1701 -

22 2-phenylethanol 128 sweetish, rose,
fruity, refreshing 1910 a 1116 a RI, odor, MS

23 n.i. (sesquiterpenoid) 64
sweetish,

mushroom-like,
fruity, peach

1951 - -

24
5-butyl-2(5

H)-furanone 1024 coconut, peach 1970 a 1239 a RI, odor, MS

25 n.i. (sesquiterpenoid) 64 sweetish,
coconut, peach 1995 - -

26 n.i. (sesquiterpenoid) 256 spicy, herbaceous,
metallic 2003 - -

27 (E)-nerolidol 1024 sweetish, popcorn,
flowery, woody 2039 a 1563 a RI, odor, MS

28 n.i. (sesquiterpenoid) 8 sweetish, fruity, spicy 2056 1603 -

29 n.i. (sesquiterpenoid) 32 fruity, sweetish,
caramel 2078 - -

30 n.i. (sesquiterpenoid) 8 burned, plastic, spicy 2110 1572 -
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Table 2. Cont.

Compound FD Odor Impression RIVF-Wax RIDB-5 Identification

31 τ-muurolol 16 sweetish, Maggi 2199 b 1662 b RI, odor, MS

32 n.i. (sesquiterpenoid) 8 sweetish,
caramel, peach 2230 1589 -

33 n.i. (sesquiterpenoid) 32 sweetish, citrus,
fruity, caramel 2265 1630 -

34 n.i. (sesquiterpenoid) 64 citrus, fruity,
popcorn, sweetish 2289 - -

35 n.i. (sesquiterpenoid) 32 sweetish, fruity 2461 - -

36 n.i. (sesquiterpenoid) 64 fruity, herbaceous,
sweetish, pungent 2491 - -

37 n.i. (sesquiterpenoid) 32 sweetish,
coconut, flowery 2582 1756 -

a = identified by authentic standard. b = identified by comparison with literature data (NIST chemistry web-
book 2022). c = identified by odor at given RI. * = assigned to the sesquiterpenes group on the basis of the
mass spectrum.

Table 3. Quantitated amounts and calculated OAVs of selected compounds.

Compound Concentration [μg/L]
Odor Threshold in

Water [μg/L]
OAV

2-nonanone (8) 1.5 ± 0.1 5.0 [37] <1
(R)-linalool (13) 165.0 ± 1.6 0.087 [24] 1897

methyl benzoate (14) 0.4 ± 0.1 0.52 [38] 0.8
1-phenylethyl acetate (15) 0.6 ± 0.1 19.0 [39] <1

2-phenylethanol (22) 192.8 ± 0.8 140 [24] 1.4
5-butyl-2(5H)-furanone (24) 457.4 ± 30.6 62 7.4

(E)-nerolidol (27) 42.4 ± 5.0 0.25 [40] 170

Linalool (13) is a well-known monoterpene alcohol that has been detected in many
plants and fungi [41]. In other studies, on beverages fermented by different basidiomycetes,
linalool almost always had an OAV of >1 [15,16,27,42]. Methyl benzoate (14) has been
described for a variety of basidiomycetes, such as Lentinula edodes and Grifola frondosa
with concentrations of up to 10 μg/L [10]. It is considered to be a key component of the
flavor of mango [38]. Despite its OAV of 0.8, this substance may contribute to the mango-
like impression of the fermented beverage. The formation of 5-butyl-2(5H)-furanone
(24) by basidiomycetes of the genus Laetiporus was demonstrated by Yalman et al. [23].
They detected 5-butyl-2(5H)-furanone in liquid cultures of Laetiporus montanus with the
highest FD factor of 4096. Little is known about the biosynthesis of this substance. Berger
et al. suggested a pathway for biosynthesis, starting from octanoic acid and decanoic
acid [23,43]. Both fatty acids were found in CP-M. With an OAV of 7.4, 5-butyl-2(5H)-
furanone (24) contributed to the coconut and peach-like aroma impression of the beverage.
(E)-Nerolidol (27) is a sesquiterpene alcohol that naturally occurs in various plants and is
also known to be formed by basidiomycetes like Polyporus sp., with up to 260 μg/L [10,44].
Sommer et al., 2023 quantitated a concentration of 0.1 μg/L in submerged cultures of
Wolfiporia cocos grown on black current pomace where it did not contribute to the overall
aroma (OAV < 0.01) [27]. In the present study, (E)-nerolidol (27) showed the second highest
OAV with 170.

3.4. Dynamic Changes of Aroma Compound Formation during Cultivation

The aroma profile of the beverage is composed of aroma compounds already present in
CP-M, as well as of new aroma compounds formed during fermentation. Based on the peak
areas of a characteristic m/z ratio, the concentrations of selected aroma compounds were
investigated over a cultivation period of 72 h (Figure 2). The peak areas of the respective
substance were related to the highest peak area, which was set to 100%.
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Figure 2. Heat map plot of peak areas of selected aroma compounds in the course of fermentation.

Octanal (6), 1-heptanol (11), 2-pentanol (3), 1-phenylethyl acetate (15) and 2-phenylet-
hanol (22) were already present in the CP-M and showed decreasing intensities during
fermentation. It is known that basidiomycetes can also form 2-phenylethanol (22) de
novo or by biotransformation from asparagine or L-phenylalanine, although this occurs
in much lower concentrations than yeasts, for example [18,45]. Özdemir et al. showed
the production of 2-phenylethanol by Lentinula edodes in wort with an OAV of 1.3 [46].
However, based on the peak area change over time, the contribution to the overall aroma of
2-phenylethanol (22) might be attributed to its occurrence in the CP-M. Methyl benzoate
(14), (E)-nerolidol (27), 5-butyl-2(5H)-furanone (24), (R)-linalool (13), as well as the uniden-
tified substances 18, 21, 23, 25 and 26, were formed by fermentation. Linalool was also
detected in trace amounts in CP-M. However, the content quantified in the beverage
could mainly be attributed to the biosynthesis by the fungus. 2-Nonanone (8), as well as
2-pentanone (1), were already present in CP-M, but the concentrations were increased by
fermentation, which indicated that these aroma compounds were formed by the fungus.
However, as discussed in Section 3.3, 2-nonanone (8) did not contribute to the overall
aroma. At the harvest time of 48 h, the highest intensities were detected for 2 pentanone
(1), 5-butyl-2(5H)-furanone (24), 18, 23, 25 and 26. For octanal (6), 1-phenylethyl acetate
(15), 2-phenylethanol (22), methyl benzoate (14), (E)-nerolidol (27) and (R)-linalool (13), the
intensities were not at the highest level after 48 h, but still at a high level. The formation of
methyl benzoate, nerolidol, linalool, 2-nonanone and 2-pentanone by basidiomycetes in
submerged fermentations has been described in the literature previously [10,47].

In addition to the identified aroma compounds discussed above, the thus-far-unidentified
substances 18, 21, 23, 25 and 26 were also listed in the heat map (Figure 2; related mass
spectra cf. Figure S2). These compounds imparted coconut-, passion fruit- and peach-like
odor impressions and were assigned to the group of sesquiterpenoids, but they could
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not be conclusively identified. The supposed sesquiterpenoids showed their maximum
concentrations after 48 h and decreased afterwards (except 21). Compounds 18, 23 and 25

(all FD 64) exhibited fruity, coconut-, peach- or passion fruit-like notes. The decrease in
intensities in the sensory evaluation after 48 h (Figure 1) was accompanied by the decrease
in peak intensities. This may indicate that these substances contribute to the coconut,
passion fruit and peach notes. Compound 26 showed an FD factor of 256, indicating
a contribution to the overall aroma with spicy, herbaceous and metallic notes. Unfortunately,
a final identification of these substances was not possible. To the best of our knowledge,
no sesquiterpenoids with these aroma notes from L. persicinus have been described in the
literature to date, which offers an interesting field of research for the future.

The aroma of submerged cultures of Laetiporus sulphureus and Laetiporus montanus,
close relatives of L. persicinus, has been described as seasoning-like and meaty, mainly due
to the formation of sotolone, (E,E)-2,4-decadienal, (E,Z)-2,4-decadienal as well as some
sulfur-containing aroma compounds [23,48]. Therefore, fruiting bodies of Laetipores are also
called chicken of the woods. The aroma achieved here thus offers great research potential,
especially as the aroma formation is dependent on the culture medium (cf. Table S2).

4. Conclusions

This study investigated aroma formation during the fermentation of 10% cocoa
pulp in water with L. persicinus and the development of a non-alcoholic beverage with
an outstanding aroma reminiscent of tropical-fruity notes like passion fruit, mango, peach,
and coconut. After 48 h of fermentation, the acceptance of the beverage clearly in-
creased. The main contributors to the overall aroma were (R)-linalool with an OAV of
1897, (E)-nerolidol with an OAV of 170, 5-butyl-2(5H)-furanone with an OAV of 7.4 and
2-phenylethanol with an OAV of 1.4. The generation of novel products from cocoa side
streams may contribute to increasing the sustainability of the cocoa sector and generate
added value for farmers. Aroma formation by L. persicinus in submerged cultures has not
been described previously and offers an interesting field of research for the future.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/fermentation9060533/s1, Table S1. Concentrations of stock
solution and dilution levels of standard addition. Table S2. Odor impressions during the screening
in surface cultures on cocoa pulp agar (CPA) and malt extract agar (MEA), as well as the overall
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