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Preface

Fermentation has accompanied the development of human food systems for centuries and
remains one of the most important biological processes in food production and preservation. Beyond
its traditional role in extending shelf life, fermentation is now widely recognized as a highly
dynamic process through which microorganisms contribute to the transformation of raw materials,
the improvement of nutritional and functional properties, the development of desirable sensory
characteristics, and the enhancement of food safety. In recent years, growing scientific interest in
the complex roles of food microorganisms has further expanded the significance of fermented foods
in the context of health, sustainability, and technological innovation.

This Reprint, “Food Microorganism Contribution to Fermented Foods”, has been assembled
to provide a coherent and up to date collection of studies addressing the diverse ways in which
microorganisms influence fermented food systems. Its scope encompasses research on the activity
and succession of microbial communities during fermentation, the functions of lactic acid bacteria,
yeasts, and other relevant microorganisms, the development and application of starter cultures, and
the effects of fermentation on food quality, safety, nutritional value, and bioactive potential. The
Reprint also reflects current interest in both traditional fermented foods and emerging substrates,
including unconventional food materials and underutilized resources that may support more
sustainable food production.

The purpose of this Reprint is to bring together representative contributions that illustrate the
scientific depth and practical relevance of this field. As the demand for fermented foods continues
to grow, there is an increasing need for a clearer understanding of the microbial mechanisms that
govern fermentation outcomes and of the technological strategies that can be used to improve product
consistency, safety, functionality, and consumer acceptance. By compiling recent research and critical
perspectives in a single volume, this Reprint seeks to support ongoing progress in food microbiology
and fermentation science, while also encouraging further exploration of innovative applications in
food processing and product development.

This Reprint is addressed to researchers, food microbiologists, fermentation scientists, food
technologists, and professionals in related sectors of the food industry. It is equally intended
for readers interested in the scientific foundations of fermented foods and in the broader role of
microorganisms in shaping future food systems. It is hoped that the studies brought together here
will serve not only as a valuable record of current advances, but also as a useful reference for future
research, technological innovation, and interdisciplinary exchange in this important area of food

science.

Xinping Lin and Jing Lv
Guest Editors
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Abstract

This study investigated the secondary fermentation of cocoa beans using mushrooms to
further improve the quality of beans. Cocoa beans were fermented using 42 species of
basidiomycetes and ascomycetes. Mycelial growth was observed in 29 strains. When
75% cocoa chocolate was prepared using the cocoa beans in which mycelial growth was
observed, theobromine concentration was higher in 17 strains compared with the control.
Furthermore, caffeine concentration was similar to or lower than the control in all strains.
Chocolate produced using cocoa beans fermented with particularly Polyporus arcularius,
Peziza vesiculosa, and Urnula craterium exhibited significantly higher theobromine concen-
trations. Compared to the control theobromine concentration of 7.53 mg/g, P. arcularius
showed 9.25 mg/g, 9.13 mg/g for P. vesiculosa, and 9.05 mg/g for U. craterium. Further-
more, the reducing sugar concentration and total polyphenol concentration increased, and
the antioxidant activity was similar to or higher than that of the control. These results
suggest that secondary fermentation using mushrooms could be used to develop chocolate
characterized by high theobromine, low caffeine, and rich polyphenol content.

Keywords: mushroom; fermented foods; cacao; chocolate; theobromine; caffeine;
polyphenol; antioxidant activity

1. Introduction

Chocolate is a popular confection. It is primarily made from cocoa beans and cocoa
butter, to which sugar, milk powder, and emulsifiers are often added in commercial prod-
ucts. Cacao beans are harvested as cacao pods in producing countries. After harvesting,
the pods are split open, and the seeds, still attached to the cacao pulp, are collected. The
seeds are fermented for about a week, then dried and shipped.

The fermentation methods primarily consist of the Heap method, where cocoa beans
are piled outdoors and covered with banana leaves or sheets, and the Box method, where
beans are placed in fermentation boxes for controlled processing. In both methods, the
fermentation of the cocoa beans is affected by the microorganisms adhering to the surface
of the cacao pods, the tools and facilities used, and the surrounding soil [1]. Regarding
microorganisms, yeast, lactic acid bacteria, acetic acid bacteria, and spore-forming bacteria

Foods 2026, 15, 1045
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are commonly used [1,2]. In the early fermentation stage, yeast and lactic acid bacteria
convert sugars in the cacao pulp into ethanol and lactic acid through alcohol fermentation
and lactic acid fermentation, respectively. In the middle stage, acetic acid bacteria convert
ethanol into acetic acid through acetic acid fermentation. In the late stage, many microor-
ganisms die due to the accumulation of their own metabolites and rising temperatures,
and spore-forming bacteria become dominant. These fermentation processes not only alter
the components of the cacao bean but also induce biochemical changes within the bean
due to the lowering of pH by fermentation products and the generation of fermentation
heat. These changes in pH and temperature activate endoproteases and carboxypeptidases
in the cacao beans, producing free amino acids and reducing sugars in the bean. These
undergo the amino-carbonyl reaction and Strecker degradation during the roasting process,
producing aromatic compounds that form the characteristic flavor of chocolate [1-3].

During fermentation, polyphenols, caffeine, theobromine, and other alkaloids in
cacao beans are oxidized, polymerized, and dissolved, resulting in a decrease in their
content [1]. Although fermentation of cacao beans plays an important role in making
chocolate, the fermentation process is often performed by farmers who use naturally
occurring microorganisms that are difficult to control.

Therefore, in recent years, methods have been reported to improve cocoa bean quality
by introducing carefully selected lactic acid bacteria into harvested cocoa beans and fer-
menting them [4], or by controlling fermentation temperature [5]. Among these, research
has been conducted on improving cocoa bean quality through re-fermentation of dried,
unfermented cocoa beans [6] and secondary fermentation [7], it is considered possible that
even cocoa beans that have undergone fermentation processing can have their chocolate
quality further enhanced and develop unique flavors through additional fermentation.

Mushrooms are the name given to the fruiting bodies formed by fungi during sexual
reproduction, which are sufficiently large to be clearly visible to the naked eye. Such
fruiting bodies are formed by some Ascomycetes and many Basidiomycetes; these fungi are
referred to as mushrooms [8,9]. The distinction between Ascomycetes and Basidiomycetes
is primarily based on the characteristics of their sexual spores. Ascomycetes form sexual
spores (ascospores) inside asci, whereas Basidiomycetes produce sexual spores (basid-
iospores) externally on basidia [10]. However, both possess various enzymes, including
carbohydrate-degrading enzymes [11]. Consequently, applications utilizing mushroom
enzymes in fermented foods have been reported, irrespective of whether the fungi belong
to the Ascomycetes or Basidiomycetes [12].

For example, mushrooms possess various enzymes, including amylase, protease, al-
cohol dehydrogenase, and lactate dehydrogenase. These enzymes have been utilized for
the development of miso and alcoholic beverages [13-17]. Fermentation using mushrooms
increases antioxidant activity and produces new beneficial components. Previous studies
have reported that post-fermented tea prepared using the wood-decaying fungus Schizo-
phyllum commune showed a 36.5% increase in antioxidant activity compared to the control,
and approximately double the concentration of total polyphenols and total catechins [18].

These findings suggest that fermented foods with superior antioxidant properties and
beneficial components compared with conventional fermented foods can be developed by
utilizing the fermentation capabilities of mushrooms. However, to date, no research has
been conducted on fermenting cacao beans with mushrooms, and no chocolate made from
mushroom-fermented cacao beans is currently being sold.

Cocoa beans are rich in polyphenols, and their usefulness is being researched, but the
amount of polyphenols varies depending on the origin, type of bean, and fermentation
period [19].

https://doi.org/10.3390/foods15061045
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However, if it is possible to increase the amount of polyphenols by fermenting cacao
beans with mushrooms, it will be possible to develop chocolate rich in polyphenols regard-
less of the origin of the cacao beans or the fermentation period, and the quality of chocolate
can be expected to improve.

Furthermore, it is unclear how components such as theobromine and caffeine con-
tained in cacao beans change due to fermentation with mushrooms. Clarifying this could
help discover the value of chocolate produced by fermentation with mushrooms.

This study aimed to develop a new chocolate by fermenting cocoa beans using mush-
rooms. We conducted secondary fermentation of cocoa beans that had undergone fermen-
tation processing at the producer farm using mushrooms and analyzed changes in the
beneficial components within the cocoa beans.

2. Materials and Methods
2.1. Pre-Culture of Test Strains

The test strains (mushroom mycelium) consisted of 42 species of basidiomycetes and
ascomycetes, including strains distributed by the National Institute of Technology and
Evaluation’s Biological Resource Center (NBRC) and strains isolated by the authors. Plate
media consisted of potato dextrose agar (Shimadzu Diagnostics Corporation, Kyoto, Japan),
2% malt extract agar (Nacalai Tesque, Inc., Kyoto, Japan), or Matsutake agar prepared to
contain 0.5% glucose (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) and 2%
yeast extract (Nacalai Tesque, Inc., Kyoto, Japan). For pre-cultivation, each mushroom
mycelium was inoculated onto the appropriate plate medium recommended by NBRC and
cultured at 25 °C.

2.2. Preparation of Fermented Cocoa Beans

Cocoa beans fermented in the country of origin (Ichinomiya Bussan Corporation,
Osaka, Japan, Ghana origin) were autoclaved (121 °C, 20 min). After cooling under aseptic
conditions, they were aseptically immersed in an autoclaved solution of 1% glucose and
0.5% peptone (Nihon Pharmaceutical Co., Ltd., Osaka, Japan) for at least 17 h.

The pre-cultured mushroom mycelium was inoculated onto fresh appropriate agar
plates (5 mm squares x 10 plates). After soaking, 20 pieces of moisture-removed cacao
beans were placed onto the agar plates inoculated with mushroom mycelium and cultured
statically at 25 °C.

The end of cultivation was defined as the stage where mushroom mycelium covered
the cocoa beans and grew over 80% of the entire Petri dish. For cultures where mushroom
mycelium growth covering at least 80% of the Petri dish was not confirmed even after
100 days or more of incubation, the culture was terminated, and the preparation of a
fermented chocolate was not performed. The control consisted of cacao beans autoclaved
and then soaked in a 1% glucose and 0.5% peptone solution. The control and mushroom-
fermented cocoa beans were each cultured in three separate Petri dishes.

2.3. Preparation of Fermented Chocolate

The preparation of chocolate from fermented cacao beans was based on the method
reported by Kasai et al. [20], modified to suit this study. Fermented cocoa beans after static
incubation were roasted in a household oven (110 °C, 40 min) while still covered with
mushroom mycelium, then cooled overnight. After cooling, the mycelium and thin skins
adhering to the cocoa beans were removed. The beans were then ground to a smooth
consistency using a universal mill (Ichinomiya Bussan Corporation, Osaka, Japan). White
superior soft sugar was added to achieve a 75% cocoa content, and chocolate was prepared.
No other auxiliary ingredients were added.

https://doi.org/10.3390/foods15061045
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2.4. Measurement of Theobromine and Caffeine Concentrations

Theobromine and caffeine concentrations were measured using high-performance
liquid chromatography (HPLC). The HPLC system employed a DP-8020 pump (Tosoh
Corporation, Tokyo, Japan) and a UV-8020 detector (Tosoh Corporation, Tokyo, Japan),
with detection at UV 273 nm. The column used was TSKgel ODS-100V (Tosoh Corporation,
Tokyo, Japan), and the mobile phase was a 30% methanol solution, with a flow rate of
1 mL/min. A sample preparation for theobromine and caffeine concentration analysis
was performed according to the method reported by Saotome et al. [21]. Specifically, 0.1 g
of fermented chocolate was mixed with 500 uL of 100 mmol/L carbonate buffer (pH 11)
and 300 pL of hexane. The mixture was vortexed for 30 s, then heated at 50 °C for 10 min.
After heating, 450 puL of 100 mmol/L carbonate buffer (pH 11) was added. The mixture
was vortexed (30 s x 3 times), centrifuged (15,000 rpm, 20 °C, 10 min), and the hexane
layer was removed. After hexane removal, 650 uL of 1 mol/L ammonium bicarbonate
was added, the mixture was vortexed, and the supernatant was used as the test sample.
The concentrations of theobromine and caffeine in each sample were determined using
calibration curves prepared from their respective standards.

2.5. Measurement of Reducing Sugar Concentration

Reducing sugar concentration was measured using the Somogyi-Nelson method [22].
Specifically, an equal volume of distilled water was added to the fermented chocolate, the
mixture was vortexed for 30 s, centrifuged (15,000 rpm, 4 °C, 10 min), and the resulting
supernatant was used as the aqueous extraction sample. Somogyi’s copper reagent (Merck
Ltd., Darmstadt, Germany) was added to 120 uL of the aqueous extract sample and heated
at 100 °C for 10 min. After cooling on ice for 5 min, 120 pL of Nelson color reagent (Merck
Ltd., Darmstadt, Germany) and 1.0 mL of distilled water were added. After standing for
15 min, measurements were taken at a detection wavelength of 500 nm using a microplate
reader (Tecan Japan Co., Ltd., Kanagawa, Japan). The reducing sugar concentration of each
sample was determined using a calibration curve prepared from glucose standards.

2.6. Measurement of Total Polyphenol Concentration

The total polyphenol concentration was measured using the Folin—Ciocalteu method
and expressed as epicatechin equivalents [23]. Specifically, for defatting 0.2 g of fermented
chocolate was mixed with 1.0 mL of hexane, heated at 50 °C for 10 min, centrifuged
(15,000 rpm, 20 °C, 5 min). The hexane layer was removed, and the extraction was re-
peated under the same conditions. Residual hexane was then completely removed using
a centrifugal evaporator (Tokyo Rikakikai Co., Ltd., Tokyo, Japan) to make the defatted
sample. A sample extracted with 50% methanol from the defatted sample was used as
the test sample. Epicatechin (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan)
was used as the standard substance, and absorbance measurements were performed at a
detection wavelength of 765 nm using a microplate reader.

2.7. Measurement of Antioxidant Activity

Antioxidant activity was measured by chemiluminescence using a microplate reader
according to the method of Tabata et al. [24]. Specifically, we measured the ability to
scavenge superoxide (O2-) among oxygen radicals as antioxidant capacity. Each well was
loaded with 10 uL of the water-extracted fermented chocolate sample, 85 pL of 0.1 M
KH,POy4 buffer (containing 0.05 M EDTA-2Na, pH 7.5; hereafter referred to as KH;POy4
buffer), 30 uL of 100 pg/mL xanthine oxidase solution, and 5 pL of 45 mM MPEC (2-
Methyl-6-p-methoxyphenylethynylimidazopyrazinone: ATTO CORPORATION, Tokyo,
Japan) solution.

https://doi.org/10.3390/foods15061045
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The microplate was loaded into a microplate reader, and 25 pL of 0.72 mM hypoxan-
thine (containing 0.05 mM EDTA) was dispensed using the built-in pump. The accumulated
luminescence was then measured for 30 s. As a positive control, 10 uL of 0.1 M KH,POy4
buffer was placed in the well instead of the fermented chocolate sample, and the accumu-
lated luminescence value was measured in the same manner. Antioxidant activity was
calculated as: oxidation inhibition rate (%) = [(luminescence accumulation value of positive
control — luminescence accumulation value of sample)/luminescence accumulation value
of positive control] x 100.

2.8. Statistical Analysis

All results were obtained from three independent experiments. Statistical analyses
were performed using IBM SPSS Statistics (version 26; IBM Japan Ltd., Tokyo, Japan)
with one-way analysis of variance. When significant differences were detected, Dunnett’s
multiple comparison test was applied for comparisons with the control group. Results are
presented as mean =+ standard deviation, and significance was defined as p < 0.05.

3. Results and Discussion
3.1. The State of Fermented Cacao Beans Using Mushrooms

Figure 1 presents the appearance of cacao beans fermented with Polyporus arcularius
as a representative example. Cultivation was terminated when mycelium growth covered
over 80% of the entire Petri dish, as observed with P. arcularius.

Culture
period (days)

control

Polyporus ||
arcularius |

Figure 1. Appearance of cocoa beans during cultivation.

Cocoa beans were fermented using 42 mushroom mycelium. Hyphal growth was
observed in 29 mushroom mycelium and no hyphal growth in 13 even after a culture
period exceeding 100 days (Table 1). The incubation period during which mycelial growth
on cocoa beans was confirmed was 40 to 50 days for most mushrooms, with some strains
showing growth even during shorter incubation periods of 20 to 30 days. No correlation
was observed between the incubation period for mycelial growth and mushroom order,
family, or genus.

Table 1. Mycelium used in this study and cocoa bean fermentation period (days).

Scientific Name

e Culture
— Phylum Class Order Famil Identification Grovyth .
Genus Slggf:lfelc v ¥ Number Medium gg;l;g
s L ) . . v Matsutake
Agrocybe cylindrica Basidiomycota  Agaricomycetes  Agaricales Bolbitaceae Ya-1 Medium 33
Sarcomyxa edulis Basidiomycota  Agaricomycetes  Agaricales Sarcomyxaceae 30526 PDA Medium 43
Hypsizigus marmoreus Basidiomycota  Agaricomycetes  Agaricales lyophyllaceae Bn-1* PDA Medium 71
Schizophyllum commune Basidiomycota  Agaricomycetes  Agaricales Schizophyllaceae 4929 PDA Medium 47
Armillaria mellea Basidiomycota  Agaricomycetes  Agaricales Physalacriaceae 7037 PDA Medium 55
Flammulina velutipes Basidiomycota  Agaricomycetes  Agaricales Physalacriaceae SA-1* PDA Medium 47
Hymenopellis radicata Basidiomycota ~ Agaricomycetes  Agaricales Physalacriaceae 9785 PDA Medium -
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Table 1. Cont.

Scientific Name

e . Culture
— Phvlum Class Order Famil Identification Growth Period
Genus Sls;;llf;c y y Number Medium (]:e,r;;s)
Lentinula edodes Basidiomycota  Agaricomycetes  Agaricales Omphalotaceae Sh-1* PDA Medium -
Coprinellus disseminatus ~ Basidiomycota  Agaricomycetes — Agaricales Psathyrellaceae 7550 PDA Medium 54
Agaricus bisporus Basidiomycota  Agaricomycetes  Agaricales Agaricaceae 7214 PDA Medium -
Calvatia craniiformis  Basidiomycota  Agaricomycetes ~ Agaricales Agaricaceae 30530 PDA Medium -
Cyathus stercoreus Basidiomycota  Agaricomycetes  Agaricales Agaricaceae 9076 I\ﬁézlilﬁﬁe -
Pleurotus ostreatus Basidiomycota  Agaricomycetes  Agaricales Pleurotaceae Hr-24 * PDA Medium 49
Pleurotus citrinopileatus  Basidiomycota ~ Agaricomycetes — Agaricales Pleurotaceae Ta-1* PDA Medium 47
Pleurotus eryngii Basidiomycota  Agaricomycetes  Agaricales Pleurotaceae Er-3 * PDA Medium 54
Pleurotus abalonus Basidiomycota  Agaricomycetes  Agaricales Pleurotaceae Ka-1* PDA Medium -
Agrocybe praecox Basidiomycota  Agaricomycetes  Agaricales Strophariaceae 30258 PDA Medium -
Hypholoma lateritium Basidiomycota  Agaricomycetes  Agaricales Strophariaceae W533 * 2 /01\1/;2 glitu/;?ar 21
Pholiota microspora Basidiomycota  Agaricomycetes — Agaricales Strophariaceae Na-4 * PDA Medium 40
Pholiota adiposa Basidiomycota ~ Agaricomycetes  Agaricales Strophariaceae Nm-1 * PDA Medium 29
Stropharia rugosoannulata  Basidiomycota ~ Agaricomycetes — Agaricales Strophariaceae 30225 l\ﬁiﬁgﬁe -
. . . L . . . . . 2% Malt Agar
Auricularia polytricha Basidiomycota  Agaricomycetes  Auriculariales  Auricularaceae W9 Medium -
Cyclomyces fuscus Basidiomycota  Agaricomycetes Hymenochaetales Hymenochaetaceae 9789 hﬁ;zlil;ﬁe 21
. S . . . " 2% Malt Agar
Climacodon  septentrionalis ~ Basidiomycota — Agaricomycetes  Polyporales Irpicaceae W4 Medium -
0,
Polyporus arcularius Basidiomycota  Agaricomycetes  Polyporales Polyporaceae Wi122 * 2 /()I\/Il\gglitu?ngar 41
Polyporus badius Basidiomycota  Agaricomycetes  Polyporales Polyporaceae 30355 I\ﬁ:;illtfnlie 35
Trametes versicolor Basidiomycota  Agaricomycetes  Polyporales Polyporaceae 6516 PDA Medium 57
Lenzites betulinus Basidiomycota ~ Agaricomycetes  Polyporales Polyporaceae 4963 PDA Medium 76
Ganoderma sichuanense Basidiomycota  Agaricomycetes  Polyporales Polyporaceae 31863 PDA Medium 47
0,
Ganoderma applanatum Basidiomycota  Agaricomycetes  Polyporales Polyporaceae Napa * 2 /OI\}\I/e[z Zlituﬁlgar 21
Grifola frondosa Basidiomycota  Agaricomycetes  Polyporales Polyporaceae Mi-h * 2 /«»I\I/Igglituﬁlgar 45
0,
Laetiporus cremeiporus Basidiomycota  Agaricomycetes  Polyporales Laetiporaceae W8 * 2 /OI\}\I/e[z Zlituﬁlgar 28
Meripilus giganteus Basidiomycota  Agaricomycetes  Polyporales meripilaceae Tb-1* PDA Medium 41
Sparassis latifolia Basidiomycota  Agaricomycetes  Polyporales Sparassidaceae Hb-1* PDA Medium -
0,
Hericium erinaceus Basidiomycota  Agaricomycetes  Russulales Hericiaceae Ym-2 * 2 /Ol\/ll\gglitu‘?ngar 21
Hericium coralloides Basidiomycota  Agaricomycetes  Russulales Hericiaceae Sn-1* PDA Medium 33
Tremella fuciformis Basidiomycota  Tremellomycetes — Tremellales Tremellaceae 8990 PDA Medium 43
Morchella esculenta Ascomycota Pezizomycetes Pezizales Morchellaceae 33132 PDA Medium -
Peziza vesiculosa Ascomycota Pezizomycetes Pezizales Pezizaceae 30324 PDA Medium 34
Urnula craterium Ascomycota Pezizomycetes Pezizales Sarcosomataceae 30137 PDA Medium 42
Wynnea gigantea Ascomycota Pezizomycetes Pezizales Sarcosomataceae 8826 PDA Medium 48
Cordyceps militaris Ascomycota Sordariomycetes  Hypocreales Cordycipitaceae 5928 PDA Medium -

- No mycelial growth was observed even after a cultivation period of 100 days or more. The numbers show NBRC
No., * show Lab No. (A strain isolated by pure culture of wild-type bacteria in the laboratory).

This shows the appearance of cocoa beans during fermentation, comparing a control

group not fermented with mushrooms and a group fermented using P. arcularius.

3.2. Theobromine and Caffeine Concentration

Fermented chocolate was prepared using the 29 strains that exhibited mycelial growth.

We found that the theobromine concentration in fermented chocolate exceeded the con-

trol in 17 strains, suggesting the potential for new theobromine production during fer-

mentation (Figure 2). In the control group without mushroom fermentation, the theo-

bromine concentration was 7.53 mg/g. However, in fermented chocolate using P. arcu-

larius, it was 9.25 mg/g, Peziza vesiculosa-fermented chocolate showed 9.13 mg/g, and

Urnula craterium-fermented chocolate showed 9.05 mg/g, indicating significantly higher
theobromine concentrations.

https://doi.org/10.3390/foods15061045
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Figure 2. Theobromine concentration in fermented chocolate (mg/g). The error bars in the figure
represent the standard deviation (n = 3). Asterisks (*) indicate significant differences compared with
the control (p < 0.05).

P. arcularius is a basidiomycete belonging to the order Polyporales, family Polyporaceae,
and genus Polyporus badius. However, chocolate fermented using Polyporus badius, a species
within the same genus, exhibited lower theobromine concentrations compared with the
control. Similarly to the cultivation period for cocoa beans, no correlation was observed
based on the mushroom family.

Caffeine concentration in fermented chocolate was lower than the control for all
mushrooms, except chocolate fermented with P. arcularius (Figure 3). Chocolate fermented
with P. arcularius showed a caffeine concentration similar to that of the control. This suggests
that fermentation with certain mushroom strains breaks down the caffeine in cocoa beans.
In this study, compared to the control sample that underwent no fermentation, fermenting
with mushrooms resulted in a decrease in caffeine content and a tendency toward increased
theobromine content. This suggests that mushroom fermentation may have broken down
the caffeine in the cacao beans and generated newly theobromine.

Theobromine and caffeine are types of alkaloids called methylxanthines, found in
cocoa, tea leaves, coffee, and other plant sources. Caffeine and theobromine are closely
linked in their respective biosynthetic pathways. In fungi and bacteria, the caffeine degra-
dation pathway converts caffeine into theobromine, which is subsequently metabolized to
7-methylxanthine and finally to xanthine [25,26]. These steps involve sequential demethyla-
tion reactions catalyzed by specific demethylating enzymes. This suggests that mushrooms
possess demethylating enzymes. We hypothesize that the activity of demethylating en-
zymes enables the conversion of caffeine into theobromine and 7-methylxanthine.

This finding supports a previous study that reported that when Pleurotus ostreatus
fruiting bodies were cultivated on sawdust medium containing coffee grounds, and the
mycelium was grown on potato dextrose agar supplemented with coffee grounds, the
caffeine degradation products theobromine, 3-methylxanthine, and 7-methylxanthine were
detected in both the fruiting bodies and the mycelium [27]. However, there are still no
reports of P. arcularius, P. vesiculosa, or U. craterium—which are also mushrooms—degrading
caffeine to produce theobromine, and the mechanism by which P. arcularius, P. vesiculosa,
and U. craterium generate theobromine remains unknown.

https://doi.org/10.3390/foods15061045
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Figure 3. Caffeine concentration in fermented chocolate (mg/g). The error bars in the figure represent
the standard deviation (n = 3). Asterisks (*) indicate significant differences compared with the control
(p <0.05).

Nevertheless, based on reports of caffeine degradation pathways and theobromine
production in the same mushroom species, P.ostreatus, the reduction in caffeine concen-
tration and the increase in theobromine concentration observed in chocolate fermented
with mushrooms in this study were likely attributable to the presence of demethylating en-
zymes in the mushrooms P. arcularius, P. vesiculosa, and U. craterium possess demethylating
enzymes. It is thought that during the cultivation period, these enzymes decomposed the
caffeine contained in the cacao beans and generated theobromine.

In this study, the caffeine concentration of cocoa beans fermented with P. arcularius
remained unchanged; however, the theobromine concentration increased. This suggests
that theobromine was synthesized via a different pathway rather than being derived
from the breakdown of caffeine. In the caffeine degradation pathway, demethylating
enzymes convert caffeine into theobromine, 7-methylxanthine, and xanthine. The reverse
reaction pathway occurs in the caffeine biosynthesis pathway: xanthine is converted to
7-methylxanthosine and then to 7-methylxanthine, ultimately forming theobromine (3,7-
dimethylxanthine), which is then converted to caffeine (1,3,7-trimethylxanthine). In this
process, methylation reactions occur in which methyl groups are added to the purine ring
in the order N-7, N-3, and N-1 by the action of methyl transferase (N-methyltransferase),
leading to the synthesis of theobromine and caffeine from xanthine [28].

If methylating enzyme (N-methyltransferases) are present in the mushroom along
this pathway, it is conceivable that during the fermentation period of cacao beans, methyl
groups could be added to the N-7 and N-3 positions of xanthine contained within the beans,
enabling the production of theobromine. To date, there have been no reports of P. arcularius
or other mushrooms possessing methyl transferase enzymes (N-methyltransferases). How-
ever, since the caffeine concentration in the cacao beans remained unchanged while the
theobromine concentration increased, it was considered possible that P. arcularius possesses
methyl transferase enzymes and newly produced theobromine from xanthine during the
fermentation period of the cacao beans.

https://doi.org/10.3390/foods15061045
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Therefore, another possibility is that the mushrooms possess both demethylase en-
zymes that break down caffeine and methylase enzymes that produce theobromine and
caffeine from xanthine, both of which were active during the cultivation period.

There have been no reports of caffeine breakdown or theobromine production in P.
arcularius, P. vesiculosa, or U. craterium, but the results of this study suggest the presence
of demethylating and methylating enzymes, and further investigation of these enzymes
is necessary to follow up on the results obtained in this study. However, by investigating
and clarifying the mechanism of action of the enzymes, it may be possible to develop
fermented chocolate with high theobromine and low caffeine concentrations through
mushroom fermentation.

We focused on the species P. arcularius, P. vesiculosa, and U. craterium, which
showed high theobromine concentrations, and conducted further analysis of their
other components.

3.3. Production of Reducing Sugars Through Fermentation

Mushrooms possess various enzymes including amylase and cellulase. These en-
zymes are also active in fermented foods produced using mushroom mycelium where
they increase the concentration of reducing sugars in the fermentation products [29]. We
hypothesized that fermentation with mushrooms reduces the reducing sugar concentration
in cocoa beans due to the amylase and cellulase present in the mushrooms.

Measurement of the reducing sugar concentration showed that the concentrations in
beans fermented by P. arcularius, P. vesiculosa, and U. craterium were higher than those of
the control (Figure 4). In particular, U. craterium had significantly higher reducing sugar
concentration (36.9 mg/g) than the control (9.29 mg/g).

40

H &

35

H &

30

25

20

=1

15

10

H &

Reducing sugar concentration (mg/g)

Control P.arcularius Pyesiculosa U.craterium

Figure 4. Reducing sugar concentration in fermented chocolate (mg/g). The error bars in the figure
represent the standard deviation (n = 3). Different letters indicate p < 0.05 between groups.

Cocoa beans contain carbohydrates, primarily dietary fiber, but also including lignin,
hemicellulose, and cellulose, in that order [30]. On the other hand, many basidiomycetes
are wood-decay fungi and possess hemicellulose and cellulase that degrade hemicellulose
and cellulose [11]. P. arcularius belongs to the Basidiomycota phylum. It is classified as
a white rot fungus and can decompose hemicellulose and cellulose [31]. On the other
hand, P. vesiculosa and U. craterium belong to the Ascomycota phylum, are not classified

https://doi.org/10.3390/foods15061045
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as wood-decay fungi, and it has not been reported that they possess hemicellulose or
cellulase. However, some ascomycetes behave as soft-rot fungi and decompose wood
with high moisture content and have decompositional activity against cellulose [32]. This
suggests that P. vesiculosa and U. craterium may also possess cellulolytic activity, despite the
fact that Ascomycota are typically classified as wood-decay fungi that lack hemicellulase
and cellulase.

In this study, fermentation using P. arcularius, P. vesiculosa, and U. craterium signifi-
cantly increased the reducing sugar concentration compared with the control. This suggests
that cellulose and hemicellulose in the cocoa beans were decomposed into reducing sugars,
such as glucose, by cellulase and hemicellulose enzymes present in the mushrooms. Al-
though fermentation with these species increases the concentration of theobromine, which
contributes to bitterness, as the concentration of reducing sugars, which contribute to
sweetness, also increased; therefore, the fermented chocolate may possess both bitterness
and sweetness.

3.4. Production of Total Polyphenols by Fermentation

Chocolate fermented using mushrooms had higher total polyphenol concentrations
than the control, with P. arcularius and P. vesiculosa in particular showing polyphenol
concentrations more than twice that of the control (Figure 5). Cocoa beans are rich in lignin,
a polymer of polyphenols, and polyphenols are released when lignin is decomposed.
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Figure 5. Total polyphenol concentration in fermented chocolate (mg/g). Total polyphenol concentra-
tion was quantified as epicatechin equivalents. The error bars in the figure represent the standard
deviation (n = 3). Different letters indicate p < 0.05 between groups.

P. arcularius is a white rot fungus capable of decomposing cellulose, hemicellulose,
and lignin [11,31]. P. vesiculosa and U. craterium belong to the Ascomycota phylum. Some
ascomycetes have been reported to decompose lignin [32]. These findings support this
study as fermentation with P. arcularius, P. vesiculosa, and U. craterium decomposed the
lignin in the cocoa beans, leading to an increase in the total polyphenol concentration.

3.5. Increased Antioxidant Activity Through Fermentation

The antioxidant activity measurement results showed higher values for P. arcularius
and P. vesiculosa, which had high total polyphenol content, compared with the control

https://doi.org/10.3390/foods15061045
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(Figure 6). On the other hand, U. craterium showed antioxidant activity similar to that of
the control.
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Figure 6. Antioxidant activity (%) in fermented chocolate. The error bars in the figure represent the
standard deviation (n = 3). Different letters indicate p < 0.05 between groups.

The high antioxidant activity observed in chocolate fermented with P. arcularius and P.
vesiculosa may be attributable to the release of antioxidant-active polyphenols associated
with the increased total polyphenol concentration. On the other hand, antioxidant activity
did not increase in chocolate fermented with U. craterium, despite its high total polyphenol
content. This discrepancy may be explained by the presence of free polyphenols with
inherently weak antioxidant activity or by oxidative degradation during the cultivation
period, which may have diminished their antioxidant potential.

Polyphenols are compounds containing two or more phenol groups in a benzene ring.
Polyphenols found in cacao beans include epicatechin and catechin, as well as procyanidin,
which is a combination of epicatechin and catechin.

It has been reported that polyphenols contained in cacao beans exhibit higher an-
tioxidant activity than black tea and green tea [33]. However, the antioxidant activity of
each polyphenol, such as epicatechin and catechin, differs [34]. Therefore, even when
the total polyphenol concentration is high, it may not directly lead to an increase in
antioxidant activity.

The total polyphenol concentration measured in this study was not obtained by
measuring the total polyphenol concentration in fermented chocolate using the Folin—
Ciocalteu method; however, it was obtained by fractionating the obtained polyphenols
and measuring each polyphenol individually. Furthermore, since the antioxidant activity
was measured by determining the oxidation inhibition rate in fermented chocolate, the
antioxidant effects of each polyphenol were not measured. Therefore, although lignin
was decomposed in chocolate fermented with U. craterium, and the total polyphenol
concentration increased, this may not lead to the further production of polyphenols that
contribute to improved antioxidant activity.

Chocolate fermented with U. craterium did not exhibit increased antioxidant activity;
however, its antioxidant activity was comparable to that of the non-fermented control,
suggesting that mushroom fermentation did not diminish antioxidant capacity. Chocolate
fermented with P. arcularius, P. vesiculosa, and U. craterium showed increases in theobromine

https://doi.org/10.3390/foods15061045
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concentration, reducing sugar content, and total polyphenol content; moreover, the antioxi-
dant activity was similar to or higher than that of the control.

Collectively, these findings suggest that fermenting cacao beans with mushrooms
enables the development of chocolate enriched in theobromine, reducing sugars, and
polyphenols, with antioxidant activity that is maintained or enhanced compared with
conventional chocolate.

4. Conclusions

This study investigated the use of mushrooms for the secondary fermentation of cocoa
beans to further improve quality. When cocoa beans were fermented using 42 species of
basidiomycetes and ascomycetes, mycelial growth was observed in 29 mushroom strains.

As a result of preparing 75% cocoa chocolate, the chocolate made with 17 strains
showed higher theobromine concentrations compared to the control group, with chocolate
fermented with P. arcularius, P. vesiculosa, and U. craterium showing significantly higher lev-
els. Caffeine concentration was similar to or lower than the control in all mushroom strains.
The increase in theobromine concentration and decrease in caffeine concentration may
indicate theobromine synthesis from xanthine via methylation enzymes, or the generation
of theobromine through the breakdown of caffeine by demethylation.

Furthermore, fermentation by P. arcularius, P. vesiculosa, and U. craterium increased
the reducing sugar concentration and total polyphenol concentration. Fermentation by
P. arcularius and P. vesiculosa showed excellent antioxidant activity.

Overall, our findings suggest that fermenting cacao beans with mushrooms produces
chocolate that is richer in theobromine, reducing sugars, and polyphenols than conventional
chocolate and has excellent antioxidant properties. However, for the efficient production of
chocolate with high theobromine and low caffeine content through secondary fermentation,
further research is required to characterize the methylation and demethylation enzyme
in mushrooms.
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Abstract

Acetate esters, synthesized by alcohol acyltransferase (AATases) encoded primarily by the
ATF1 gene, are pivotal for the desirable fruity aroma in fermented foods. However, the role
and regulatory impact of ATF1 in solid-state fermented meat remain largely unexplored.
This study engineered Saccharomyces cerevisiae by knocking out and overexpressing ATF1 to
investigate its influence on flavor formation in a sour meat model system. Compared to
the wild-type strain, ATF1 overexpression (SCpA group) increased ethyl acetate content
by 70.15% and uniquely produced significant levels of isoamyl acetate. Conversely, ATF1
deletion (SCdA group) led to a 61.23% reduction in ethyl acetate. Transcriptomic analysis
revealed that ATF1 overexpression triggered a systemic metabolic shift, not only activating
the final esterification step but also upregulating key genes in central carbon metabolism
(SUC2, ICL1), amino acid biosynthesis, and precursor supply pathways (ACS2, ADHI).
This synergistic regulation redirected metabolic flux towards the accumulation of both
alcohol and acyl-CoA precursors, thereby amplifying acetate ester synthesis. Our findings
demonstrate that ATF1 is a critical engineering target for flavor enhancement in fermented
meats and uncover a broader metabolic network it influences, providing a robust strategy
for the targeted modulation of food flavor profiles.

Keywords: flavor formation; Saccharomyces cerevisiae; ATF1; acetate esters; fermented
meat; transcriptomics

1. Introduction

Fermented meat products are processed through microbial fermentation and bio-
chemical actions. This not only imparts a unique flavor but also effectively extends the
shelf life while improving the nutritional profile throughout the fermenting procedure. [1].
Sour meat, a traditional ethnic fermented meat product in China, is produced through
a unique fermentation process. It is primarily made from pork, rice flour, and salt, and
undergoes fermentation under anaerobic conditions. The final product is characterized
by a firm texture and a distinct sour flavor with ester-like aroma notes. However, the
characteristics of sour meat are influenced by a multitude of factors spanning ambient
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conditions, manufacturing procedures, duration, and material composition, which can lead
to significant instability in quality [2]. The inoculation of starter cultures is an effective
approach to enhance the stability and flavor profile of sour meat. For instance, Shang [3]
inoculated Lactiplantibacillus plantarum and Pediococcus pentosaceus into fermented meat,
significantly reducing the content of biogenic amines, enhancing its safety, and simulta-
neously stimulating the generation of volatile organic compounds. Guo [4] inoculated
Yarrowia lipolytica into fermented meat, stimulating the synthesis of esters, aldehydes, and
alcohols—with a notable increase in ethyl esters—thereby imparting a richer flavor profile
to the product. Zhang [5] employed co-fermentation with Latilactobacillus curvatus and
Pediococcus pentosaceus in fermented meat, which improved the color, total lactobacilli count,
and free amino acid content, while the concentrations of nitrite, biogenic amines, total
volatile base nitrogen (TVB-N), and malondialdehyde were effectively lowered. This led to
a significant elevation in the safety and quality attributes of the fermented meat.

The ester content in fermented meat plays a dominant role in shaping its flavor
profile. Crucial contributors include acetate and ethyl esters, with examples being ethyl
acetate, ethyl octanoate, and ethyl hexanoate. These ester compounds typically contribute
fruity and creamy flavors to fermented meat. Research has indicated that inoculating S.
cerevisiae LXPSC1 in sour meat significantly improved the flavor quality, identifying it as
an ideal fermentation agent for the enhancement of sour meat quality. S. cerevisize shows a
direct association with elevated concentrations of esters, alcohols, and total VOCs, with
ester content in particular increasing by 4.36-fold. [6]. Research shows that S. cerevisiae
is instrumental in ester compound synthesis due to the presence of AATases. AATases
mediate the conversion of ethanol and acetyl-CoA into acetate ester. In S. cerevisiae, these
AATases are primarily encoded by the ATF1 and ATF2 genes [7]. The synthesis of AATases is
promoted by the overexpression of both the ATF1 and ATF2 genes [8,9]. This enhancement
efficiently enables the condensation of acetyl-CoA with ethanol, yielding ethyl acetate
as well as isoamyl acetate. Marullo assessed the roles of the ATF1 and ATF2 genes in
regulating the synthesis of ethyl acetate and isoamyl acetate. The results indicated that
ATF1 plays a more critical role and is primarily responsible for producing both esters. In
contrast, the absence of ATF2 did not significantly affect the yield of either compound [10].

Traditional studies on microorganisms frequently employ intentional inoculation with
specific microbial strains to investigate their impact on the attributes of fermented foods.
However, the approach of adding microbial variants with gene knockouts or overexpressed
genes is more conducive to thoroughly studying and clarifying the role of key genes in
shaping the microenvironment. For instance, Shi [11] enhanced the production of the key
enzymes acetyl-CoA synthase (ACS1/2) and aldehyde dehydrogenase (ALD6) in the Ac-
CoA biosynthesis module by employing various terminators. Additionally, they achieved
co-expression of the ATF1 gene within the ACS1/2 and ALD6 cassettes, which led to a
further increase in the ethyl acetate content of the liquor. Zhang [12] achieved a nine-
fold increase in ethyl acetate production by overexpressing the ATF1 gene through the
transformation of a multicopy plasmid in industrial brewer’s yeast. The study by Dong [13]
revealed that overexpression of the ATF1 gene significantly boosts the strain’s capacity
to produce ethyl acetate, thereby enriching the aroma of the liquid fermentation of corn
hydrolysate and further improving its taste and flavor. The regulation of acetate esters
by ATF1 has been validated in liquid-state fermented foods, such as wine and beverages,
particularly in alcoholic drinks. However, research on solid-state fermented foods, such as
fermented meats, is exceedingly scarce.

Therefore, based on our preliminary findings regarding the impact of added S. cere-
visiae on ester production in sour meat, we further investigated the influence of ATFI, a
gene closely associated with ester synthesis in S. cerevisiae, on its flavor. We hypothesize
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that modulation of the expression level of the ATF1 gene in Saccharomyces cerevisiae can
significantly alter the synthesis efficiency of acetate esters, thereby directionally modulating
the flavor profile of sour meat in a solid-state sour meat model system. In this study, we
performed both knockout and overexpression of the ATF1 gene, which encodes AATases
in S. cerevisiae. The aim was to modulate the expression of ester synthesis-related genes
at the genetic level in S. cerevisiae, and to examine the function of the ATF1 gene in es-
ter production in solid-state fermented foods. Furthermore, we utilized transcriptomic
analysis to assess the effects of ATF1 gene knockout and overexpression on the expression
levels of other genes in S. cerevisiae. This aimed to uncover potential pathways and genes
involved in ester synthesis, providing precise target information for further optimization
of fermentation processes.

2. Materials and Methods

2.1. Experimental Materials, Strains and Plasmids

The pork belly and lard were obtained from the Dashui Market in Dalian City. Table 1
lists all the strains and plasmids used in this study.

Table 1. Strains and plasmids.

Strains and Plasmids Genotype or Sequence Source

MATa; MAL2-8¢; SUC2: his 3A1; ura3-52; Yongjin Zhou’s lab;

Saccharomyces cerevisiae SC ] N ) : Dalian Institute of
gal80A;XI-5::Prepr-Casd-Teyer Chemical Physics, CAS
S. cerevisiae MATa; MAL2-8c; SUC2; his3A1; ura3-52; This research
SCdA gIZZgOA,’ XI—S.‘.'PTEH-CQSQ-TCYCL‘ Aatfl
Strains .. MATa; MAL2-8c; SUC2; his3A1; ura3-52;
S.cerevisiae A+ XI-5:Prrr-CasO-T . Thi h
SCpA 8al80A; XI-5:Prep1-Cas9-Teyer; is researc
X3.’.’PTp[1 -ATPI-TCYCI
o F-, 80d/lacZ AM15,/A(lacZYA-argF) U169,
Escherichia 3
coli DH5a deoR, recAl, endAl, hsdR17(rk, mk*), phoA, Takara
supE44, A", thi-1, gyrA96, relAl
pgRNA-X3 URA3, 2 um, AmpR, gRNA1-X3, gRNA2-X3 This research
Plasmid URA3, 2 um, AmpR, gRNA1-ATF1 .
pgRNA-ATF1 eRNA2-ATF1 This research

2.2. Chemicals

All chemicals used were of analytical or specified grade. YPD liquid medium, agar
powder, and LB liquid medium were obtained from Qingdao Hope Bio-Technology Co., Ltd.
(Qingdao, China). Acetyl-CoA, amino acid mixture standard, and the following analytical
standard esters: isoamyl acetate (CAS: 123-92-2), ethyl hexanoate (CAS: 123-66-0), ethyl
octanoate (CAS: 106-32-1), ethyl butyrate (CAS: 105-54-4), ethyl acetate (CAS: 141-78-6),
ethyl heptanoate (CAS: 106-30-9), ethyl decanoate (CAS: 110-38-3), phenethyl acetate
(CAS: 103-45-7), and ethyl propionate (CAS: 105-37-3), as well as chromatographic grade
cyclohexanone and C7-C30 saturated alkanes, were obtained from Sigma-Aldrich (St. Louis,
MO, USA). Anhydrous ethanol and isoamyl alcohol (both HPLC grade) were supplied
by Kemio Chemical Reagent Co., Ltd. (Tianjin, China). Trichloroacetic acid and acetone
(chromatographic grade) were purchased from Aladdin Reagent (Shanghai) Co., Ltd.
(Shanghai, China). The malondialdehyde (MDA) assay kit was provided by Nanjing
Jiancheng Bioengineering Institute (Nanjing, China).
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2.3. Knockout and Ouverexpression of the ATF1 Gene

The primers used for knockout and overexpression of the ATF1 gene in S. cerevisiae SC
are listed in Table S1. The ATF1 knockout plasmid was constructed by amplifying fragments
using primer pairs Ag-1 & Pg-1, Ag-2 & Pg-2, and P-6005 & P-6005. Subsequently, the three
amplified products were cloned into vectors using the Vazyme ClonExpress II One Step
Cloning Kit (C113). Transformation of the recombinant plasmids was subsequently carried
out in Escherichia coli DH10B. Correct transformants were selected, and the plasmids were
validated to confirm the successful construction of the ATF1 knockout plasmid. Similarly,
the construction of the ATF1 overexpression plasmid was achieved by amplifying fragments
using primer pairs X3g-1 & Pg-1, X3g-2 & Pg-2, and P-6005 & P-6005 (where “X3” refers
to the third neutral site on chromosome X of Saccharomyces cerevisiae, a site known to
contribute to expanding the metabolic capacity of the yeast [14]), followed by ligation,
transformation, and validation to obtain the correct plasmid.

S. cerevisiae transformation was performed according to the protocol described by
Cao [15]. The exogenous DNA fragments used for knockout were obtained using fu-
sion PCR technology. The knockout cassette was obtained by fusing the upstream and
downstream gene fragments of ATF1, which were amplified separately. The expression
cassette for the ATF1 gene overexpression is shown in Figure S1. After transforming S.
cerevisiae, the transformants were selected on SD (HIS) plates. The successful knockout and
overexpression of ATF1 were verified by extracting genomic DNA from the colonies. The
ATF1 knockout strain was designated as SCdA, and the ATF1 overexpression strain was
designated as SCpA.

2.4. Strains and Culture Conditions

The selected S. cerevisiae strains included the parental strain SC, the gene-knockout
strain SCdA, and the overexpressing strain SCpA, all stored at —80 °C. Before use, strains
were first activated on YPD solid medium and then inoculated into YPD liquid medium,
followed by a 24 h incubation on a shaker at 28 °C. Following centrifugation of the culture
(10,000 rpm, 10 min, 4 °C), the harvested cells were rinsed, reconstituted in sterile saline,
and standardized to 7 log CFU/mL.

2.5. Preparation of the Sour Meat Model System

The sour meat model system was formulated according to the study by Cano-
Garcia [16].

Extraction of myofibrillar proteins [17]: Pork was trimmed of fat and connective tissue
before being minced. The minced meat was combined with a five-fold volume of extraction
buffer (0.1 M Tris-HCI, 20 mM EDTA, pH 7.0), followed by thorough homogenization until
no visible particles remained. After centrifugation at 10,000 rpm for 30 min at 4 °C, the
supernatant was collected and discarded.

Preparation of the sour meat model system [16]: Each 100 g of the model system
contains 35 g of myofibrillar protein, 25 g of pork fat, 5 g of glucose, and 35 g of 0.1 M
phosphate-buffered solution (pH 7.5). The mixture is blended and homogenized to prepare
a sour meat model system. The inoculated group is treated by inoculating the model system
with S. cerevisiae at a concentration of 1 x 107 CFU/g, followed by fermentation at 30 °C
for 7 days. The experimental groups were designated as follows: F, the sour meat model
system prior to fermentation; C, a control group without S. cerevisiae inoculation; SCdA,
a group inoculated with the ATF1-knockout strain (SCdA); SC, a group inoculated with
the wild-type S. cerevisiae; and SCpA, a group inoculated with the ATF1-overexpressing
strain (SCpA).
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2.6. The Determination of pH, TBARS, Protein Concentration, and TCA-Soluble Peptide Content

Following homogenization and centrifugation of a 2 g sample mixed with 20 mL of
water, the supernatant was collected for pH measurement with a benchtop pH meter (FE2S;
Mettler Toledo, Greifensee, Switzerland). The determination of TBARS was conducted
as described by Cheng [18]. Homogenization of a 2 g sample was performed in 20 mL
of phosphate buffer, followed by centrifugation (12,000 g, 6 min). We collected the
resulting supernatant and quantified the protein concentration via the Bradford method.
As described by Wang [19], a 2 g aliquot of the sample was mixed with 8 mL of 10% TCA
solution, blended for 1 min, and then subjected to centrifugation to collect the supernatant
for measuring the content of TCA-soluble peptides. Using L-tyrosine as the standard, a
standard curve was plotted. The content of TCA-soluble oligopeptides was expressed as
umol Tyr/g.

2.7. Determination of Fatty Acids

According to Pei’s method [20], total lipids were extracted from a 5 g sample. The
sample was thoroughly combined with the extraction solution, concentrated at 35 °C by
rotary evaporation, and the total lipid content was subsequently determined. Following
derivatization of lipid fatty acids into fatty acid methyl esters with boron trifluoride-
methanol, analysis was carried out on an Agilent 7890A GC-5975C MSD system (Santa
Clara, CA, USA) equipped with an HP-5-MS capillary column (30 m x 0.25 mm x 0.25 um).
The specific conditions and parameters are detailed in the reference. The identification
of fatty acids is combined with a comparative analysis of GC-MS retention times against
those in a fatty acid standard by searching the NIST11 library. These compounds were then
quantified based on their corresponding peak areas.

2.8. The Determination of Amino Acids and Electronic Tongue

A 3.0 g sample was blended with 12 mL of deionized water for homogenization before
being treated with acetone. The mixture was allowed to stand for 10 min before centrifu-
gation to collect the supernatant. Evaporated to dryness at 60 °C using a water bath, the
supernatant was subsequently reconstituted in acetone and passed through a 0.22 pm mem-
brane filter in preparation for subsequent analysis. Amino acid analysis was performed
using the fully automatic amino acid analyzer LA8080 according to the manufacturer’s
instructions. The standard used was an amino acid mixed standard (Sigma-Aldrich, St.
Louis, MO, USA; Catalog number: AAS18). According to the formula TAV = C/T [21], the
Taste Activity Value (TAV) is calculated to reflect the taste contribution of flavor amino acids
in the sour meat model system. A TAV greater than 1 denotes a significant contribution to
the overall taste. Here, C is the absolute concentration (mg/100g) of the compound, and T
is its taste threshold (mg/100g).

The electronic tongue measurements were conducted according to the method of
Liu [22]. The electronic tongue model TS-5000Z was purchased from Insent Inc. (Atsugi,
Japan). Homogenization of a 30 g sample aliquot was performed with 100 mL of water. The
resulting mixture was then passed through a 0.22 pm water-compatible filter membrane to
prepare it for analysis.

2.9. Determination of Volatile Compounds

Analysis of volatile compounds in the samples was conducted through an SPME-GC-
MS system. Full-scan (SCAN) mode was first employed to detect all flavor compounds in
the sour meat, followed by selected ion monitoring (SIM) mode for precise quantification
of esters. The procedure was performed as follows: We placed 2 g of the sample in a 20 mL
headspace vial, added 20 uL of cyclohexanone internal standard (50 mg/L), and heated
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it at 60 °C for 30 min. We then collected volatiles using an SPME fiber for 40 min, which
was subsequently desorbed for 10 min in the injector of an Agilent 7890A-5975C GC-MS
system (Agilent Technologies, Inc.; Santa Clara, CA, USA) and analyzed on an HP-5MS
capillary column (30 m x 250 um x 0.25 um). The specific conditions were the same as
those described by Liu [23]. Substance identification was performed using the NIST 11
standard library for automatic retrieval. Calculation of the Kovats retention indices (RI) for
all volatile compounds was performed using the retention time data of a C7-C30 n-alkane
homolog mixture. Quantification was performed via comparison of individual peak areas
to that of the internal standard, with results given in micrograms per 100 g (ng/100g).

2.10. Transcriptomics Sequencing

After fermentation at 30 °C for 7 d, aliquots (5 g) of each sample from the SCdA and
SCpA groups were aseptically transferred into sterile 10 mL centrifuge tubes and cryopre-
served at —80 °C. The samples were transported to Biomarker Technologies Corporation
(Beijing, China) using dry ice for Illumina transcriptomics sequencing. The purity and
concentration of RNA were assessed using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific Inc; Wilmington, DE, USA), while the integrity of RNA was precisely eval-
uated using an Agilent 2100 Bioanalyzer/LabChip GX (Agilent Technologies, Inc.; Santa
Clara, CA, USA). After sample qualification, libraries were constructed. Following library
quality inspection, sequencing was performed on the Illumina NovaSeq 6000 platform in
PE150 mode.

After obtaining the raw data, initial filtering was performed. Subsequently, the genome
of S. cerevisine S288C (GCF_000146045.2_R64) was used as a reference for alignment analysis
using TopHat2. Following quality control of the transcriptomic data using RSeQC (v2.6.3) to
analyze sequencing saturation, gene coverage, and duplicate reads, differentially expressed
genes (DEGs) were identified. Gene expression levels, calculated as FPKM, were compared
using the EdgeR package (v3.10) with screening thresholds set at | Fold Change | > 1.5
and FDR < 0.05. The final DEGs were then functionally annotated and subjected to KEGG
enrichment analysis.

2.11. Statistical Analysis

A completely randomized experimental design was employed in this study, and all
experiments were independently repeated at least three times. Data were analyzed using
SPSS version 27.0 (International Business Machines Corp., Armonk, NY, USA), and results
are presented as means + standard deviation (SD). Statistically significant differences
among samples were determined by distinct alphabetic characters. Statistical significance
was analyzed by one-way ANOVA followed by Duncan’s test at a significance level of
p < 0.05. Figures and charts were created using Origin 2022 (OriginLab Corp., Northampton,
MA, USA). The associated heatmaps were generated with TBtools-II v2.4 software.

3. Results and Discussion
3.1. Changes in pH and TBARS in the Sour Meat Model System

Figure la demonstrated a marked decline in pH levels (p < 0.05) throughout the
fermentation process. At the end of fermentation, the pH in every group had dropped to
levels below 4.5. The drop in pH results from the bacterial metabolism of carbohydrates by
lactic acid bacteria, which in turn drives lactic acid production [24]. A pH below 4.5 can
suppress the proliferation of spoilage and pathogenic bacteria [25]. Therefore, the lower
pH values of the four sample groups can delay food spoilage, facilitate preservation, and
ensure food safety. Relative to the control (group C), a more pronounced reduction in pH
was observed in the inoculated groups over the fermentation period (p < 0.05). The possible
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reasons are: on one hand, the inoculation of S. cerevisiae affects the growth of lactic acid
bacteria by promoting their proliferation [24], while, on the other hand, the inoculation
of S. cerevisine makes carbohydrates more readily metabolized by lactic acid bacteria [26].
Therefore, by contributing to increased levels of organic acids, the inoculation of S. cerevisiae
helps maintain a lower pH in the system.
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Figure 1. Changes of pH (a) and TBARS (b), content of protein (c) and TCA soluble peptide (d) in the
sour meat model system. Note: F: the sour meat model system prior to fermentation; C: a control
group without inoculation with SC; SCdA: a group inoculated with SCdA; SC: a group inoculated
with untreated SC; SCpA: a group inoculated with SCpA. Different letters a-d indicated significant
differences among different groups (p < 0.05).

TBARS is an indicator employed to assess the extent of lipid oxidation throughout
fermentation [27]. Figure 1b shows that the TBARS level in the four fermentation groups
initially increased and then decreased during fermentation. The TBARS values in the S.
cerevisiae-inoculated samples showed a marked increase compared to the control at the mid-
fermentation stage (p < 0.05), but subsequently declined to levels considerably below the
control by the conclusion of the fermentation process (p < 0.05). Similar findings were also
reported by Chaves-Lépez [28]: in a myofibrillar protein sausage model inoculated with S.
cerevisiae, protein consumption was significantly enhanced, leading to a more complex and
intensified flavor profile. During the later stages of fermentation, S. cerevisine was able to
inhibit lipid oxidation to some extent, as evidenced by lower MDA content in S. cerevisiae-
inoculated groups. This may be because S. cerevisiae promotes the production of MDA
during the early stages of fermentation, which then interacts with other components such
as nucleotides, nucleic acids, proteins, and other aldehydes to promote the accumulation
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of aromatic substances [29,30]. Therefore, S. cerevisiae promotes fat oxidation to enhance
aroma in the beginning of the sour meat model fermentation, while it inhibits fat oxidation
during the later stages to prevent the development of off-flavors.

3.2. Changes in Protein Concentration and TCA Content in the Sour Meat Model System

As shown in Figure 1c, the protein concentration significantly decreased (p < 0.05) in
all groups after fermentation. The decrease in protein concentration is attributed to the
breakdown of proteins into peptides, amino acids, aldehydes, and other low-molecular-
weight components [31]. The protein concentration in S. cerevisiae-inoculated groups
was significantly lower than that in control group C (p < 0.05). This may be due to the
introduction of S. cerevisine promoting protein degradation [30]. In summary, inoculation
with S. cerevisiae facilitates the decomposition and transformation of proteins in the sour
meat model system.

TCA-soluble peptides are important components contributing to the umami flavor of
acid meat [32]. Figure 1d shows that the content of TCA-soluble oligopeptides significantly
increased (p < 0.05) in all groups after fermentation. The TCA-soluble oligopeptide content
in S. cerevisiae-inoculated groups was significantly higher than that in control group C,
indicating that more myofibrillar proteins were degraded by endogenous proteases and mi-
crobial proteases in S. cerevisine-inoculated groups. Jones’s research found that S. cerevisine
contains proteases and aminopeptidases, which can hydrolyze proteins to produce peptides
and amino acids [33], aligning with our study results. The continuous accumulation of
soluble peptides in S. cerevisiae-inoculated groups may enhance the potential for achieving
desirable flavor in meat products.

3.3. Changes in Free Fatty Acid Content in the Sour Meat Model System

Lipases catalyze the hydrolysis of lipids in meat products, generating free fatty acids
(FFA). [34]. The fatty acid content was found to be significantly elevated in all sour meat
model systems following the fermentation process. Moreover, the S. cerevisiae-inoculated
groups yielded a significantly greater fatty acid content than the control group C (p < 0.05)
(Table S2). In general, within each group, palmitic acid, stearic acid, and oleic acid ac-
counted for relatively high proportions. Additionally, the fatty acid compositional profile
demonstrated a distinct pattern: polyunsaturated fatty acids (PUFA) showed the highest
concentration, followed by saturated fatty acids (SFA), with monounsaturated fatty acids
(MUFA) accounting for the lowest proportion. Consistent findings have been reported
in other studies. For instance, in Olivares’ research [35], as the fermentation of sausages
progressed, the content of FFA significantly increased (p < 0.01). Notably, sausages inocu-
lated with S. cerevisiae exhibited the highest free fatty acid (FFA) content. Additionally, an
observable trend emerged across treatment groups, indicating that unsaturated fatty acid
levels exceeded those of saturated fatty acids. Palmitic acid and oleic acid were identified
as the predominant fatty acids in all samples. During the fermentation process, unsaturated
fatty acids undergo oxidative degradation, generating volatile compounds that influence
the flavor profile of meat products. Gianelli [36] demonstrated that Mallorca Black Pork
Sobrassada contains a significant amount of unsaturated fatty acids. As fermentation
progresses, these FFAs are oxidized, resulting in a marked rise in the levels of volatile
compounds within the product. In our sour meat model system, the SCpA group exhibited
the highest content of unsaturated fatty acids, indicating that this group may produce
higher levels of volatile compounds, which could potentially influence the flavor profile of
the sour meat.
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3.4. Changes in Free Amino Acid Content and Electronic Tongue Analysis in the Sour Meat
Model System

As shown in Figure 2a, relative to the fresh sample F, the total free amino acid content
significantly increased (p < 0.05) in all groups after fermentation. Moreover, S. cerevisiae-
inoculated groups demonstrated significantly elevated levels (p < 0.05) relative to control
group C. Our results corroborate the findings of Nie [37], who attributed this phenomenon
to the proteolytic or aminopeptidase activity of S. cerevisiae on meat proteins, leading to
the breakdown of proteins and production of free amino acids. In S. cerevisiae-inoculated
groups, the SCpA group exhibited the highest total free amino acid (TAA) content, followed
by the SC group, and then the SCdA group. This phenomenon may be attributed to the
overexpression of the ATF1 gene, which leads to the upregulation of certain genes involved
in the regulation of amino acid biosynthesis pathways, thereby promoting amino acid
synthesis and indirectly resulting in significant accumulation of amino acids.
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Figure 2. (a) Changes of FAAs content before and after fermentation in different groups; (b) Taste
activity value (TAV) of FAAs; (c) Classification of taste-presenting FAAs; (d,e) Electronic tongue. Note:
Total: Total free amino acid. Different letters a—d indicated significant differences among different
groups (p < 0.05).

In the study by Chaves-Lépez, the proteolytic activity of S. cerevisiae strains in the
myofibrillar protein model led to the accumulation of amino acids such as Glu and Ala [28].
Similarly, as shown in Figure 2b, our findings demonstrate that the content of sweet
amino acids increased post-fermentation compared to pre-fermentation levels. Notably,
the concentration in the S. cerevisiae-inoculated groups was significantly higher than that
in the control group (p < 0.05). After fermentation, compared to the control group, the S.
cerevisige-inoculated groups produced substantial amounts of Asp and Glu, two free amino
acids that impart a savory (umami) taste. As shown in Figure 2c, both amino acids showed

https://doi.org/10.3390/foods15020378
23



Foods 2026, 15, 378

a taste activity value (TAV) > 1, indicating that Asp and Glu are the primary taste-active
amino acids in this simulation system. Asp and Glu exhibited the highest concentrations
in the SCpA group, and similarly, the content of amino acids such as Met and Val was
also highest in the SCpA group (p < 0.05). The accumulation of these free amino acids will
contribute to improving the flavor and nutritional value of the products during the sour
meat fermentation process [38].

Electronic tongue analysis results for pre- and post-fermentation stages in the model
system are shown in Figure 2d,e. As can be seen from the figure, after fermentation, the
sourness of S. cerevisine-inoculated groups was significantly higher than that of the control
group C, while the bitterness was significantly lower compared to the control group. In
S. cerevisiae-inoculated groups, the umami taste was highest in the SCpA group, while
sourness and bitterness were the lowest (p < 0.05). Overall, the SCpA group exhibited the
highest level of overall acceptability, which may be attributed to its rich composition of
flavor substances.

3.5. Changes in Volatile Compounds in the Sour Meat Model System

Figure 3a shows that a total of 35 volatile compounds were identified in the model
system before and after fermentation, including 9 alcohols, 5 aldehydes, 8 acids, 11 esters,
and 2 other compounds. These substances, which contribute significantly to the unique
flavor profile of sour meat, are produced through lipid oxidation, proteolysis, and amino
acid catabolism [39]. Prior to fermentation, 8 compounds were detected in sample F. After
7 days of fermentation, 10, 21, 20, and 21 compounds were identified in groups C, SCdA, SC,
and SCpA, respectively. Compared with the pre-fermentation stage, both the variety and
the quantity of compounds increased. According to Figure 3b, the total content of volatile
substances in S. cerevisiae-inoculated group samples was significantly elevated compared
to the control group C and the pre-fermentation sample F, with the SCpA group showing
the most significant difference (p < 0.05). Additionally, the ester content in the SCpA group
was also significantly higher compared to the other groups. Figure 3c shows that post-
fermentation flavor compounds in the control group were predominantly alcohols, whereas
esters were the dominant compounds in S. cerevisiae-inoculated groups. Notably, the SCpA
group displayed the highest relative abundance of esters among all S. cerevisiae-inoculated
groups. This indicates that inoculating with S. cerevisiae can alter the production of volatile
substances in the model system, particularly having a significant effect on the esters.

The semi-quantitative results obtained in SCAN mode are susceptible to matrix in-
terference. Therefore, we further performed precise quantification of key esters in sour
meat under the selected ion monitoring (SIM) mode, particularly focusing on ethyl acetate
and isoamyl acetate, which are produced by the AATases encoded by the S. cerevisize ATF1
gene. According to Figure 3d, esters in the S. cerevisiae-inoculated groups predominantly
comprised ethyl decanoate, ethyl octanoate, and ethyl hexanoate. Additionally, in the
SCpA group, significant amounts of ethyl phenylacetate, isoamyl acetate, and ethyl acetate
were detected. These esters contribute a rich aroma profile (including fruity and floral
notes) to the model system [40]. After fermentation, the ethyl acetate content among the
groups was ranked as SCpA > SC > SCdA. Specifically, compared to the SC group, the
ethyl acetate content in the SCdA group decreased by 61.23%, while in the SCpA group,
it increased by 70.15%. Moreover, isoamyl acetate was detected only in the SCpA group
(p < 0.05). This indicates that an increase in the expression level of the S. cerevisiae ATF1
gene can enhance the content of ethyl acetate and isoamyl acetate in the sour meat model
system. These two esters impart a fruity sweetness to the product. Previous studies have
reported that overexpression of the ATF1 gene in S. cerevisiae can increase the acetate ester
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content in alcoholic beverages [41]. Our experimental results also confirm a similar effect
in fermented meat systems.
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Figure 3. (a) Heat map of volatile compounds in the sour meat model system; (b) the contents of
ester and total VOCs in different groups before and after fermentation; (c) the relative abundance
of different classes of VOCs; (d) the contents of key esters in different groups before and after
fermentation; (e) the contents of acid, aldehyde and alcohol in different groups before and after
fermentation. Note: Data used in figures (a—c,e) were obtained using the SCAN mode; data in figure
(d) were acquired using the SIM mode. Different letters a—d indicated significant differences among
different groups (p < 0.05).

Alcohols are essential components of fermented meat flavor, primarily originating
from carbohydrate metabolism, lipid oxidation, and amino acid catabolism [42]. According
to Figure 3a,e, compared to the pre-fermentation stage, both the variety and the quantity
of alcohols increased in each group post-fermentation. Specifically, the SCpA and SC
groups exhibited the highest levels of alcohols, particularly benzeneethanol (p < 0.05).
Benzeneethanol, as one of the alcohols that influence the flavor of fermented meat, is a
volatile alcohol with a rose-like aroma [43]. However, in the SCdA group, the content of
other alcohols was significantly higher than that in the SCpA and SC groups, particularly
3-methyl-1-butanol (p < 0.05). This may be due to the absence of the S. cerevisine ATF1 gene in
the SCdA group, which prevents the production of isoamyl acetate in the simulated system,
leading to a significant accumulation of 3-methyl-1-butanol. This is consistent with the
findings of Li et al. in their study on liquor, which showed that ATF1 deletion significantly
decreases the content of ethyl esters while increasing the content of alcohols [44]. After
fermentation, the content and variety of aldehydes and acids increased to different extents
in each group, with significantly higher levels observed in S. cerevisiae-inoculated groups
compared to group C (p < 0.05). This indicates that inoculating with S. cerevisiae can
enhance the content of aldehydes and acids in the sour meat model system. In sour meat,
the primary aldehydes are aliphatic aldehydes, which in meat products are typically the
oxidation products of unsaturated fatty acids caused by endogenous enzymes within fat
tissues or muscle tissues [43,45]. In the sour meat model system inoculated with S. cerevisiae,
the aldehyde content across the groups was ranked as SCdA > SC > SCpA (p < 0.05). This
is likely because the overexpression of ATF1 in the SCpA group promotes the conversion
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of more fatty acids into fatty acyl-CoA, which in turn increases the production of fatty
acid esters. This inhibits the autoxidation of fatty acids, leading to a reduction in aliphatic
aldehyde content.

Overall, inoculation with S. cerevisiae significantly altered the production profile of
volatile compounds in the model system, particularly enhancing both the concentration
and diversity of esters. Notably, the SCpA group exhibited the most pronounced effect.
The upregulation of the ATF1 gene in S. cerevisiae significantly elevates the concentrations
of ethyl acetate and isoamyl acetate in the simulated sour meat system, thereby impart-
ing a distinct fruity-sweet aroma profile to the final product. Additionally, inoculation
of S. cerevisiae enhances the concentrations of alcohols, aldehydes, and organic acids in
the system.

3.6. Transcriptomic and Major Metabolic Pathway Analysis of the Sour Meat Model System

Transcriptomic analysis of S. cerevisiae fermentations in the SCAA and SCpA groups
was performed, with a Fold Change > 1.5 and FDR < 0.05 set as the criteria for identifying
differentially expressed genes (DEGs). A total of 3197 DEGs were detected, as shown in
Figure 4a, including 1639 upregulated genes (red) and 1558 downregulated genes (green).
As shown in Figure 4b, the top 20 significantly enriched pathways were characterized
based on KEGG enrichment analysis. The DEGs were mainly enriched in pathways such
as carbon metabolism, biosynthesis of amino acids, glycolysis/gluconeogenesis, and starch
and sucrose metabolism. The secondary products of these metabolic pathways, such as
fatty acids, alcohols, esters, and amino acids, all contribute to the production of aroma
compounds in S. cerevisiae [46].
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Figure 4. (a) Volcano plot of DEGs between the ATFI-overexpressing strain (SCpA) and ATF1-
knockout strain (SCdA) in S. cerevisiae; (b) KEGG enrichment histogram of DEGs between SCdA
and SCpA.

To systematically elucidate the formation mechanism of unique flavor compounds in
the sour meat model system by the SCpA group, we conducted an in-depth analysis of
key enriched metabolic pathways associated with DEGs, based on the detection results of
volatile compounds (Figure 5). Analysis revealed that through systematic regulation of key
pathways such as central carbon metabolism, the Ehrlich pathway, and ester synthesis, the
SCpA group redirected the metabolic flux of flavor precursors, ultimately leading to the
formation of its distinct aromatic profile.
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Figure 5. Fold change in DEGs in the aroma metabolism pathway between SCdA and SCpA groups.
Note: The unit for differential gene expression fold change is log2 FC.

The enhancement of central carbon metabolism provided a substantial material basis
for the synthesis of flavor precursors. As shown in Figure 5, in the sugar metabolic path-
ways, the sucrase gene SUC2, as well as genes involved in glucose and fructose utilization
(including MAL12, IMA3, SOR1, and SOR2), were significantly upregulated in the SCpA
group. The synergistic action of these genes markedly improved the strain’s efficiency in
carbon source utilization, thereby supplying more abundant phosphoenolpyruvate (PEP)
and pyruvate for downstream metabolism. These two key metabolic nodes serve as a
“crossroads” for flavor compound synthesis: on one hand, PEP provides precursors for
the synthesis of aromatic amino acids such as phenylalanine via the shikimate pathway;
on the other hand, pyruvate not only serves as the starting point for the synthesis of
branched-chain amino acids like valine and leucine, but also acts as the entry point to
TCA cycle. It is noteworthy that the upregulation of ICL1, a key gene in the TCA cycle, in
the SCpA group promoted the accumulation of oxaloacetate, thereby ensuring adequate
substrate availability for the synthesis of amino acids such as aspartate and glutamate [47].
This synergistic enhancement of upstream metabolic pathways established an abundant
precursor pool for the subsequent synthesis of flavor compounds, including higher alcohols
and esters, which is consistent with the significantly higher total free amino acid (FAA)
content observed in the SCpA group compared to other groups.

Differential regulation of the Ehrlich and pyruvate metabolic pathways precisely
shaped the composition of higher alcohols. Regarding alcohol biosynthesis, alcohol de-
hydrogenases encoded by ADH genes catalyze the conversion between aldehydes and
alcohols. Increased expression of genes such as ADH6 has been reported to be associated
with elevated benzeneethanol production, while enhanced expression of genes including
ADH3 is linked to increased synthesis of higher alcohols such as 3-methyl-1-butanol and
2-methyl-1-propanol [48]. Overexpression of the ILV3 gene facilitates the conversion of
pyruvate to a-ketoisovalerate, which is subsequently decarboxylated to 2-methylpropanal
and ultimately reduced to 2-methyl-1-propanol [49]. In the SCpA group, the Ehrlich
pathway and pyruvate metabolic pathway exhibited a highly specific regulatory pattern.
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On one hand, both ILV3, which is closely associated with 2-methyl-1-propanol synthesis,
and the critical gene ADHG6 responsible for benzeneethanol production were significantly
upregulated. This finding is closely aligned with the experimental results showing the
highest detected levels of benzeneethanol and 2-methyl-1-propanol in the SCpA group. On
the other hand, the alcohol dehydrogenase gene ADH3, which catalyzes the formation of
various higher alcohols such as 3-methyl-1-butanol, was markedly downregulated. This dif-
ferential expression pattern, characterized by both increases and decreases among members
of the alcohol dehydrogenase gene family, precisely modulated the conversion efficiency of
different precursors into their corresponding higher alcohols, thereby reprogramming the
composition profile of higher alcohols.

The acetyl-CoA-centered ester biosynthesis network was significantly activated. Es-
ters represent important flavor contributors in the system, and their synthesis efficiency
depends on the supply of two major precursor types: alcohols and acyl-CoAs. In the SCpA
group, both of these supply lines were enhanced. First, regarding the supply of acyl-CoAs,
the upregulation of ACS2 directly enhanced the synthesis capacity of acetyl-CoA [50].
Concurrently, upregulated expression of FAS1, ERG10, and FAA4 promoted the generation
of long-chain fatty acids and their activated products—long-chain acyl-CoAs. Meanwhile,
increased expression of LEU2 and ILE2 boosted the production of precursors such as
2-methylbutyryl-CoA. The downregulation of BDH2 reduced the conversion of acetoac-
etate to 2,3-butanediol, leading to the accumulation of acetoacetate [51]. We speculate that
this may result in more pyruvate being converted into acetyl-CoA, thereby increasing the
supply of acetyl-CoA available for ester synthesis. Furthermore, regarding alcohol supply,
the upregulation of ADH1 ensured sufficient ethanol substrate. Ultimately, in the esterifi-
cation step, the expression of ATF1—a key gene encoding alcohol acetyltransferase—was
significantly upregulated. This enzyme efficiently utilizes the aforementioned acetyl-CoA
and alcohols to catalyze the extensive synthesis of acetate esters such as ethyl acetate and
isoamyl acetate [52]. This result is also consistent with the previously reported inverse
correlation between ALD3 expression and ethyl acetate content [53]. In summary, through
the coordinated enhancement of diversified acyl-CoA supply, generation of key alcohol
substrates, and the final catalytic step of esterification, the SCpA group significantly ele-
vated the overall synthesis capacity of ester flavor compounds via the synergistic effects of
multiple genes. This finding is closely aligned with the flavor detection results.

4. Conclusions

Through a sour meat model system, this research demonstrates that modifying the
ATF1 gene in Saccharomyces cerevisiae substantially affects acetate ester synthesis. Overex-
pression of ATF1 increased the strain’s esterification ability, raising levels of ethyl acetate
and isoamyl acetate, while its knockout notably reduced ethyl acetate content. Transcrip-
tomics further showed that ATF1 overexpression not only enhanced esterification directly
but also upregulated key genes in central carbon metabolism, amino acid synthesis, and
precursor supply (e.g., SUC2, ICL1, ACS2, ADHI). This indicates that changes in ATF1
expression disturb a wider metabolic network, working together to boost alcohol and acyl-
CoA precursor accumulation and ultimately increase acetate ester yield. These findings
position ATF1 as a useful genetic target for steering acetate ester flavor in the sour meat
model system. However, because the model differs from actual sour meat fermentation in
matrix structure, microbial interactions, and environmental factors, industrial applicability
will require further testing at pilot and production scales.
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Abstract

Microbial fermentation is an important means to enhance the nutrition and functionality of
food, and soybean fermentation has a long history and a wide variety of products. This
study systematically compared the effects of fermentation and post-ripening processes
of Bacillus subtilis natto JLCC513 on the nutritional components, active substances, and
sensory characteristics of soybeans. The experimental results showed that, in terms of
basic nutrition, fermentation led to a significant decrease in fat and reducing sugar content,
followed by an initial increase and then a decrease in total protein content. In contrast,
water-soluble protein continued to increase, and the total amount of free amino acids
surged. The active nutritional indicators before and after soybean fermentation showed
that nattokinase activity continued to increase during fermentation and post-ripening. At
the same time, the number of viable bacteria decreased slightly during post-ripening. The
increase in the proportion of easily absorbed aglycone-type isoflavones before and after
soybean fermentation is accompanied by a sustained increase in vitamin K2 and gamma
aminobutyric acid (GABA) content. In terms of sensory quality, color-difference analysis
shows a decrease in brightness (L value) and an increase in redness (a value), resulting
in the characteristic yellow-brown color of natto. In terms of texture characteristics, the
hardness decreases, while the viscosity and elasticity are significantly enhanced. Through
GC-IMS analysis of volatile aromas during soybean fermentation and post-ripening, it
was found that esters (such as ethyl acetate) and pyrazines (such as 2,3-dimethylpyrazine)
increased, and the product flavor shifted from grassy to fruity and nutty. In summary, natto
bacteria enhance the digestibility, nutritional value, and sensory acceptance of soybeans
through enzymatic hydrolysis and metabolic transformation. The post-ripening stage plays
a key role in flavor maturation and further accumulation of active ingredients.

Keywords: fermented foods; Bacillus subtilis natto; texture characteristics; flavor

1. Introduction

Microbial utilization in food has a long history, dating back to before 7000 BC, when
ancient civilizations used natural fermentation methods to preserve and improve food [1].
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For instance, ancient Egyptians employed yeast to ferment bread [2], while ancient Chinese
literature documented brewing alcohol using Aspergillus [3]. Today, microbial fermentation
technology has become a core method in food processing [4], profoundly transforming
food substrates through metabolic activities to enhance their nutritional value and sensory
qualities. In today’s global society, fermented foods such as natto, yogurt, and cheese not
only significantly extend food shelf life but also endow products with unique functional
properties [5]. Microorganisms catalyze the transformation of substrates by secreting abun-
dant enzyme systems that generate small-molecule peptides, vitamins, and volatile flavor
compounds, thereby achieving the “bio-enhancement” of food [6]. Modern research has
confirmed that probiotics in fermented foods can enhance immune function and promote
nutrient absorption [7,8]. These benefits highlight the key role of microbial fermentation in
the functionalization of food.

Soybeans are an important plant protein source, with protein content of 35-40%,
and they contain all essential amino acids required by the human body, making them
a high-quality, easy-to-digest, easily absorbed protein. Furthermore, soybeans are rich
in dietary fiber, isoflavones, B vitamins, and minerals (such as calcium, iron, zinc, etc.),
components that play important roles in maintaining physiological functions and enhancing
immunity [9]. However, the isoflavones in soybeans mostly exist in glycosidic forms and
require conversion to exert better bioactivity [10]; meanwhile, the large molecular structure
of soybean protein leads to its low digestibility, and the beany flavor and bitterness limit its
wide application. Traditional processing methods, such as boiling or roasting, can easily
cause the loss of heat-sensitive nutrients and offer only limited improvements in sensory
qualities.

As a potential probiotic, Ma et al. [11] and Sun et al. [12-14] found that the natto bacterium
Bacillus subtilis natto JLCC513 can modulate the gut microbiota and intestinal barrier function
in obese rats through multiple pathways, thereby contributing to weight loss. During the
fermentation process, this strain can produce a variety of enzymes (including protease,
amylase, and cellulase), which effectively break down macromolecules in soybeans and
enhance their nutritional value. During natto fermentation, the natto bacteria multiply
rapidly, and nattokinase activity increases significantly, leading to profound changes in the
nutritional components of the soybeans. Protein degradation is a key step: under the action
of proteases secreted by natto bacteria, soybean protein is hydrolyzed into small-molecule
peptides and free amino acids, making it easier for the body to absorb and turning natto
into a functional food. This comprehensively enhances the edible experience and health
value of soybean products.

Post-ripening of fermented food is a crucial step in the fermentation process, which
refers to the process of storing the product under specific conditions (such as specific
temperature and humidity) for a period of time after the main fermentation stage, allowing
it to undergo a series of slow and complex biochemical reactions, ultimately achieving the
desired quality.

Although studies have reported changes in the process of producing natto through the
fermentation of soybeans with Bacillus subtilis natto, there is a lack of systematic analysis,
especially an overall analysis of the post-ripening stage. This study utilized Bacillus subtilis
natto JLCC513 to ferment soybeans and analyzed unfermented ripe soybeans, fermented
soybeans after 24 h, and post-ripe soybeans after 24 h of ripening. The production process
and testing indicators for natto and post-ripening in the experiment are shown in Figure 1.
The aim was to systematically elucidate the effects of fermentation and post-ripening on
the nutritional components, bioactive compounds, and sensory characteristics of soybeans,
thereby filling a knowledge gap in this type of research.

https://doi.org/10.3390/foods15020237
33



Foods 2026, 15, 237

Bacillus natto JLCC513

Soybean Cooked soybean \. Fermented natto Post-ripening natto
g ST, —=- ; Y

Soak for 8h Ferment Post ripening

at 37 °C for 24

Steaming at 4°C for 24h
at 105°C for
90min
| —
Freeze-dried Sampling
v
Basic Nutrients Active Nutrients Sensory quality
Protein Effective viable count Color difference
Reducing sugar Nattokinase activity Texture characteristics
Fat Soy Isoflavones Volatile aroma compounds
Free amino acids Vitamin K2
GABA

Figure 1. Natto and post-ripening production process and testing indicators.

2. Materials and Methods
2.1. Reagents and Strains

Bacillus subtilis natto JLCC513 was isolated from rice stalks in Northeast China and
stored at the China General Microbial Culture and Collection Center (CGMCC, accession
number: 20625). The soybeans used for fermentation are commercially available ordinary
soybeans purchased from Juncheng Bean Industry (Shulan, China) in Heilongjiang Province.
The natto bacterial powder is laboratory-made, with an effective live bacterial count of
100 million CUF/g. The chemical reagents were purchased from China National Pharma-
ceutical Group Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Natto Production

Referring to the method proposed by Miao et al. [15]. Soybeans soaked for 8 h were
steamed at 105 °C for 90 min to obtain cooked soybeans as the control group, designated
as the CS (Cooked Soybean) group. After cooling to room temperature, the soybeans
were thoroughly mixed with the fermentation starter powder and incubated in a constant
temperature incubator at 37 °C for 24 h to obtain natto, designated as the FN (Fermented
Natto) group. After fermentation, the natto was placed in a 4 °C refrigerator for 24 h of
post-ripening to obtain post-ripened natto, designated as the PRN (Post-Ripening Natto)
group. Samples from the cooked soybean, natto, and post-ripened natto groups were
collected for subsequent analyses.

2.3. Determination of Basic Nutritional Indicators During the Fermentation and
Post-Ripening Process

The samples of cooked soybeans, fermented natto, and post-ripened natto were
vacuum freeze-dried, pulverized, and passed through a 60-mesh sieve for subsequent
analysis.

2.3.1. Fat

Use the Soxhlet extraction method to determine the sample’s fat content. Dry the
freeze-dried powder at 100 °C for 2 h, then place it in a dryer to cool to room temperature
and weigh it. Add anhydrous ether to the Soxhlet fat extractor (Pomex, Suzhou, China) to
extract the sample. After extraction, dry the sample at 100 °C for 2 h, then cool it in a dryer
to a constant weight. The difference between the two masses is the fat content in the sample.
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2.3.2. Reducing Sugars

Determination of reducing sugars by the 3,5-dinitrosalicylic acid method. Take the
freeze-dried powder, mix it with distilled water and DNS reagent in a 1:1:3 ratio, and heat it
in a boiling water bath for 5 min. After cooling to room temperature, measure the absorbance
at 540 nm using an enzyme-linked immunosorbent assay (Molecular Devices, Sunnyvale, CA,
USA) and calculate the reducing sugar content from the glucose standard curve.

2.3.3. Proteins and Water-Soluble Proteins

Measure protein content using a Kjeldahl nitrogen analyzer (Foss, Hilleroed, Denmark).
Dissolve 5 g of freeze-dried powder in 50 mL of distilled water, stir thoroughly for 60 min,
centrifuge at 5000 r/min for 30 min, and analyze the supernatant on a Kjeldahl nitrogen
analyzer to determine water-soluble protein content.

2.3.4. Free Amino Acids

The amino acid composition was analyzed using a fully automated amino acid ana-
lyzer (Sykam, Munich, Germany). The freeze-dried sample was hydrolyzed at 110 °C for
24 h in a sealed container containing 6 M HCL. After filtration and drying, the residue was
dissolved in a 0.2 M sodium citrate solution (pH 2.2) and shaken in a water bath for 1 h.
After filtration, it was detected in an amino acid analyzer.

2.4. Determination of Nutrients and Active Substances During the Fermentation and
Post-Ripening Process

2.4.1. Determination of Nattokinase and Effective Bacterial Count

Five grams each of cooked soybean, fermented natto, and post-ripened natto were
ground and mixed with 50 mL of physiological saline. Shake and extract at 37 °C and
180 r/min for 10 min. Centrifuge at 4 °C and 10,000 r/min for 10 min. Take the supernatant
to obtain the crude nattokinase enzyme solution. Take 20 uL of crude enzyme solution and
spot it on a fibrin plate. Incubate at 37 °C for 16 h, measure the diameter of the transparent
circle, and obtain the activity of nattokinase based on the standard curve of urokinase activity.

Determine the total bacterial count using the dilution plate method. Grind and dissolve
5 g of cooked soybeans, fermented natto, and post-cooked natto separately in 50 mL of
sterile physiological saline solution. Shake and extract at 37 °C and 180 r/min for 10 min,
then dilute with a 10-fold gradient. Take 100 uL of diluent and evenly spread it on the LB
solid plate. Invert the plate and incubate at 37 °C for 24 h, then count the colonies.

2.4.2. Soy Isoflavones

The method for analyzing isoflavones by HPLC (Thermo Fisher, Breda, The Nether-
lands) is based on the methods of Murphy et al. [16], Xu, and Chang [17], with slight
modifications: Take 1 g of the sample into a 50 mL stoppered conical flask, dissolve it
thoroughly in 3.5 mL of distilled water, add 1 mL of 0.1 mol/L HCl, and then add 5 mL
of chromatographic grade acetonitrile. Shake in a gas bath shaker (Labshark, Changde,
China) at room temperature (250 r/min) and extract for 2 h. After extraction, filter and take
5 mL of the filtrate. Rotate and evaporate to dryness at a temperature below 34 °C. After
rotary evaporation, the residue was dissolved in 80% chromatographic-grade methanol,
filtered through a 0.22 pm membrane, and placed in a 1.5 mL liquid-phase vial for later
use. The chromatographic column is a Venusil MP-C18 column (5 um, 250 x 4.6 mmi.d.);
column temperature, 34 °C; detection wavelength, 262 nm; injection volume, 10 uL. Mobile
phase A is HyO (0.3% acetic acid), mobile phase B is acetonitrile (0.3% acetic acid). The
flow rate was set to 0.7 mL/min. After accurately weighing 1 g of the standard substance,
dissolve it in 40 pL of dimethyl sulfoxide (DMSO) and dilute to a certain volume with 80%
chromatographic-grade methanol. After being configured as a mixed standard, dilute to
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different concentrations, analyze by HPLC, prepare a standard curve, measure the sample,
record the corresponding peak area, and calculate the content of soy isoflavones in the
sample based on the standard curve.

2.4.3. Vitamin K2

Isopropanol and n-hexane were mixed in a 1:2 (v/v) ratio as the extraction solution
and stored. The extraction solution was mixed with the fermentation sample at a 4:1 (v/v)
ratio, and the mixture was placed in an ultrasonic cleaner for 30 min to fully extract vitamin
K2. The detection method of vitamin K2: HPLC was used to detect the content of vitamin
K2, and the detection conditions were Shim pack Velox Biphenyl chromatographic column
(2.7 pm, 4.6 mm x 100 mm); The mobile phase is methanol; Detection wavelength: 268 nm;

Injection volume: 10 pL; Flow rate: 0.5 mL min~ 1.

2.4.4. Gamma Aminobutyric Acid

Grind 5 g of cooked soybeans, fermented natto, and post-cooked natto separately
and add them to 50 mL of physiological saline. Shake and extract at 37 °C and 180 r/min
for 10 min, then centrifuge at 4 °C and 10,000 r/min for 10 min to obtain the extraction
solution. Take 0.2 mL of crude enzyme solution and add 400.0 pL of borate buffer (pH 9.0),
200.0 uL of 6% phenol, and 1.0 mL of 10% sodium hypochlorite in sequence. After heating
in a boiling water bath for 10 min, immediately cool in an ice bath to room temperature.
After the solution turns blue-green, add 4.0 mL of 60% ethanol and measure the absorbance
at 645 nm. Simultaneously, use the above method to determine the GABA standard curve.
Draw a standard curve with GABA concentration as the horizontal axis and absorbance
value as the vertical axis, and calculate the content of GABA in the fermentation broth.

2.5. Detection of Sensory Indicators During the Fermentation and Post-Ripening Process
2.5.1. Color Difference

Use a colorimeter (CR-10 Plus, KONICA MINOLTA, Japan) for detection. Select 10 par-
ticles from each group, measure their L * (brightness), a * (redness), and b * (yellowness)
using a colorimeter, and calculate the color difference value AE, AE =/ [(AL*)? + (Aa*)? +
(Ab*)?].

2.5.2. Texture Characteristics

Using a texture analyzer (Stable Micro Systems, London, UK), the hardness, adhesive-
ness, resilience, cohesiveness, elasticity, gumminess, and chewiness of the samples were
measured. Select 10 particles of similar size and full size for TPA extrusion testing, using a
cylindrical P/36R probe with a pre-measurement speed of 5 mm/s, a mid-measurement
speed of 1 mm/s, a post-measurement speed of 2 mm/s, and a compression of 75%.

2.5.3. Odor Based on GC-IMS

Measurement was performed using GC-IMS (G.A.S., Dortmund, Germany), following
the method of Sun et al. [18] with slight modifications. Transfer 5.0 g of fresh fermented
soybeans before and after fermentation into a 20 mL headspace vial.

Headspace injection conditions: incubation temperature of 60 °C, incubation time of
15 min, oscillation speed of 500 r/min, injection needle temperature of 85 °C, injection
volume of 500 pL. After each injection, purge the injection needle with high-purity nitrogen
gas (purity > 99.999%) for 5 min.

GC analysis conditions: The chromatographic column is a WAXX quartz capillary
column (15 m x 0.53 mm, 1 pm), the column temperature is 60 °C (constant temperature
mode), the carrier gas is high-purity nitrogen gas (purity > 99.999%), and the carrier gas
flow rate gradient is: initial flow rate is 2 mL/min, maintained for 5 min; At 5-20 min,
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linearly increase from 2 mL/min to 150 mL/min and maintain for 5 min, with a total
running time of 25 min.

IMS analysis conditions: migration tube length of 98 mm, migration voltage of
500 V/cm, migration tube temperature of 45 °C, migration gas of high-purity nitrogen
(purity > 99.999%), flow rate of 150 mL/min, ionization source of tritium (3H), positive ion
mode. Under the same chromatographic conditions, C4-C9 ketone (China National Pharma-
ceutical Group Chemical Reagent Beijing Co., Ltd., Beijing, China) was used as an external
reference to calculate the retention indices (RIs) of the identified volatile compounds.

2.6. Data Processing

Each sample was set up in three parallel groups, and the results were expressed as
mean =+ standard deviation. The significance between samples was evaluated by IBM SPSS
(24.0) using one-way analysis of variance (ANOVA) and the LSD test; p < 0.05 indicated
significant differences. The results were visualized using Origin (2021) software. The VOCal
(0.4.03) software was used to process the GC-IMS dataset. The Genescloud platform (https:
/ /www.genescloud.cn/) was used to generate the heatmap. The Metware Cloud platform
(https:/ /cloud.metware.cn/) was also utilized to draw a flavor wheel and a heatmap.

3. Results

3.1. Changes in Basic Nutritional Indicators During the Fermentation and Post-Ripening Process
of Soybeans by Bacillus subtilis natto

3.1.1. Changes in Basic Nutritional Indicators

Basic nutritional indicators can reflect the nutrient sources utilized by Bacillus subtilis
natto during fermentation. The specific changes are summarized in Table 1. During fermen-
tation, the fat and reducing sugar content decrease. The fat content of cooked soybeans
is 17.70 g/100 g, which decreases to 16.55 g/100 g after 24 h of fermentation. At 24 h
post-ripening, the fat content decreases to 15.58 g/100 g, and the reducing sugar content
decreases significantly during the fermentation post-ripening process (p < 0.05). The total
protein content significantly increased during the 24 h fermentation stage (p < 0.05), rising
from 35.85 g/100 g to 38.23 g/100 g. After post-ripening, there was a slight decline, but
it remained significantly higher than in the unfermented group (p < 0.05). The content of
water-soluble protein showed a significant increasing trend (p < 0.05), reaching 4.56 g/100 g
before fermentation; After 24 h of fermentation, it rapidly increased to 8.54 g/100 g; After
post-ripening, it continued to increase to 9.81 g/100 g.

Table 1. Changes in basic nutritional indicators of soybeans before and after fermentation by natto

bacteria.
Fat Reduced Sugar Protein Water Soluble Protein
(g/100 g) (g/100 g) (g/100 g) (g/100 g)
CS 177 £0.152 1.46 £0.09° 35.85+0.48? 456 +0.21°2
FN 16.55 4+ 0.31° 1.24 +0.06° 3823 +0.31° 8.54 +0.22°
PRN 15.58 £ 0.28 ¢ 0.92 +0.04 © 3728 +0.35¢ 9.81+£0.28°¢

The values with different superscript letters in a column are significantly different (p < 0.05).

3.1.2. Changes in Free Amino Acids

Further analysis of the changes in free amino acid content showed that the total
free amino acid content in unfermented soybeans was 151.0 mg/100 g; After 24 h of
fermentation, it soared to 427.9 mg/100 g, and further increased to 615.7 mg/100 g after
post-ripening. The content of 12 amino acids continued to significantly increase (p < 0.05),
while the content of three amino acids continued to decrease(Figure 2A). Proline and
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cysteine showed a trend of first increasing and then decreasing, and first decreasing and
then increasing, respectively. A heatmap (Figure 2B) can more intuitively show the trend
in the content of each amino acid, with 12 amino acids showing a continuous increase. In

comparison, the other five amino acids exhibit different patterns of change.
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Figure 2. Changes in free amino acid content during the fermentation process. (A) Bar chart of changes
in free amino acid content. (B) Heat map of changes in free amino acid content. The experiment was
set up with three biological replicates. The values with different superscript letters in a column are
significantly different (p < 0.05).

3.2. Changes in Active Nutritional Indicators During the Fermentation and Post-Ripening Process
of Soybeans by Bacillus subtilis natto

3.2.1. Changes in Effective Viable Bacterial Count and Nattokinase Activity

The number of viable Bacillus subtilis natto bacteria and the activity of nattokinase can
reflect the growth characteristics of this strain in the natto production process (Figure 3). The
results showed that after 24 h of fermentation, nattokinase activity reached 2434.22 1U/g,
and the number of live bacteria in natto reached 8.24 log CFU/mL. After post-ripening,
nattokinase activity increased significantly (p < 0.05), but the number of live bacteria
showed a slight decrease during the post-ripening stage.
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Figure 3. The effect of fermentation on the number of viable bacteria and nattokinase activity. The
yellow line reflects the nattokinase activity across different treatments. The green columns reflects the
vialbe bacteria across different treatments. The values with different superscript letters in a column
are significantly different (p < 0.05).
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3.2.2. Changes in Soy Isoflavones

The total content of soy isoflavones showed a slow decreasing trend throughout the
fermentation post-ripening process (p < 0.05) (Figure 4). The cooked soybean group was
2.77 mg/g; after 24 h, it decreased to 2.52 mg/g; after post-ripening, it continued to decrease
slightly to 2.44 mg/g. There is a significant fluctuation relationship between glycoside
type isoflavones and aglycone type isoflavones. The content of glycosidic isoflavones
decreased from 2.39 mg/g at the beginning to 1.87 mg/g after 24 h of fermentation, and
then decreased to 1.61 mg/g after 24 h of post-ripening. During the post-ripening process,
the content of aglycone-type isoflavones increased from 0.38 mg/g to 0.66 mg/g and finally
reached 0.83 mg/g. The proportion of aglycones (aglycones/total isoflavones) increased

from 13.7% to 34.0%.
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Figure 4. The total, glycosylated, and aglycone isoflavone contents across different treatments. The
values with different superscript letters in a column are significantly different (p < 0.05).

3.2.3. Changes in Vitamin K2 and Gamma Aminobutyric Acid

The vitamin K2 content continues to increase during fermentation (Figure 5), reaching
only 0.18 mg/g in the 0 h sample. After 24 h of fermentation, it rapidly and significantly
increases (p < 0.05) to 5.58 mg/g, and further increases by 22.7% after 24 h of post-ripening.
The gamma-aminobutyric acid content in the 0 h sample was only 5.66 mg/100 g. During the
24 h fermentation process, the bacterial cells secreted a large amount, increasing the content to
91.54 mg/100 g. After another 24 h of post-ripening, it continued to rise to 111.96 mg/100 g.

3.3. Changes in Sensory Indicators During the Fermentation and Post-Ripening Process of
Soybeans by Bacillus subtilis natto

3.3.1. Changes in Color Difference

During fermentation and post-ripening, the surface of natto gradually changes from
light yellow to off-white to a classic yellow-brown color. The L* value decreased from 58
after 0 h to 47, and then decreased to 45.59 after post-ripening; The value of a* increases
continuously to 6.32, indicating that the sample has shifted from greenish to reddish; The
overall change in b* value was not significant, but it also showed a significant decrease
after fermentation (p < 0.05) (Figure 6). Compared with the post-ripening stage, the color
difference changes significantly within 24 h of fermentation (p < 0.05), and the total color
difference between cooked soybeans and post-ripe natto is AE = 13.1. It has exceeded the
threshold recognizable by the naked eye (AE > 3), indicating that fermentation ripening
has a significant impact on the appearance and color of natto.
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Figure 5. Total vitamin K2 and GABA content among different treatments. The green columns reflects
the vitamin K2 content across different treatments. The yellow columns reflects the GABA content
across different treatments. The values with different superscript letters in a column are significantly
different (p < 0.05).
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Figure 6. Color difference among different treatments. The values with different superscript letters in
a column are significantly different (p < 0.05).

3.3.2. Changes in Texture Characteristics

Using the TPA method to determine the seven genetic characteristics of natto, the results
are presented in Table 2. The decrease in natto hardness is mainly due to the hydrolysis of
soybean storage protein into small molecule peptides by various proteases secreted by natto
bacteria, which destroys the protein network structure; The enhancement of adhesinerness is
related to the accumulation of y-PGA and extracellular polysaccharides, ultimately forming
the typical drawing characteristics of natto; The resilence showed no significant difference
between 0 and 48 h and remained around 6.3; The cohesion sharply decreased from 0.255
to 0.052 (p < 0.05), indicating a transition from “tight brittle” to “loose viscous” protein
network, consistent with the synergistic effect of protein degradation and polysaccharide
lubrication; The springiness significantly increased from 40.2% to 78% (p < 0.05), reflecting
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the enhancement of viscoelastic properties; The gumminess and chewiness decreased from

186.8 g and 75.1 g to 27.2 g and 20.9 g, respectively, with a decrease of more than 85%,

indicating a shift in taste from “hard and crisp” to “soft and easy to chew”, which highly

corresponds to the sensory evaluation of “melt in the mouth”.

Table 2. The effect of Fermentation on Texture Characteristics.

Hardness Adhesiveness Resilence Cohesion Springiness Gumminess Chewiness

CS 732.82 + 16.83 2 —14.95 + 1.46° 5.66 + 0.96 2 0.26 4 0.01 @ 402 +2.562 186.85 + 3.44 2 75.1 + 4.812
EN 517.22 +32.2°P —56.567 + 3.16 6354092 0.0534+0.02P 7831 +14.72> 2722 +854P 20.86 + 6.31P
PRN 515.94 + 43.06 P —59.07 + 2.47 P 6.32+0.792 0.0534+ 001" 7818 +1569° 2716+ 8.65P 18.86 + 6.71P

The values with different superscript letters in a column are significantly different (p < 0.05).

3.3.3. Changes in Volatile Aroma Components

Analysis of changes in volatile aroma compounds during fermentation and post-
ripening was conducted using SPME-GC-IMS technology. The differential GC-IMS finger-
print spectrum (Figure 7B) and spectrum (Figure 7C) display a total of 41 compounds iden-

tified during fermentation, including 11 ketones, 9 alcohols, 7 esters, 4 acids, 4 pyrazines,
3 aldehydes, and 30 alkenes. The percentage of each type of VOC (Figure 7A) shows the
proportion of each substance. Throughout the fermentation and post-ripening stages, the

overall levels of alcohols, ketones, and esters increased significantly, driving a shift in aroma

profile from “grassy-fruity” to “soy sauce—ester” notes. Alcohols (e.g., 3-methyl-1-butanol,

1-propanol) and ketones (e.g., 2-butanone, 2,3-pentanedione) served as precursors for

esterification, synergizing with acids to enhance the complexity of the overall aroma. Esters

(e.g., ethyl acetate, isoamyl acetate, ethyl isobutyrate) peaked at 24 h, contributing distinct
fruity flavors. Aldehydes initially increased and then decreased, a pattern linked to the bal-
ance between lipid oxidation and reduction; during fermentation, lipoxygenase-generated

aldehydes were reduced to corresponding alcohols by alcohol dehydrogenase/aldehyde

reductase. Acids accumulated continuously, providing both sourness and substrates for

esterification. Pyrazines (e.g., 2-acetylpyrazine, 2,3-dimethylpyrazine) increased steadily

during post-ripening, imparting a “roasted-nutty” aftertaste. Sulfur-containing compounds

(e.g., 1-propanethiol) stabilized at high levels after 24 h, contributing to the characteristic

complex flavor of natto. We can see the aroma type of each compound through the flavor

wheel (Figure 7D).

Radar chart analysis (Figure 7E) revealed distinct aroma profiles among unfermented

soybeans, fermented natto, and post-ripened natto. Unfermented soybeans were dominated

by creamy and nutty notes, while fermented natto exhibited a gradual transition toward

fruity and sweet aromas. Compared to fermented natto, the post-ripened product showed a

more pronounced aroma profile: the sensory intensity of banana and apple notes increased

by 20%, whereas creamy notes slightly declined, potentially due to dynamic changes in

esters such as isoamyl acetate.

The Sankey diagram (Figure 7F) traced the metabolic flow of volatile organic com-

pounds (VOCs), identifying 2-butanone and 2-heptanone as key nodes connecting “fruity”

and “nutty” aromas. Meanwhile, 2,3-dimethylpyrazine directly contributed to “caramel”

notes. Methyl isovalerate and ethyl acetate, as primary contributors to “banana” and

“apple” aromas, respectively, increased 1.8-fold during post-ripening (p < 0.05).

The network diagram (Figure 7G) illustrated correlations among flavor compounds,

with proximity to green nodes indicating greater contributions to specific flavors. Com-

pounds such as 2,3-pentanedione and 2,3-dimethylpyrazine were identified as major con-

tributors to caramel notes. Others, like 2-acetylpyrazine and 2-methyltetrahydrofuran-3-

one, exhibited significant nutty characteristics. Esters such as ethyl hexanoate and active

ethyl 2-methylbutyrate were closely associated with fruity notes, while acetone and 1-

41
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acetoxy-3-acetone were key components of creamy flavors. This analysis underscores how
microbial fermentation transforms soybean substrates into a diverse aroma profile through

coordinated biochemical pathways.
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Figure 7. The effect of fermentation on color difference. (A) Percentage of each type of VOCs. (B) GC-
IMS fingerprints. (C) GC-IMS spectrogram. Red indicates an increase in content, while blue indicates
a decrease in content (D) Flavor wheel chart. (E) Radar chart. (F) Sankey diagram. (G) Network
diagram. The experiment was set up with three biological replicates.

4. Discussion

This study systematically elucidates the multifaceted effects of the Bacillus subtilis natto
(B. natto) strain JLCC513 on the nutritional, bioactive, and sensory attributes of soybeans
during fermentation (0-24 h) and post-fermentation maturation (25-48 h). The results
demonstrate that the impact of B. natto on soybeans is a complex biological process in-
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volving the synergistic actions of microbial metabolism, enzymatic catalysis, and substrate
transformation, ultimately representing an “omics effect” arising from the coordinated
succession of the bacterial population, enzyme systems, and the soybean matrix.

Firstly, regarding the transformation of fundamental nutrients, B. natto continuously
consumes reducing sugars and fats in soybeans throughout the fermentation process,
providing ample carbon sources and energy for its growth, reproduction, and metabolic
activities. Zhou et al. [19] suggested a strong correlation between Bacillus species and
reducing sugars, indicating that the bacteria secrete enzymes to degrade polysaccharides.
Their results showed an initial increase in reducing sugar content, followed by a continuous
consumption and decrease during the mid to late fermentation stages. Chen et al. [20] also
confirmed the decline in reducing sugar content during B. natto fermentation.

The significant increase (p < 0.05) in total protein content during the fermentation stage,
concurrent with a gradual rise in viable count, indicates substantial synthesis of bacterial
protein, signifying a period of vigorous microbial growth and metabolism. The sharp and
continuous increase in water-soluble protein and total free amino acid content (reaching
615.7 mg/100 g) is attributed to the continuous hydrolysis of soybean storage proteins
by proteases, including nattokinase, secreted by B. natto. Zhang et al. [21] concluded that
insoluble proteins are hydrolyzed into water-soluble proteins, which are then broken down
into dipeptides or amino acids, and are further metabolized into other metabolites under
the action of B. natto. This process not only significantly enhances the digestibility and
absorption rate of proteins but also lays the foundation for natto’s umami flavor by releasing
large amounts of flavor amino acids, such as aspartic acid and glutamic acid. However,
the accumulation of bitter amino acids (like leucine and isoleucine) also contributes to
the complexity of its flavor profile. The disappearance of arginine in the post-ripening
stage suggests the activation of the arginine deiminase (ADI) pathway, which converts
arginine into ornithine, citrulline, and polyamines. This may be related to the formation
of amine odor precursors (such as putrescine and spermine) in natto. Furthermore, Zhou
et al. [22] found that Bacillus subtilis efficiently utilizes arginine as an energy source for
bacterial growth.

Regarding the transformation of bioactive components in soybeans, this study ob-
served that their changes were not entirely synchronized with bacterial growth. During
the post-fermentation maturation stage, the viable count decreased slightly, while levels of
bioactive nutrients continued to rise. The nattokinase activity increased further in the post-
fermentation stage, potentially due to the release of intracellular enzymes during bacterial
autolysis or to the continued synthesis of proteases in the late fermentation phase, even
though the viable count slightly declined. This indicates that using the viable count alone
as an indicator of the probiotic function of natto might be insufficient, and the enzymatic
activity of the matured product warrants close attention. The successful conversion of soy
isoflavones from glycosidic forms to aglycones is a direct manifestation of the 3-glucosidase
activity of B. natto. Aglycone-type isoflavones can be directly absorbed through passive
diffusion, increasing their bioavailability by 3-5 times, indicating that the fermentation post-
ripening process significantly improves the bioavailability and physiological activity of
isoflavones. Li et al. [23] similarly observed an increase in isoflavone content accompanied
by elevated gene expression of 3-glucosidase during natto fermentation. Vitamin K2 (MK-7)
and y-aminobutyric acid (GABA) showed a trend of continuous accumulation throughout
the process. Vitamin K2 is mainly produced by the naphthoquinone synthesis pathway of
natto bacteria, and its key enzymes MenA and MenD are continuously expressed in the
logarithmic and stable phases. Therefore, the vitamin K2 content continues to increase
during the fermentation period. Although the number of viable bacteria decreases in the
post-maturation stage, the bacterial cells still maintain synthetic activity, and the intracellu-
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lar storage form of vitamin K2 is released into the extracellular environment after autolysis,
resulting in a continuous increase in content. Rocchi R. et al. [24] found that Vitamin K2
is synthesized by Bacillus subtilis during fermentation and is entirely of microbial origin;
thus, it is hypothesized that the increase in Vitamin K2 is associated with the menaquinone
synthesis pathway of the bacteria during the stationary phase and its release after cell
autolysis. The enrichment of GABA (to 111.96 mg/100 g) is closely related to the increased
content of the substrate glutamate and the activity of glutamate decarboxylase (GAD).
Under the catalysis of glutamic acid decarboxylase, an alpha decarboxylation reaction
occurs to generate gamma aminobutyric acid. From previous results, it is known that the
free glutamic acid content during fermentation also promotes gamma-aminobutyric acid
synthesis. Wang et al. [25] also confirmed that B. natto fermentation activates glutamate
decarboxylase, catalyzing the conversion of glutamate to GABA. The increase in these two
components equips natto with dual health benefits: promoting bone health (Vitamin K2)
and calming nerves and regulating blood pressure (GABA).

The evolution of sensory qualities is a macroscopic manifestation of these biochemical
transformations. In terms of color, the decrease in brightness (L* value) and increase in
redness (a* value) resulted in a significant color difference (AE = 13.1), primarily associated
with the Maillard reaction, polyphenol oxidation, and the formation of bacterial colonies,
collectively contributing to the characteristic yellowish-brown appearance of natto. The
decrease in brightness is mainly due to the growth of bacterial cells and the formation of
extracellular polysaccharides, which cause micro-wrinkles on the surface, increase light-
scattering losses, and lead to the deposition of brown polymers due to polyphenol oxidation
during fermentation. The increase in a* represents a shift in the color of natto from greenish
to reddish, which is related to the oxidation of soy isoflavones and the polymerization
of phenolic substances, and is the main contribution to the typical “amber” appearance
of natto. The decrease in b* value indicates that carotenoid degradation and browning
reactions gradually dominate, corresponding to the sensory stage of “yellow soybeans
turning into dark natto”. Kubo Y. et al. [26] reported similar findings, noting that natto
hardness decreases with extended storage time. The textural results of this study similarly
showed a sharp decrease in hardness, gumminess, and chewiness, alongside a significant
increase in springiness and stickiness. This is presumably due to the degradation of the
protein network and the production of viscous substances like y-polyglutamic acid (y-PGA),
which collectively transform the product’s texture from the hard and crisp” texture of raw
beans to the characteristically soft, sticky, and smooth texture of natto, a key determinant
of consumer acceptance.

The most intricate flavor-formation process is intuitively revealed through GC-IMS
technology. In the initial fermentation stage, aldehydes and alcohols dominate, imparting a
“grassy” note. Zhang et al. [27] noted that alcohols, with their low odor thresholds, signifi-
cantly contribute to flavor development. As fermentation progresses, the aroma evolves
into a complex profile shaped by esters (e.g., ethyl acetate, isoamyl acetate), pyrazines (e.g.,
2,3-dimethylpyrazine), and ketones. Ma et al. [28] similarly observed increases in alcohols,
ketones, and esters during co-fermentation with Bacillus subtilis natto and lactobacilli. The
post-fermentation maturation stage is critical for flavor refinement: further ester generation
enhances “fruity” notes (e.g., banana, apple), while Chen et al. [20] highlighted that ketones—
often derived from amino acid degradation or unsaturated fatty acid oxidation—contribute
to consumer-preferred flavors. Concurrently, the accumulation of pyrazines provides a
robust “nutty, roasted” aftertaste. Sun et al. [29] mapped dynamic changes in key volatile
organic compounds (VOCs) and free amino acids in natto to KEGG pathways, revealing
interconversions via the tricarboxylic acid cycle and among certain amino acids, elucidating
the pathway from primary metabolites to complex flavor compounds.
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Comparing the process of the transformation from mature soybeans to post mature
natto during the fermentation and post-ripening stages, it can be found that the changes
in the fermentation stage are due to the metabolic activity of Bacillus subtilis natto, which
consumes the original nutrient matrix in soybeans and generates a large amount of active
nutrients under the action of enzymes, which is an accumulation process. The post-ripening
stage is a process of improving the quality of food. In the post-ripening stage of natto, its
active nutrient content further increases, and its yellow-brown appearance deepens, making
the texture and taste softer and smoother. Lyu et al. [30] also confirmed, in their study of
fermented egg and dairy beverages, that the post-ripening stage can enhance the nutritional
quality of fermented foods. The change in aroma components during the post-ripening stage
is the most crucial, shifting from the “green grass fruit aroma” at the end of fermentation
to the “sauce ester aroma”, making the flavor of natto more mellow. Wu et al. [31] found
that the activity of microbial colonies during the post-ripening stage is closely related to the
formation of product flavor. Deng et al. [32] also studied changes in the aroma of Jinhua
ham during post-ripening. Weng et al. [33] also studied the evolution of aroma in several
fermented teas during the post-ripening stage. This indicates that the post-ripening stage
is an important stage for aroma transformation and for improving the flavor quality of
fermented foods.

In summary, Bacillus subtilis natto fermentation systematically upgrades soybean qual-
ity. This process transforms nutritionally rich but hard-to-digest, bland-flavored soybeans
into a health-promoting food with enhanced protein bioavailability, diverse functional
components, and unique texture and flavor profiles. This study preliminarily elucidates
the dynamics of nutritional and sensory quality changes during fermentation, laying a
foundation for understanding the underlying mechanisms. Future research could inte-
grate multi-omics approaches (e.g., transcriptomics, proteomics) with enzyme kinetics and
metabolic flux analysis to dissect molecular-level transformation pathways and regulatory
mechanisms. The findings provide a theoretical basis for selecting superior starter cultures,
developing high-activity natto products, and establishing a more scientific, comprehensive
quality evaluation system for natto.

5. Conclusions

This study demonstrates that Bacillus subtilis natto JLCC513 can systematically convert
soybeans into a food product with high protein bioavailability, rich in various functional
components, and a unique flavor during fermentation (0-24 h) and post-ripening (25-48 h).

During the fermentation stage, the mycelium rapidly consumes reducing sugars and
fats as carbon and energy sources through metabolic activities, promoting mycelial protein
synthesis and significantly increasing the total protein content. The secreted proteases,
such as nattokinase, hydrolyze soybean storage proteins into water-soluble proteins and
free amino acids, thereby greatly improving the digestion and absorption of proteins and
releasing umami substances, such as glutamic acid, and bitter amino acids, such as leucine,
enriching the flavor profile. The degradation of protein networks and the production of
viscous substances, such as y-polyglutamic acid, give it a soft, smooth texture. The flavor
at this stage transitions from a single-bean aroma to a dominant, creamy, nutty aroma.

During the post-ripening stage, the number of viable bacteria decreases slightly, while
the active components continue to accumulate. The activity of nattokinase is further. Vita-
min K2 (MK-7) is continuously produced through the naphthoquinone synthesis pathway
of the bacteria, and y-aminobutyric acid (GABA) is enriched under the catalysis of gluta-
mate decarboxylase. These components endow natto with various health potentials. During
the post-ripening period, the color and taste changes are not significant, but the aroma
transitions from “green grass fruit aroma” to “sauce ester aroma”.
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This study preliminarily elucidated the dynamic changes in nutrition and sensory
quality during fermentation, providing a theoretical basis for subsequent analyses of
molecular mechanisms, strain optimization, and the establishment of a comprehensive
evaluation system for natto quality using multi-omics technology.
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Abstract

Inoculated fermentation can enhance the flavor, nutrition, and functionality of juice. The
lactic acid bacteria (LAB) are commonly used as starter cultures. This study screened LAB
for orange juice fermentation and optimized fermentation factors using response surface
methodology (RSM) to improve GABA content in orange juice. A total of 52 LAB strains
were screened, and Lacticaseibacillus paracasei ZY (Lcb. paracasei ZY) and Lacticaseibacillus
rhamnosus SN12 (Lcb. rhamnosus SN12) presented higher GABA yields and adaptability to
substrates. The optimized fermentation factors for GABA enhancement in orange juice were
as follows: initial pH of 5.5, fermentation temperature of 37 °C, soluble solids content of
12.0 °Bx, inoculum ratio of Lcb. paracasei ZY to Lcb. rhamnosus SN12 as 1:1, inoculum size of
6 Log CFU/mL, and fermentation time of 96 h. Under these optimized conditions, the
GABA content reached 0.89 g/L, representing a 39.06% increase compared to uninoculated
orange juice. This indicates that RSM-based optimization is conducive to increasing GABA
content in orange juice and provides a scientific basis for the development of GABA-
enriched functional fermented juices.

Keywords: vy-aminobutyric acid (GABA); orange juice; Lacticaseibacillus paracasei;
Lacticaseibacillus rhamnosus; single-factor experiment; response surface methodology (RSM);
functional beverage

1. Introduction

v-aminobutyric acid (GABA) is a non-protein amino acid that is widely present in
plants and animals. As a major inhibitory neurotransmitter in the central nervous system,
GABA has multiple physiological functions, including improving sleep [1], alleviating
anxiety [2], lowering blood pressure [3], and regulating blood sugar [4]. Compared with
chemical synthesis and plant extraction methods, microbial fermentation is safer and more
sustainable for GABA production [5]. Lactic acid bacteria (LAB), as generally recognized
as safe (GRAS) probiotics, can irreversibly decarboxylate glutamic acid or monosodium
glutamate (MSG) to convert GABA through glutamic acid decarboxylase (GAD). In recent
years, they have received increasing attention in the food industry [6]. The reported species
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of GABA-producing LAB include Levilactobacillus brevis (L. brevis) [7], Lactiplantibacillus plan-
tarum (Lpb. plantarum) [8], Lacticaseibacillus rhamnosus (Lcb. rhamnosus) [9], Lacticaseibacillus
paracasei (Lcb. paracasei) [10], and Limosilactobacillus fermentum (Lim. fermentum) [11].

Oranges are rich in nutrients, containing carbohydrates, vitamin C, and polyphe-
nols [12]. Their high juice content makes them highly attractive to consumers. At present,
the main processed products of orange juice are concentrated juice and freshly squeezed
juice. However, traditional processing methods are difficult to meet consumers’ growing
demands for nutritional value. Fermentation, as an effective means to enhance flavor,
nutritional value, and bioactive substances, has been widely applied in the production of
juice. Due to their safety and probiotic properties, LAB are often used in the preparation of
non-alcoholic fermented drinks. Wu et al. [13] reported that fermenting citrus juice with
Lpb. plantarum A72 could significantly increase the contents of total phenols, flavonoids,
and antioxidant activity. Quan et al. [14] evaluated the effect of six strains of LAB on orange
juice fermentation and found that the orange juice fermented by Lcb. paracasei had the best
flavor and overall sensory acceptance. Huang et al. [15] confirmed that fermentation with
Lactiplantibacillus paraplantarum M23 could significantly enhance the antioxidant and an-
tibacterial properties of orange juice. However, current research on fermented orange juice
mainly focuses on its antioxidant activity, while discussions on other functional properties
remain relatively limited.

GABA content found in natural foods tends to be low and may fail to meet biological
requirements. While the direct addition of GABA to food products is possible as a food
additive, its stability and safety cannot be guaranteed. GABA-producing LAB are effective
in developing GABA-enriched fermented foods. Wang et al. [16] reported that, after litchi
juice was fermented by Lpb. plantarum HU-C2W for 40 h, the GABA content increased
by approximately 40 mg/100 mL. Zheng et al. [17] found that fermenting Moringa oleifera
leaves with Lpb. plantarum LK-1 could increase the content of GABA, polyphenols, and
organic acids. Kanklai et al. [18] demonstrated that, when fermenting mulberry juice with
L. brevis FO64A, the final GABA content reached 3.31 mg/mL. Jin et al. [19] reported that
fermenting litchi juice supplemented with 0.5% MSG using L. brevis LBG-29 increased the
GABA content to 3.07 g/L. In contrast, Zhou et al. [20] achieved only 0.22 g/L of GABA
in persimmon juice through co-fermentation with Lpb. plantarum C17 and L. brevis Lp-B
at a 1:1 ratio for 48 h at 30 °C. GABA production in fermented juices depends not only
on the substrate but also on the interplay of key process variables such as temperature
and pH. Thus, rational optimization of fermentation conditions is essential for enhancing
GABA yield. The traditional single-factor optimization is difficult to accurately reflect
the mutual influence among these factors. In contrast, the response surface methodology
(RSM) can quantitatively analyze the interactions among the factors and establish a more
reliable and efficient fermentation model. Wang et al. [21] optimized the fermentation
conditions of soymilk using RSM, and the results showed that, by using Lpb. plantarum
Lp3 and Streptococcus thermophilus in a ratio of 2:1 as the starter, adding 0.4% MSG at
35 °C for 10 h, the highest GABA content (0.55 mg/mL) could be obtained. It is significantly
superior to a single strain or other co-fermentation combinations. Shan et al. [8] optimized
the process of fermenting yogurt with Lpb. plantarum NDC75017 using RSM and found
that an MSG concentration of 80 mM, pyridoxal phosphate at 18 uM, and a fermentation
temperature of 36 °C produced a maximum GABA content of 314.56 mg/100 g.

In this study, two high GABA-producing LAB strains were identified through the Berth-
elot colorimetric method and high-performance liquid chromatography (HPLC) screening.
Their fermentation performance and probiotic properties were systematically evaluated,
and the suitability of orange juice as a fermentation substrate for LAB growth was as-
sessed. A single-factor experiment combined with RSM was employed to optimize initial
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pH, fermentation temperature, soluble solids content, inoculum ratio, inoculum size, and
fermentation time, aiming to produce GABA-enriched orange juice. These findings pro-
vide a theoretical foundation and process guidance for the development of functional
fermented juices.

2. Materials and Methods
2.1. Starter Preparation

In the initial stage of the experiment, 52 strains of LAB were isolated from fermented
foods to construct a GABA-producing screening library (Table Al). The strains were
streaked onto MRS agar (Haibo, Qingdao, China) and then incubated at 37 °C for 48 h.
Subsequently, single colonies were incubated in MRS broth (Haibo, Qingdao, China) at
37 °C for 16-20 h to reach a cell density of 6-8 log CFU/mL. Bacterial cells were collected
by centrifugation (6000 g, 5 min, 4 °C) and resuspended in sterile saline. The suspension
was inoculated into MRS broth containing 10 g/L MSG (99% purity; Meihua, Tongliao,
Inner Mongolia, China) to achieve an initial cell density of approximately 6 log CFU/mL,
followed by incubation at 37 °C for 48 h. The culture medium without LAB served as the
control. All experimental equipment was sterilized by autoclaving at 121 °C for 15 min,
and all procedures were performed under aseptic conditions.

2.2. GABA-Producing LAB Screening
2.2.1. Rapid Screening of GABA by Berthelot Colorimetric Method

The Berthelot colorimetric method was slightly revised based on the method reported
by Zhang et al. [22]. LAB fermentation cultures prepared in Section 2.1 were subjected
to centrifugation at 6000x g for 10 min at 4 °C, and 0.5 mL of the obtained supernatant
was aliquoted. Subsequently, 1 mL of 6.0% (w/v) phenol (Macklin, Shanghai, China),
0.4 mL of 7.0% (w/v) sodium hypochlorite (Sangon Biotech, Shanghai, China), and 0.2 mL
of 0.2 mol/L borate buffer (pH 9.0; Damao, Tianjin, China) were added and thoroughly
mixed. The reaction mixtures were incubated in a boiling water bath for 7 min and then
immediately cooled in an ice bath for 10 min. Subsequently, 2 mL of 60% (v/v) ethanol
(Fuyu, Tianjin, China) was added, and the absorbance was measured at 630 nm. The top
15 LAB strains with the highest GABA production were further quantified by HPLC.

2.2.2. Quantitative Screening of GABA by HPLC

The GABA content in the fermented orange juice and the top 15 LAB fermentation
cultures (Section 2.1) were determined using an Essentia LC-16 HPLC system (Shimadzu
Ltd., Tokyo, Japan) according to Wu et al. [13]. After centrifugation at 6000 x g for 10 min
at 4 °C, an aliquot of 200 uL from the resulting supernatant was subjected to derivatization
with ortho-phthaldialdehyde (OPA; Aladdin, Shanghai, China) for 5 min, followed by
filtration through a 0.22 um membrane filter. Subsequently, 10 uL of the filtrate was injected
into a HPLC system for analysis. Chromatographic separation was carried out on an
Agilent Extend-C18 column (4.6 mm x 250 mm, 5 pm) with a mobile phase composed of
acetonitrile (phase A) and 50 mM sodium acetate solution (phase B) under an isocratic
elution of 35:65 (v/v). The column temperature was kept at 30 °C, the mobile phase flow
rate was set to 0.5 mL/min, and detection was performed at 334 nm.

2.3. Evaluation of LAB Fermentation Performance and Probiotic Properties

High GABA-producing LAB were cultured in MRS broth, centrifuged, and resus-
pended as described in Section 2.1. LAB were inoculated into 96-well plates containing
200 pL of MRS broth to an initial ODggg of 0.2, and growth at 37 °C was monitored every 2 h
using a Bioscreen C automated growth curve analyzer (Oy Growth Curves Ab Ltd., Turku,
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Finland). Acid tolerance (pH 3.0, 2 h) and bile salt tolerance (0.03% w/v, 3 h) were assessed
following Meena et al. [23]. Simulated Gastric Fluid (SGF) and Simulated Intestinal Fluid
(SIF) tolerance were evaluated as described by Huang et al. [24], with results expressed as
survival rates (%).

2.4. Evaluation of Substrate Adaptation

High GABA-producing LAB were cultured in MRS broth, and centrifuged as described
in Section 2.1. After being washed twice with sterile saline, the LAB were resuspended in
saline and inoculated into orange juice to achieve an initial cell density of approximately
6 Log CFU/mL. The orange juice was fermented at 37 °C for 48 h. Viable cells were counted
on MRS agar using the standard plate count method and expressed as log CFU/mL.

2.5. Preparation of Fermented Orange Juice

Oranges were purchased from the Qianhe Market (Dalian, Liaoning, China), and
fermented orange juice was prepared following the method of Wu et al. [13]. After peeling
and deseeding, the fruits were homogenized with an equal volume of deionized water and
filtered through three layers of cheesecloth to obtain clarified juice. Before fermentation,
8 g/L MSG was added. The juice was pasteurized at 97 °C for 3 min using a vertical pressure
steam sterilizer (DSX-30L-1, Shanghai SHENAN Medical Device Co., Ltd., Shanghai, China).
Bacterial cells were prepared for inoculation as described in Section 2.4. When cooled
to room temperature (25 °C), LAB were inoculated into the orange juice. Orange juice
fermentation was conducted under static conditions, with the orange juice without LAB set
as the control group. Fermentation conditions were adjusted according to the experimental
design, and collected samples were stored at —80 °C for later analysis within 2 weeks.

2.6. Design of Single-Factor Experiment

The influence of initial pH, fermentation temperature, soluble solids content, inoculum
ratio, inoculum size, and fermentation time on GABA production by GABA-producing
LAB in orange juice was evaluated through single-factor experiments (Table A2). The aim
was to determine the optimal range of each factor in RSM. The initial pH of orange juice was
adjusted with sodium bicarbonate and measured using a pH meter (FE28 Standard, Mettler
Toledo, Greifensee, Switzerland). The content of soluble solids content was adjusted with
glucose and measured using a handheld refractometer (LYT-380, ATAGO, Tokyo, Japan),
and the results were expressed as °Bx.

2.7. Design of RSM
2.7.1. Plackett-Burman Design

Based on the findings from the single-factor experiments, the Plackett-Burman design
was utilized to determine significant factors for GABA yields from fermented orange
juice [25]. In this design, the GABA content was taken as the response value (Y), while the
initial pH (A), fermentation temperature (B), soluble solids content (C), inoculum ratio (D),
inoculum size (E), and fermentation time (F) were selected as the Plackett-Burman design
factors (Table A3).

2.7.2. Box-Behnken Design

Based on the significant factors identified by the Plackett-Burman design, a Box-Behnken
design (Table A5) was employed to investigate the interactive effects among each factor [26].
Non-significant factors were fixed at their optimal levels established by single-factor experiments.
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2.8. Model Validation

Triplicate experiments were performed under the optimized fermentation conditions
to verify the model derived from RSM.

2.9. Statistical Analysis

Experiments were carried out in three separate replicates, with outcomes reported as
the mean =+ standard deviation (mean =+ SD). Statistical evaluation was performed using
SPSS (version 24.0; IBM Corp., Armonk, NY, USA). Data visualization was accomplished
with Origin (version 2021b; OriginLab, Northampton, MA, USA), while RSM modeling
and analysis were conducted through Design-Expert software (version 13.0; Stat-Ease, Min-
neapolis, MN, USA). The experimental runs of the Plackett-Burman design (Table A4) and
Box-Behnken design (Table A6) were randomly generated using Design-Expert software
(version 13.0; Stat-Ease, Inc., Minneapolis, MN, USA).

3. Results and Discussion
3.1. Analysis of GABA-Producing LAB

As shown in Figure 1A, 52 LAB isolates were rapidly screened via the Berthelot
colorimetric method, among which forty-three strains exhibited GABA-producing ability.
The top five LAB strains were identified as Lcb. paracasei ZY (1.00 g/L), Lcb. rhamnosus
SN12 (0.82 g/L), Lpb. plantarum M35 (0.75 g/L), Lpb. plantarum 2-22-L] (0.71 g/L), and Lpb.
plantarum 75-24 (0.68 g/L). To further validate these results, the top 15 GABA-producing
LAB strains identified by the Berthelot colorimetric method were recultured and quantified
using HPLC. Figure 1B shows the chromatograms of the medium, the LAB strains (Lcb.
paracasei ZY and Lcb. rhamnosus SN12), and the 1 g/L GABA standard, while the HPLC
results are shown in Figure 1C. HPLC analysis confirmed that the highest GABA producers
were Lcb. paracasei ZY (0.65 g/L), Lcb. rhamnosus SN12 (0.70 g/L), Lpb. plantarum 2-22-L]
(0.58 g/L), Lpb. plantarum LS3-1 (0.52 g/L), and Lpb. plantarum Z5-24 (0.50 g/L). We found
that GABA content measured by the Berthelot colorimetric method was generally higher
than that obtained by HPLC, consistent with the findings of Le et al. [27]. This is because
the Berthelot colorimetric method lacks specificity, and other amino-containing substances
in the sample react with it, leading to an overestimation of GABA content. Considering
the GABA production ability of the strains and their stability during fermentation, Lcb.
paracasei ZY and Lcb. rhamnosus SN12 were ultimately selected as the subjects for subsequent
research.
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Figure 1. GABA determination via the Berthelot colorimetric method (A), HPLC chromatogram of
GABA (B), and GABA quantification by HPLC (C). Different letters indicate significant differences
among different treatments (p < 0.05).
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3.2. Analysis of Fermentation Performers and Probiotic Properties

Both Lcb. paracasei ZY and Lcb. rhamnosus SN12 have shown classic ‘S” curves for
growth (Figure 2A). In the first 6 h of incubation, growth was slow for both strains, followed
by log phase growth. Lcb. paracasei ZY and Lcb. rhamnosus SN12 entered the stationary
phase at 20 and 24 h of culture, respectively. At the end of 72 h culture, neither strain showed
a significant decrease in absorbance, thus making them good fermentation performers.
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Figure 2. Fermentation performance (A) and probiotic properties (B) of Lcb. paracasei ZY and
Lcb. rhamnosus SN12. Different letters indicate significant differences among different treatments
(p <0.05).

Figure 2B shows the tolerance of the strains to acids, bile salts, SGF, and SIF. At an
acidic pH 3.0, both strains were able to sustain a survival rate of more than 87.00%, while
Lcb. rhamnosus SN12 showed 92.23% survival at that pH, thereby displaying high-level
tolerance to highly acidic environments. Since 0.3% bile salt concentration is equivalent to
its approximate concentration found in the human small intestine [28], this concentration
was tested. In MRS both containing 0.3% bile salt, both strains maintained survival rates
over 82.00%, demonstrating strong resistance to bile salts. Both strains exhibited survival
rates exceeding 80.00% in SGF and SIF, which was higher than that of L. brevis DSM 32386
and DSM 20054 [7], displaying strong resistance to digestive enzymes. Both strains showed
excellent probiotic properties and hold potential as starter cultures for food fermentation.

3.3. LAB Adaptability Evaluation in Orange Juice

Adaptability is also very important for applying strains to orange juice. Based on
Figure A1, it is shown that Lcb. paracasei ZY and Lcb. rhamnosus SN12 have an upward trend
in orange juice. At the initial growth stage of fermentation, the viable cell counts for both
LAB strains were 6.68 and 6.19 log CFU/mL, respectively. In the initial 12 h of fermentation,
both LAB strains grew very quickly and then entered a period of relatively slow growth.
After 48 h, the viable cell counts of Lcb. paracasei ZY and Lcb. rhamnosus SN12 reached
approximately 8.74 and 8.53 log CFU/mL, respectively, and tended to stabilize. These
results are consistent with the findings of Jin et al. [19], who reported a significant increase
in the population of L. brevis within the first 16 h of litchi fermentation (p < 0.05), followed
by a stable phase. Therefore, the two LAB strains can maintain excellent adaptability in
orange juice.

3.4. Analysis of Single-Factor Experiment

There have been studies exploring GABA synthesis by LAB influenced by fermentation
processes [6]. In this study, we selected initial pH, fermentation temperature, soluble solids
content, inoculum ratio, inoculum size, and fermentation time as optimization factors.
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=
L

3.4.1. pH

pH is very significant for GAD activity for GABA synthesis. Previous studies have
shown that most LAB exhibit enhanced metabolic activity under mildly acidic condi-
tions [29]. In our experiments (Figure 3A), GABA production increased as pH increased
to reach its peak at 1.36 g/L at pH 5.0 and started to reduce gradually. This optimal pH
likely reflects the maximum GAD activity at pH 5.0, facilitating the efficient conversion of
Glutamic acid and MSG to GABA. Similarly, Komatsuzaki et al. [10] also found that Lcb.
paracasei NFRI 7415 produced 210 mM GABA at an initial pH of 5.0, which was markedly
higher than production at pH 4.0 or 6.0 (p < 0.05).
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Figure 3. Effects of single factors on GABA production in fermented orange juice, including initial pH
(A), fermentation temperature (B), soluble solids content (C), inoculum ratio (D), inoculum size (E),
and fermentation time (F). Different letters indicate significant difference among different treatments
(p <0.05).

3.4.2. Fermentation Temperature

Temperature is another important factor to consider during fermentation. As illus-
trated in Figure 3B, GABA content in orange juice rose with increasing temperature up to
37 °C, but began to decrease when the temperature exceeded this point. Based on single-
factor optimization experiments focusing on temperature, 37 °C is likely the optimal
fermentation temperature, given that GAD enzyme activity is significantly enhanced at
this temperature. This result is also identical to Komatsuzaki et al. [10], who observed that
Lcb. paracasei NFRI 7415 produced the highest content of GABA (302 mmol/L) at 37 °C,
with a notable drop at 43 °C. Rayavarapu et al. [30] also applied RSM to optimize GABA
production in soymilk fermented with Lim. fermentum and found that the maximum GABA
content (4.2 g/L) was also achieved at 37 °C.

3.4.3. Soluble Solids Content

The soluble solids content had a significant effect on the accumulation of GABA in
fermented orange juice. As shown in Figure 3C, the GABA content reached its maximum
when the soluble solids content was 10.0 °Bx. This result was attributed to the balance
between carbon source supply and osmotic regulation. An adequate carbon source not

https://doi.org/10.3390/foods15010071

56



Foods 2026, 15, 71

only provides the necessary substrates and energy for cell growth, but also maintains the
permeability and metabolic activity of the cell membrane [31].

3.4.4. Inoculum Ratio

Figure 3D shows the effect of the inoculation ratio on the accumulation of GABA in
fermented orange juice. When the inoculum ratio of Lcb. paracasei ZY to Lcb. rhamnosus
SN12 was 1:1, the GABA content was the highest (1.36 g/L). This is because at this ratio,
the combination of the two LAB strains” metabolism resulted in the effective utilization of
substrates for higher GABA concentration.

3.4.5. Inoculum Size

Figure 3E shows the influence of inoculum size on GABA content in orange juice. It
was found that 6 Log CFU/mL inoculum size resulted in a higher GABA content than
any other inoculum size. This suggests that a moderate initial cell density helps the strain
establish dominance more quickly, boosting metabolic activity and ultimately increasing
GABA synthesis. A similar trend was observed by Rayavarapu et al. [30], who studied
soymilk fermentation with Lim. fermentum and found that a 5.8 Log CFU/mL inoculum
size led to the highest GABA content among the tested levels.

3.4.6. Fermentation Time

LAB start to produce GABA during the logarithmic growth phase and continue
through to the stationary growth phase [32]. Figure 3F presents the effect of fermentation
time on GABA content in orange juice. GABA content showed significant increments from
0to 96 h (p < 0.05), while, from 96 to 120 h, the increment was very slight (p > 0.05). This
shows that LAB start to produce GABA between 24 and 96 h. After 96 h, the accumulation
of GABA stopped due to the consumption of substrates (such as glutamic acid) and the
production of lactic acid by LAB, which led to a decrease in pH value.

Based on single-factor experiments, the most suitable factor levels for GABA accu-
mulation in orange juice are the following: initial pH of 5.0, fermentation temperature of
37 °C, soluble solids content of 10.0 °Bx, inoculum ratio of Lcb. paracasei ZY to Lcb. rham-
nosus SN12 as 1:1, inoculum size of 6 Log CFU/mL and fermentation time of 96 h. These
results not only offer proper levels for each factor but also bring ideal guidance for RSM.

3.5. Optimization of GABA Content in Orange Juice Using RSM
3.5.1. Analysis of Plackett-Burman Design

The results obtained by the Plackett-Burman design are shown in Table A4, and
the multiple linear regression equations between each factor and the response values are
as follows:

Y =1.12 — 0.0586A — 0.0491B — 0.0618C + 0.0181D + 0.0137E — 0.0269F

As shown in Table 1, the analysis results of ANOVA suggest that the overall model
is significant (p < 0.05). The coefficient of determination (R?) of the model is 0.9140,
demonstrating a good match between the model and the data. The adjusted coefficient
of determination (adjusted R?) is 0.8109, and this value implies that the model explains
81.09% of the data variance. The coefficient of variation (CV) is 4.41%, further proof of its
repeatability and reliability [33]. The p-values of initial pH (A), fermentation temperature
(B), and soluble solids content (C) are 0.0094, 0.0186, and 0.0076, respectively (p < 0.05),
indicating that these three factors all have a significant effect on the response value. This re-
sult represents the fact that initial pH, fermentation temperature, and soluble solids content
are the significant factors influencing GABA accumulation in fermented orange juice.
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Table 1. Analysis of variance (ANOVA) for the Plackett-Burman design.

Sum of

Source S Df  Mean Square F-Value p-Value Significance
quares

Model 0.1310 6 0.0218 8.86 0.0150 Significant

A-Initial pH 0.0413 1 0.0413 16.74 0.0094 **

B-Fermentation temperature 0.0290 1 0.0290 11.76 0.0186 *

C-Soluble solids content 0.0459 1 0.0459 18.62 0.0076 *

D-Starter ratio 0.0039 1 0.0039 1.60 0.2623

E-Inoculum size 0.0023 1 0.0023 091 0.3830

F-Fermentation time 0.0087 1 0.0087 3.54 0.1188

Residual 0.0123 5 0.0025

Cor Total 0.1433 11

R? 0.9140

Adjusted R? 0.8109

Predicted R? 0.5049

C.V.% 4.41

Note: * indicates a significant difference at p < 0.05, and ** indicates a highly significant difference at p < 0.01.

3.5.2. Analysis of Box-Behnken Design

The results obtained by the Plackett-Burman design are shown in Table A6. A total
of 17 runs for experimentation have been conducted to estimate the GABA content of
fermented orange juice as response values (Y). The variables include initial pH (A), fermen-
tation temperatures (B), and soluble solids contents (C). The following nonlinear regression
equation was fitted:

Y =0.7765 + 0.0240A + 0.0109B + 0.0085C — 0.0197AB + 0.0128 AC — 0.0082BC — 0.0323A2 — 0.0276B% — 0.0188C>

Through ANOVA analysis of the Box-Behnken design (Table 2), the model had an
F-value of 9.85 and a p-value of 0.0032, which indicates that the model is extremely sig-
nificant. The lack of fit was not significant (p > 0.05), suggesting that the model fits the
data well and is reliable. The model’s R? is 0.9268, and its adjusted R? (0.8327) is close
to this value, indicating the model is robust and can explain 83.27% of the variation in
the response value. The predictive coefficient of determination (predictive R?) is 0.7656,
further validating the model’s predictive performance. The CV value is 1.96%, which is
below 5%, showing that the experimental data exhibit good precision and repeatability.
It is well-suited for application in the process optimization of GABA production from
orange juice. Significance analysis revealed that the initial pH (A), the quadratic term of
initial pH (A?), and the quadratic term of fermentation temperature (B?) exert extremely
significant effects on GABA production (p < 0.01), while the interaction between initial
pH and fermentation temperature (AB) and the quadratic term of soluble solids content
(C?) exert significant effects (p < 0.05). Based on the F-values of each factor for GABA
production, the degree of influence of each factor on GABA production is as follows: initial
pH > fermentation temperature > soluble solids content.

To clarify the effects of significant factors” interactions on GABA production, response
surface and contour plots are presented (Figure 4). The steeper the slope on the response
surface plot, the greater the effect of that factor on GABA content, thereby aiding in
understanding the interactions among various factors [33]. Analysis results indicated that
mutual interactive effects existed between each pair of factors. The interactive effect of
initial pH and fermentation temperature is illustrated in Figure 4A,D, revealing that the
GABA yield reached the highest level under weakly acidic conditions (pH 5.0-6.0) and
within the temperature range of 30-38 °C. As shown in Figure 4B,E, the interactive effect of
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initial pH and soluble solids content demonstrated that the effect of soluble solids content
on GABA yield gradually enhanced as the pH value approached neutrality. As presented
in Figure 4C,F, the contour lines between fermentation temperature and soluble solids
content tend to be circular, indicating a relatively weak interactive effect between these
two factors. The analysis of response surface and contour plots indicates that fermentation
temperature has the largest influence on GABA production, followed by initial pH, and
finally soluble solids content. This order differs slightly from the ranking based on F-values
because the response surface plots better reflect the actual strength of combined effects
under real experimental conditions.

Table 2. Analysis of variance (ANOVA) for the quadratic model of Box-Behnken design.

Source Sum of Df Mean Square  F-Value p-Value Significance
Squares

Model 0.0187 9 0.0021 9.85 0.0032 Significant

A-Initial pH 0.0046 1 0.0046 21.88 0.0023 **

B-Fermentation temperature 0.0009 1 0.0009 4.48 0.0721

C-Soluble solids content 0.0006 1 0.0006 2.72 0.1433

AB 0.0015 1 0.0015 7.33 0.0303 *

AC 0.0007 1 0.0007 3.09 0.1220

BC 0.0003 1 0.0003 1.28 0.2959

A2 0.0044 1 0.0044 20.82 0.0026 **

B2 0.0032 1 0.0032 15.23 0.0059 **

C? 0.0015 1 0.0015 7.07 0.0325 *

Residual 0.0015 7 0.0002

Lack of fit 0.0002 3 0.0001 0.17 0.9108 Not significant

Pure error 0.0013 4 0.0003

Cor toal 0.0202 16

R? 0.9268

Adjusted R? 0.8327

Predicted R? 0.7656

C.V.% 1.96

Note: * indicates a significant difference at p < 0.05, and ** indicates a highly significant difference at p < 0.01.

The optimal fermentation conditions, determined by combining single-factor experi-
ments with RSM, were initial pH 5.46, fermentation temperature 36.89 °C, soluble solids
content 11.92 °Bx, inoculum ratio of Lcb. paracasei ZY to Lcb. rhamnosus SN12 1:1, inoculum
size 6 Log CFU/mL, and fermentation time 96 h. Under these conditions, the model
estimated that the maximum GABA production would reach 0.78 g/L.

3.6. Effect of Optimal Fermentation Conditions on GABA Content in Orange Juice

To assess the reliability and practical usefulness of the RSM, fermentation experiments
were conducted under the optimized conditions. These included initial pH 5.5, fermen-
tation temperature 37 °C, soluble solids content 12.0 °Bx, inoculum ratio of Lcb. paracasei
ZY to Lcb. rhamnosus SN12 1:1, inoculum size 6 Log CFU/mL, and fermentation time 96
h. Uninoculated orange juice was used as the control. The results showed that the GABA
content in the fermented orange juice reached 0.89 g/L, representing an increase of 39.06%
compared with the uninoculated orange juice (0.65 g/L GABA) (Figure 5).
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Different optimization methods had different effects on GABA production. As shown
in Figure 5, the highest GABA content (1.38 g/L) was achieved at a soluble solids content
of 10.0 °Bx in the single-factor experiments, representing a 23.21% increase compared
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to uninoculated orange juice (1.12 g/L). The Plackett-Burman design yielded a GABA
content of 1.33 g/L, which corresponds to a 29.41% increase. Although the initial GABA
content prior to Box-Behnken optimization was relatively low (0.65 g/L), this method
achieved the most significant enhancement, with a 39.06% increase. Wang et al. [21]
optimized the fermentation process of soymilk using Lpb. plantarum Lp 3, yielding a final
GABA concentration of 0.55 g/L, which represents an approximately 20.00% improvement
compared to the unfermented control. In another study, Jin et al. [19] fermented litchi juice
with L. brevis LBJ-29 for 48 h and reported a 10-fold increase in GABA content relative
to the unfermented counterpart. The high GABA yields observed in these studies may
be attributed to the strains’ robust metabolic activity and efficient substrate utilization.
However, since L. brevis is not generally recognized as a food-grade microorganism, its
application in the food industry remains limited. While Lpb. plantarum Lp 3, Lcb. paracasei
ZY, and Lcb. rhamnosus SN12 exhibit a lower GABA conversion capacity than L. brevis
LBJ-29, process optimization remains a viable and effective strategy to enhance GABA yield.
While single-factor optimization facilitates the rapid identification of reasonable ranges
and levels for individual factors, RSM is more effective than the former in examining the
interactions between various factors.

4. Conclusions

This study increased the content of GABA in fermented orange juice by optimizing the
fermentation process. A total of fifty-two LAB strains were screened for GABA production
using the Berthelot colorimetric method, and forty-three strains showed GABA-producing
ability. The top fifteen strains were further analyzed by HPLC. Lcb. paracasei ZY and Lcb.
rhamnosus SN12 exhibited high and stable GABA-producing ability and were selected for
orange juice fermentation. Single-factor experiments were conducted to evaluate the effects
of initial pH, fermentation temperature, soluble solids content, inoculum ratio, inoculum
size, and fermentation time on GABA production in fermented orange juice. Through
Plackett-Burman design analysis, initial pH, fermentation temperature, and soluble solids
content were identified as the significant factors affecting GABA accumulation. The further
optimization of these three factors was performed by Box-Behnken designs. The final
optimized fermentation conditions are as follows: initial pH of 5.5, fermentation tempera-
ture of 37 °C, soluble solids content of 12.0 °Bx, inoculum ratio of Lcb. paracasei ZY to Lcb.
rhamnosus SN12 as 1:1, inoculum size of 6 Log CFU/mL, and fermentation time of 96 h.
Under these conditions, the GABA content in fermented orange juice increased to 0.89 g/L,
which was 39.06% higher than that in uninoculated orange juice. This research not only
screened out excellent strains for the development of functional juices, but also provided
process references and technical support for the industrial production of functional products
by enterprises.
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Appendix A

Table Al. Information on the strains used in this study.

Number Strain Name Isolation Source Acquisition Method
1 Lacticaseibacillus paracasei ZY Fermented milk Laboratory isolation
2 Lacticaseibacillus rhamnosus SN12 Fermented milk Laboratory isolation
3 Lactiplantibacillus plantarum M35 Fermented meat Laboratory isolation
4 Lactiplantibacillus plantarum 2-22-L] Fermented meat Laboratory isolation
5 Lactiplantibacillus plantarum 75-24 Fermented meat Laboratory isolation
6 Lacticaseibacillus paracasei 3-4 Fermented meat Laboratory isolation
7 Lactiplantibacillus plantarum M7 Fermented meat Laboratory isolation
8 Lacticaseibacillus paracasei 3-9 Fermented meat Laboratory isolation
9 Lactiplantibacillus plantarum 1.53-1 Fermented pickles Laboratory isolation
10 Lactiplantibacillus plantarum 3-2-L] Fermented meat Laboratory isolation
11 Limosilactobacillus reuteri PC1 Fermented pickles Laboratory isolation
12 Lactiplantibacillus plantarum HJZ1 Distiller’s grains Laboratory isolation
13 Lacticaseibacillus paracasei K22 Fermented milk Laboratory isolation
14 Lactiplantibacillus plantarum Z5-25 Fermented meat Laboratory isolation
15 Lacticaseibacillus casei K34 Fermented milk Laboratory isolation
16 Lacticaseibacillus paracasei K38 Fermented milk Laboratory isolation
17 Pediococcus acidilactici K2 Fermented meat Laboratory isolation
18 Lactiplantibacillus plantarum 3-19-L] Fermented meat Laboratory isolation
19 Lacticaseibacillus paracasei MAS-B2 Fermented milk Laboratory isolation

20 Pediococcus pentosaceus 2-10-2-L] Fermented meat Laboratory isolation
21 Limosilactobacillus fermentum CGMCC1.8 — Obtained from CGMCC
22 Lactiplantibacillus plantarum J11 Fermented meat Laboratory isolation
23 Lacticaseibacillus rhamnosus H7 Fermented meat Laboratory isolation
24 Lactococcus lactis subsp. lactis MAS2-2 Fermented meat Laboratory isolation
25 Lactiplantibacillus plantarum 1-26-L] Fermented meat Laboratory isolation
26 Lactiplantibacillus plantarum N-M-1 Fermented milk Laboratory isolation
27 Latilactobacillus sakei PC19 Fermented pickles Laboratory isolation
28 Lactiplantibacillus plantarum PC14 Fermented pickles Laboratory isolation
29 Lactobacillus acidophilus A20 Fermented meat Laboratory isolation
30 Lacticaseibacillus paracasei Z3-11 Fermented meat Laboratory isolation
31 Lactiplantibacillus plantarum 1-1 Fermented milk Laboratory isolation
32 Lacticaseibacillus rhamnosus SN9 Fermented pickles Laboratory isolation
33 Streptococcus salivarius subsp.thermophilus M17-11 Fermented milk Laboratory isolation
34 Lactiplantibacillus plantarum 2-14-L] Fermented meat Laboratory isolation
35 Lactiplantibacillus plantarum 1-11 Fermented milk Laboratory isolation
36 Pediococcus pentosaceus HJZ2 Distiller’s grains Laboratory isolation
37 Lactiplantibacillus plantarum M19 Fermented meat Laboratory isolation
38 Streptococcus salivarius subsp. thermophilus KF17-2 — Obtained from CICC
39 Latilactobacillus sakei S13 Fermented milk Laboratory isolation
40 Lacticaseibacillus paracasei Z3-9 Fermented meat Laboratory isolation
41 Lacticaseibacillus paracasei K23 Fermented milk Laboratory isolation
42 Lactobacillus delbrueckii subsp.bulgaricus 6103 Obtained from CICC
43 Lacticaseibacillus rhamnosus SN13 Fermented pickles Laboratory isolation
44 Lactobacillus helveticus 6102 — Obtained from CICC
45 Lacticaseibacillus paracasei Z3-4 Fermented meat Laboratory isolation
46 Limosilactobacillus fermentum 2-34-L] Fermented meat Laboratory isolation
47 Lactobacillus acidophilus LS2-3 Fermented pickles Laboratory isolation
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Table A1. Cont.

Number Strain Name Isolation Source Acquisition Method
48 Lactiplantibacillus plantarum A72 Fermented pickles Laboratory isolation
49 Latilactobacillus sakei PC2 Fermented pickles Laboratory isolation
50 Latilactobacillus sakei PC3 Fermented pickles Laboratory isolation
51 Latilactobacillus sakei PC17 Fermented pickles Laboratory isolation
52 Latilactobacillus sakei PC30 Fermented pickles Laboratory isolation

Note: CGMCC refers to the China General Microbiological Culture Collection Center; CICC refers to the China
Industrial Microbial Culture Collection Center.

Table A2. Experimental factors and levels in the single-factor design.

Factors Unit Levels
Initial pH — 3.0 4.0 5.0 6.0 7.0
Fermentation temperature °C 27 32 37 42 47
Soluble solids content °Bx 5.0 10.0 15.0 20.0 25.0
Inoculum ratio — 1:0 1:1 1:2 2:1 0:1
Inoculum size Log CFU/mL 3 6 9 12 15
Fermentation time h 48 72 96 108 120

Table A3. Experimental factors and coded levels in the Plackett-Burman design.

Symbols Factors Unit Coded Levels
A Initial pH — 5.0 7.0
B Fermentation temperature °C 37 47
C Soluble solids content °Bx 10.0 25.0
D Inoculum ratio — 1:0 1:1
E Inoculum size Log CFU/mL 6 15
F Fermentation time h 96 120

Table A4. Plackett-Burman design and experimental results.

Run A B C D E F GABA Content (g/L)
1 1 -1 -1 -1 1 -1 1.18 £ 0.02
2 -1 1 -1 1 1 1 1.2 +0.05
3 -1 1 1 -1 1 -1 1.07 £0.10
4 1 -1 1 1 1 -1 1.14 £ 0.06
5 1 1 -1 -1 -1 1 1.06 £ 0.04
6 -1 -1 -1 1 1 1 1.29 £+ 0.06
7 -1 -1 -1 -1 -1 -1 1.32 £0.10
8 -1 -1 1 -1 -1 1 1.06 4+ 0.01
9 1 1 1 -1 1 1 0.92 + 0.07
10 -1 1 1 1 -1 -1 1.13 £ 0.08
11 1 -1 1 1 -1 1 1.03 £0.10
12 1 1 -1 1 -1 -1 1.04 £0.14

Table A5. Experimental factors and coded levels in the Box-Behnken design.
Symbols Factors Unit Coded Levels
-1 0 1
A Initial pH — 4.0 5.0 6.0
B Fermentation temperature °C 32 37 42
C Soluble solids content °Bx 5.0 10.0 15.0
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Table A6. Box-Behnken design and experimental results.

.. Fermentation Soluble Solids
Run Initial pH Temperature (°C) Content (°Bx) GABA Content (g/L)
1 -1 -1 0 0.67 4+ 0.04
2 1 0 1 0.78 +0.12
3 —1 1 0 0.72 4+ 0.08
4 0 0 0 0.80 £+ 0.08
5 1 0 -1 0.73 £ 0.03
6 0 1 1 0.74 4+ 0.05
7 1 1 0 0.73 +0.10
8 0 1 -1 0.75 4+ 0.04
9 0 0 0 0.77 & 0.05
10 0 0 0 0.76 £ 0.07
11 -1 0 1 0.70 £ 0.11
12 0 -1 -1 0.70 £ 0.13
13 0 0 0 0.78 £ 0.07
14 0 -1 1 0.73 4+ 0.09
15 -1 0 -1 0.70 £ 0.06
16 0 0 0 0.77 £ 0.10
17 1 -1 0 0.75 + 0.07
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Figure Al. Viable cell counts of Lcb. paracasei ZY and Lcb. rhammnosus SN12 in orange juice
during fermentation.
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Abstract: Shubat, a traditional fermented camel milk from Kazakhstan, is renowned
for its unique flavor and nutritional properties, though its volatile compound profile
remains poorly characterized. In this study, headspace solid-phase microextraction cou-
pled with comprehensive two-dimensional gas chromatography-time-of-flight mass spec-
trometry (HS-SPME-GC x GC-ToFMS) was employed to qualitatively identify and semi-
quantitatively analyze volatile metabolites in seven Shubat samples collected from four
regions of Kazakhstan. Of the 372 volatile organic compounds initially detected, 202 were
retained after screening, predominantly comprising esters, acids, alcohols, ketones, and
aldehydes. Esters, acids, and alcohol were found to be the most abundant categories.
Diversity analyses (« and (3) revealed substantial variation across regions, likely influenced
by Shubat’s rich and region-specific microbiome. An UpSet analysis demonstrated that 75
volatile compounds were shared among all samples, accounting for over 87% of the total
volatile content, indicating a chemically stable core. These findings underscore the chemical
complexity of Shubat and provide novel insights into its metabolite composition, thereby
establishing a foundation for future sensory, microbial, and quality-related research.

Keywords: Shubat fermented camel milk; volatile organic compounds; GC x GC-TOEF-MS;
HS-SPME; metabolomics

1. Introduction

Shubat is traditionally produced by fermenting fresh raw camel milk with a small
amount of previously soured milk starter culture (~50 mL/L) in goat skin bags or wooden
containers for 1-2 days [1]. During fermentation, the product is continuously or intermit-
tently stirred to ensure sufficient aeration and uniformity. Owing to its long history of
consumption among Kazakh nomads, Shubat is widely recognized for its high nutritional
value and health-promoting properties. Shubat shares similarities with other fermented
camel milk products, which are increasingly recognized for their functional properties [2,3].
For instance, fermented camel milk has been reported to possess anti-inflammatory, an-
tidiabetic, lipid-lowering, and antimicrobial activities, attributed to its unique bioactive
components, including organic acids and peptides. Moreover, short-chain fatty acids
(SCFAs) such as acetic, propionic, and butyric acids, commonly produced through micro-
bial fermentation, are known to play key roles in gut health, the modulation of immune
function, and intestinal barrier integrity [4]. These properties suggest that the volatile
organic compounds detected in Shubat may contribute to its health benefits and support
its potential as a functional beverage.
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Metabolism plays a central role in shaping the phenotypic characteristics of all living
organisms, where low-molecular-weight biochemical compounds (metabolites) serve as
intermediate and end products of enzymatically catalyzed reactions within cells [5]. These
metabolites, often modulated by genetic and environmental factors, provide critical insights
into cellular functions and physiological states. Following the emergence of genomics,
transcriptomics, and proteomics, “metabolomics” has recently become an essential high
throughput “omics” platform that enables the systematic study of the metabolic profile of
organisms. It is particularly valuable for revealing biochemical mechanisms underlying
food composition, fermentation, and flavor development [6,7].

In the context of fermented dairy products, microbial diversity and its associated
metabolic pathways have a profound impact on final flavor, texture, and quality [8]. The
characteristic flavor of fermented milk products is primarily attributed to volatile organic
compounds (VOCs), such as esters, alcohols, acids, aldehydes, and ketones, many of
which are generated through microbial fermentation processes [9]. Given their sensory
importance, the identification and quantification of VOCs in complex food matrices has
become a central focus in food science, as VOCs are often responsible for desirable aromas
and product differentiation across cultures and regions.

Various analytical strategies have been developed for VOC profiling, among which
headspace solid-phase microextraction (HS-SPME) has proven to be an efficient, solvent-
free, and highly sensitive sample preparation method. First introduced by Pawliszyn et al.
in 1989 [10], HS-SPME relies on the partitioning of analytes between a coated fiber and the
sample matrix under equilibrium conditions. It can be coupled with gas chromatography
(GC) for the separation and detection of volatile compounds. Fiber selection, extraction
conditions, and analyte properties significantly affect the efficiency of this technique [11].

However, due to the complexity and diversity of food metabolites, conventional
one-dimensional (1D) GC-MS methods often suffer from co-elution and limited resolu-
tion, restricting comprehensive VOC characterization. To overcome these challenges, the
comprehensive two-dimensional gas chromatography—time-of-flight mass spectrometry
(GC xGC-ToFMS) technique has emerged as a powerful tool, offering improved separation
efficiency, structured chromatographic space, enhanced sensitivity, and the ability to cap-
ture low-abundance compounds that contribute significantly to flavor perception [12,13].
This technique has shown excellent performance in analyzing VOCs in complex matrices
such as environmental samples, oils, and fermented foods [14].

From a molecular perspective, fermented dairy products, such as Shubat, represent
highly dynamic chemical systems composed of proteins, lipids, amino acids, organic acids,
carbohydrates, and aromatic volatiles [15]. Accurately profiling the volatile metabolome
of Shubat requires integrative analytical platforms capable of capturing this diversity.
GC xGC-ToFMS, when combined with optimized sample preparation such as HS-SPME,
enables the high-resolution detection of a wide spectrum of volatile compounds, providing
a comprehensive metabolic fingerprint of Shubat.

Recent research, including our previous metagenomic analysis of Shubat [16], has
demonstrated that the rich microbial diversity in fermented camel milk plays a vital
role in modulating its flavor-associated metabolic profile. These microbial communities,
composed of diverse lactic acid bacteria (LAB) and yeast, participate in the biosynthesis of
esters, alcohols, and acids that define the sensory identity of the product. Yet, the volatile
metabolomic composition of Shubat remains underexplored.

Therefore, in this study, we applied headspace solid-phase microextraction coupled
with comprehensive two-dimensional gas chromatography-time-of-flight mass spectrome-
try (HS-SPME-GC x GC-ToFMS) to comprehensively profile and classify volatile organic
compounds (VOCs) in Shubat samples collected from different locations in Kazakhstan.
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This high-resolution technique offers enhanced separation efficiency and sensitivity com-
pared to conventional GC-MS, enabling the accurate characterization of trace-level com-
pounds in complex dairy matrices. The aim of this pilot study was to characterize the major
classes of VOCs present in Shubat and to explore compositional differences among samples
from distinct collection sites.

2. Materials and Methods
2.1. Sample Collection

Seven fermented camel milk (Shubat) samples were obtained from rural households
located across four provinces of Kazakhstan: Almaty (S1, S2), Kyzylorda (S3), Zhetisu
(54, S7), and Turkestan (S5, S6). Each representative sample was formed by pooling three
individual subsamples, which were separately sourced from different families residing in
the same village. Although certain samples were sourced from the same administrative
region, they were derived from geographically isolated villages, thus maintaining the
independence of the samples.

After collection, the subsamples were carefully homogenized, and 50 mL of each
pooled sample was transferred into sterile polypropylene tubes using aseptic ¢ tech-
niques. The samples were then pre-cooled, packed in insulated containers with ice packs,
and immediately transported to the laboratory, where they were stored at —20 °C until
subsequent analysis.

2.2. Volatile Metabolite Analysis
2.2.1. Headspace Solid-Phase Microextraction (HS-SPME)

Frozen Shubat samples were thawed at room temperature, and 5 mL of the samples
were transferred into a 15 mL glass vial. The vial was sealed with a PTFE/silicone sep-
tum and magnetic screw cap (Agilent Technologies, Santa Clara, CA, USA), followed by
equilibration at 55 °C for 30 min. A 1 cm DVB/CAR/PDMS fiber (Supelco) (Merck KGaA,
Darmstadt, Germany) was then inserted into the vial headspace for extraction. The sample
was pre-incubated at 55 °C for 10 min, followed by extraction for 50 min. After extraction,
the fiber was desorbed in the GC injection port for 5 min, and then thermally cleaned at
290 °C for 10 min to avoid cross-contamination.

2.2.2. GCxGC-ToFMS Analysis

Volatile compounds were analyzed using a GCxGC-ToFMS system, consisting
of an Agilent 7890 gas chromatograph (Agilent Technologies, Santa Clara, CA, USA)
coupled with a Pegasus 4D time-of-flight mass spectrometer (LECO Corporation, St.
Joseph, MI, USA). The analysis parameters were as follows: Primary column: DB-WAX
(B0m x 250 pm x 0.25 um; Agilent Technologies, Santa Clara, CA, USA). Secondary col-
umn: DB-17MS (2 m x 100 um x 0.10 pm; Agilent Technologies, Santa Clara, CA, USA),
Injection temperature: 250 °C. Carrier gas: Helium (99.99%) at 1.0 mL/min (constant flow,
splitless mode). Oven temperature program: 40 °C for 5 min; ramped at 5 °C/min to
140 °C (held 2 min); then 10 °C/min to 250 °C (held 12 min). Secondary column oven:
15 °C higher than the primary column. Modulator temperature: 15 °C higher than the
secondary column. Modulation period: 5.0 s. Transfer line temperature: 270 °C. Ion source
temperature: 230 °C. Ionization mode: Electron impact (EI), 70 eV. Detector voltage: 1670 V.
Mass range: m/z 33-550. Acquisition rate: 50 spectra/s.

2.3. Data Preprocessing, Compound Identification, and Visualization

Raw chromatographic data were processed using LECO ChromaTOF® software (ver-
sion 4.72.0.0), which performed automated baseline correction, peak deconvolution, align-
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ment, and noise reduction. Primary and secondary dimension peak widths were set to 16 s
and 0.2 s, respectively.

To eliminate non-sample-related signals, procedural blanks were analyzed under
identical conditions, and all peaks detected in blanks were excluded from the dataset.
Retention indices (RIs) were determined using a C5-C40 n-alkane standard mixture and
calculated via the Kovats index method. Mass spectral identification was conducted using
the NIST 17 Mass Spectral Library, and only peaks with forward and reverse match scores
above 700 were retained [17]. The calculated RI values were compared to literature data
(e.g., NIST Chemistry WebBook), and compounds with deviations exceeding +5% were
excluded. Identification confidence corresponds to Level 2 of the Metabolomics Standards
Initiative (MSI), indicating putative annotation based on spectral and RI matching without
validation by authentic standards. To ensure data robustness, peaks containing halogen or
silicon atoms were removed to avoid potential artifacts from column bleed or contamination.
Additionally, low-frequency compounds, defined as those detected in fewer than four of
the seven Shubat samples, were excluded prior to statistical analysis.

Volatile compound abundance matrices were generated after data preprocessing,
which included removing contaminants, compounds detected in blank samples, and non-
organic compounds. Peak areas of each compound were converted to relative abundances
within each sample. To further focus on the major contributing compounds and enhance
the interpretability of the results, the normalized dataset was ranked based on the total
abundance of each compound across all samples. The top 50 most abundant volatile
compounds were selected for subsequent statistical analysis and visualized in tabular form
as percentage values relative to the total volatile profile.

To investigate the overlap and uniqueness of volatile compounds across different
Shubat samples, a presence/absence matrix was constructed based on the qualitative
identification results. In this binary matrix, the presence of a compound in each sample
was encoded as 1 and absence was encoded as 0. The binary data were then analyzed using
the upsetplot (v0.8.0). An UpSet plot was generated to visualize the number of shared and
unique compounds among the seven Shubat samples.

Alpha diversity indices were calculated using Python (v3.12) using the pandas and
scikit-bio packages. Beta diversity was assessed using Bray—Curtis dissimilarity based on
relative abundance data, and principal coordinate analysis (PCoA) was performed using
scikit-bio. Data visualization, including heatmaps and PCoA plots, was carried out using
matplotlib and seaborn. Due to logistical and field constraints, only one representative
Shubat sample was collected from each village across four regions. Replicates or composite
samples were not available for each region. Therefore, the diversity analyses presented
in this study are exploratory in nature and do not allow for the statistical validation of
intra-regional variability.

3. Results
3.1. Major Volatile Compound Categories in Shubat Samples

To characterize the VOCs, present in the seven Shubat samples we performed qualita-
tive identification and relative quantification using headspace solid-phase microextraction
coupled with GCxGC-TOF-MS. A total of 372 volatile organic compounds (VOCs) were
detected in Shubat samples collected from four regions of Kazakhstan, of which 202 were
retained for compositional analysis. These VOCs were primarily classified into six major
categories: esters, acids, alcohols, ketones, aldehydes, and aromatic compounds. The rela-
tive abundance of each category varied across the seven samples (Figure 1), with detailed
3D chromatograms for individual samples provided in Supplementary Figure S1. Esters
and acids were generally the dominant compound classes, though the proportion of alcohol
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and aldehydes showed notable variation among samples. Aromatic compounds were
present in lower abundance but showed marked enrichment in S4 and Sé6.

Compound Category Abundance in Seven Samples
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Figure 1. Stacked bar plot illustrating the relative abundance of major volatile compound categories
across seven Shubat samples (51-57).

Overall, the compositional differences in VOC categories across samples highlight the
influence of regional origin, household fermentation practices, and microbiota composition
on the volatile metabolome of Shubat.

A total of 50 volatile organic compounds (VOCs) with the highest average relative
abundance were identified across the seven Shubat samples and are listed in Table 1. The
detailed information for each sample is provided in Supplementary Table S1 (51_top50-
S7_top50), which includes retention indices, CAS numbers, and spectral match scores. Most
of these VOCs belonged to esters, organic acids, and alcohols. Among them, acetic acid and
ethyl acetate were the most abundant overall, with mean relative abundances of 19.60%
and 15.27%, respectively. Acetic acid showed particularly high levels in samples S4, S5,
and S6, whereas ethyl acetate was dominant in S1 and Sé6.

Ethanol, another major fermentation product, exhibited large variation among samples,
with concentrations ranging from 0.00% to 36.28%. Medium-chain fatty acid ethyl esters
such as ethyl decanoate, ethyl dodecanoate, and ethyl octanoate were also prominent, with
the highest levels observed in samples S2 and S3. These esters are typically associated with
fruity and creamy flavor characteristics in fermented dairy products.

Several volatile organic acids, including hexanoic acid, octanoic acid, and dodecanoic
acid, were consistently detected across all samples. These acids contribute sour, pun-
gent, or goaty notes depending on concentration and matrix interaction. Additionally,
aromatic compounds such as benzaldehyde and 2-phenylethyl acetate were identified in
moderate abundance, with the latter reaching 14.05% in sample S7, indicating sample-
specific enrichment.
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Table 1. Top 50 Most Abundant Volatile Compounds Detected in Shubat Samples (Based on Total
Relative Abundance).

Relative Abundance (%)

Compounds s1 S2 S3 S4 S5 S6 s7

Acetic acid 24.27 14.01 15.13 25.62 31.17 27.01 0.01
Ethanol 9.27 36.28 0.00 0.00 26.02 0.60 14.77
Ethyl Acetate 37.87 2.52 3.99 12.52 7.00 22.73 20.26
Decanoic acid, ethyl ester 0.45 6.52 32.85 1.64 0.17 0.59 0.50
Hexanoic acid 3.46 4.48 1.25 4.94 6.24 3.10 5.05
Dodecanoic acid, ethyl ester 3.42 10.09 2.47 191 0.25 0.81 0.73
Benzaldehyde 0.17 191 3.53 9.56 1.31 4.72 1.80
1-Butanol, 3-methyl- 2.02 1.40 1.29 7.99 0.73 7.42 2.12
Acetic acid, 2-phenylethyl ester 1.92 1.49 2.63 1.16 0.94 1.51 14.05
Octanoic acid, ethyl ester 2.48 3.47 3.01 4.47 0.29 0.84 0.79
ETHYL (S)-(-)-LACTATE 0.00 0.00 0.00 6.31 1.37 5.42 10.07
Phenylethyl Alcohol 0.88 0.51 2.19 4.64 1.27 3.49 4.01
Tetradecanoic acid, ethyl ester 1.45 1.55 2.65 2.29 0.36 0.79 0.76
Pentadecanoic acid, ethyl ester 1.15 1.62 4.26 0.13 0.00 0.00 0.00
Octanoic acid 0.92 1.04 0.49 1.85 2.08 1.16 1.64
Dodecanoic acid 1.00 1.25 2.02 1.47 0.27 0.19 0.27

Ethyl tridecanoate 0.76 1.79 2.76 0.09 0.00 0.00 0.00
Tetradecanoic acid 1.09 0.58 2.34 1.41 0.28 0.19 0.28
1-Hexanol 0.14 0.00 0.00 0.26 0.93 3.08 4.58
Hexadecanoic acid, ethyl ester 1.45 0.16 2.59 0.70 0.00 0.11 0.00
1,3,5,7-Cyclooctatetraene 0.00 1.57 2.38 0.00 0.06 0.07 0.00
n-Decanoic acid 1.18 0.60 1.01 0.95 0.41 0.29 0.36
Butanoic acid 0.25 0.88 1.58 0.39 0.79 0.24 0.44
2-Nonenal, (E)- 0.03 0.02 0.04 0.40 1.87 2.52 1.71
Hexanal 0.18 0.06 0.08 0.78 0.58 3.52 0.26

Furan, 2-ethyl- 0.04 0.02 0.05 0.30 243 0.88 1.83

Ethyl 9-decenoate 0.40 0.80 1.47 0.56 0.02 0.05 0.04
Heptanoic acid 0.07 0.08 0.15 0.14 2.21 0.57 1.36
Hexanoic acid, ethyl ester 0.39 0.21 1.04 1.74 0.04 0.18 0.15
(E)-9-Octadecenoic acid ethyl ester 0.54 0.77 1.07 0.23 0.00 0.07 0.03
Benzoic acid 0.09 0.62 1.00 0.87 0.12 0.09 0.13

Acetoin 0.02 0.01 0.01 0.12 1.76 0.18 2.10

Butanoic acid, ethyl ester 0.12 0.64 1.25 0.25 0.00 0.05 0.05
Furan, 2-pentyl- 0.06 0.04 0.04 0.29 0.93 1.12 1.36
Nonanal 0.05 0.04 0.06 0.32 1.04 0.79 0.92
E-11-Hexadecenoic acid, ethyl ester 0.08 1.01 0.37 0.02 0.03 0.14 0.13
Propanoic acid, 2-methyl- 0.26 0.04 0.07 0.04 1.54 0.13 0.54
1-Heptanol 0.00 0.00 0.01 0.14 0.45 0.98 1.79
n-Hexadecanoic acid 0.16 0.48 0.65 0.35 0.08 0.07 0.10
9-Decenoic acid 0.17 0.36 0.62 0.69 0.06 0.04 0.05
Benzene 0.14 0.15 0.27 0.45 0.38 0.47 0.64

Ethyl 9-hexadecenoate 0.75 0.10 0.17 0.72 0.03 0.13 0.11
2-Decenal, (Z)- 0.04 0.02 0.04 0.18 0.84 0.77 0.90
Butanoic acid, 3-methyl- 0.22 0.04 0.00 0.11 0.85 0.08 1.31
1-Penten-3-one 0.01 0.00 0.01 0.10 1.63 0.22 0.23
1-Propanol, 2-methyl- 0.23 0.16 0.05 0.05 0.09 1.08 0.47
Z-7-Tetradecenoic acid 0.17 0.37 0.60 0.20 0.00 0.00 0.00
2-Octenal, (E)- 0.02 0.01 0.02 0.31 0.49 0.96 0.31
2-Undecenal 0.04 0.03 0.05 0.14 0.55 0.34 0.75
1-Propanol 0.11 0.18 0.41 0.19 0.03 0.20 0.24

3.2. Core and Unique Volatile Compounds Across Shubat Samples

To explore the overlap and uniqueness of volatile compounds among the seven Shubat
samples, an UpSet plot was constructed. As shown in Figure 2, a total of 75 compounds
were found to be shared by all seven samples. Although these shared compounds only
account for a small fraction of all detected compounds, their abundance accounts for about
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87% of the total abundance of the overall volatile components. This indicates that a core
set of volatile metabolites dominates the flavor composition of Shubat, suggesting that
despite differences in origin, there is a high degree of consistency between samples at the

metabolic level.
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Figure 2. Visualization of Core and Sample-Specific Volatile Compounds in Shubat.

3.3. Alpha and Beta Diversity Analysis of Volatile Compounds

The diversity of volatile organic compounds (VOCs) in the seven Shubat samples was
evaluated using three alpha diversity indices: richness, Shannon, and Simpson. As shown
in Figure 3a, richness ranged from 149 (S1) to 179 (S4), indicating moderate variation in
the number of detected VOCs across samples. The Shannon index values ranged from
2.43 to 3.29, with the highest diversity observed in S7 and the lowest in S1, suggesting
differences in both the number and evenness of VOCs. Simpson indices were relatively
stable across the samples, ranging from 0.80 to 0.92, indicating a relatively even distribution
of compounds with no single compound overwhelmingly dominant in any sample.
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Figure 3. Diversity Analysis of Volatile Compounds in Shubat Samples. (a) Alpha diversity indices
(Richness, Shannon, and Simpson) of volatile compounds across seven samples. (b) Beta diversity
analysis based on Bray—Curtis dissimilarity visualized by PCoA.
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Beta diversity was assessed using Principal Component Analysis (PCA) based on VOC
composition. The first two principal components explained 45.2% and 25.5% of the total
variance, respectively (Figure 3b). The samples were clearly separated into the PCA space,
reflecting substantial variation in volatile profiles among the different Shubat samples.
No clear clustering pattern was observed in the PCA plot, indicating high inter-sample
variability in volatile compound composition.

4. Discussion

In this study, we applied HS-SPME-GC x GC-TOF-MS to profile volatile organic com-
pounds (VOCs) in Shubat samples, detecting a total of 372 compounds, which significantly
exceeds the counts typically reported using conventional one-dimensional GC-MS meth-
ods [3,18]. This improved coverage reflects the enhanced separation performance and
greater sensitivity afforded by the GCxGC platform.

Despite advances in deconvolution algorithms for one-dimensional GC-MS, co-elution
remains a major challenge in complex matrices such as fermented dairy. In contrast, com-
prehensive two-dimensional GC delivers markedly improved peak capacity and selec-
tivity, enabling better resolution of co-eluting compounds across two chromatographic
dimensions (volatility and polarity) [19-21]. The modulation process in GCx GC refocuses
analytes into sharp pulses, leading to substantially improved signal-to-noise ratios (S/N)
and facilitates the detection of low-abundance metabolites that often go undetected in 1D
GC-MS [22]. For Shubat, a highly complex fermented dairy matrix containing diverse
proteins, lipids, and microbial metabolites, the use of GC x GC-TOFMS was particularly
advantageous. This approach enabled the resolution of trace, aroma-relevant VOCs that
would likely remain masked in conventional 1D analysis, thereby yielding a more reliable
metabolic fingerprint specific to Shubat fermentation.Moreover, this study emphasizes
the contribution of Shubat’s rich microbiome to the observed diversity of volatile com-
pounds. According to our recent metagenomic investigation of Shubat [16], the product
harbors a diverse and metabolically versatile microbial community, particularly LAB such
as Lactobacillus, Lactococcus, and Streptococcus. These microbes are involved in amino acid
metabolism, carbohydrate utilization, and secondary metabolite biosynthesis, which may
collectively contribute to the unique and complex volatile profiles observed in Shubat. This
microbial influence provides an important biochemical basis for Shubat’s distinctive flavor
characteristics and potential functional properties.

Compared to previous findings, the volatile compound profile obtained in this study
shares both commonalities and differences. For instance, Ning et al. [18] identified esters,
alcohols, and acids as the dominant volatile classes in fermented milk products, which
aligns with our results, where esters and acids exhibited the highest relative abundance.
Similarly, Bilal et al. [3] reported the presence of key volatiles such as ethyl acetate, acetic
acid, and 2,3-butanediol in traditional fermented dairy products compounds that were also
found at notably high levels in the Shubat samples examined here.

In the present study, the volatile profiles of Shubat were predominantly composed
of acids, esters, and alcohols, followed by aldehydes, aromatic compounds, ketones, and
minor volatile classes. Such a composition aligns with previous findings that fermented
dairy products, including camel milk derivatives, typically contain these compound classes
as key aroma contributors [23,24]. Notably, the dominance of esters in Shubat underscores
their important role in flavor development; their formation via microbial esterification and
lipid metabolism during dairy fermentation is well documented [25].

The relative stability of acids across samples suggests that they form a consistent
chemical backbone for Shubat’s aroma, whereas variation in esters and alcohols likely
reflects microbial metabolic differences linked to fermentation conditions or raw milk
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characteristics. Lower-abundance volatiles such as aldehydes and ketones, though present
in smaller quantities, may still impart distinctive sensory nuances. This pattern echoes
broader reports in fermented dairy research where compound diversity contributes to
flavor complexity [26].

Esters are among the most prevalent volatile constituents in dairy and fermented
milk products [27,28]. At low concentrations, these compounds contribute pleasant fruity
aromas to milk and its derivatives [29]. However, elevated levels of esters may result in
undesirable fruity off-flavors in dairy products [30]. In the present study, over 90 distinct
ester compounds were identified, representing the most abundant chemical class among all
detected volatiles. It is hypothesized that the biosynthesis of ethyl acetate and ethyl lactate
may primarily originate from the esterification of microbial fermentation metabolites,
lactic acid and hexanoic acid, with ethanol. These short-chain ethyl esters are considered
favorable contributors to the fruity flavor observed in Shubat samples [31,32].

Two major biochemical pathways, esterification and alcoholysis, are proposed to play
key roles in the formation of ester compounds in dairy matrices. Esterification refers to the
formation of esters from the reaction of free fatty acids (FFAs) (released during the lipolysis
of triglycerides by lipases or esterases) with alcohols. Alcoholysis, in contrast, involves
the transesterification of fatty acyl moieties from mono-, di-, or triacylglycerols or fatty
acyl-CoA derivatives directly to alcohols generated through amino acid or carbohydrate
metabolism. Both pathways are enzymatically catalyzed by esterases or lipases [33]. LAB
has been shown to exhibit both esterase and lipase activities, contributing significantly to
the biosynthesis of ethyl esters in fermented dairy products. Several studies have reported
esterase activity in LAB strains [34-36]. These enzymes not only catalyze the hydrolysis of
milk fat triglycerides to release FFAs but also participate in transesterification reactions,
leading to the synthesis of esters from glycerides and alcohols [37].

One of the most abundant acids, acetic acid, may originate from the heterofermentation
of glucose, a hydrolysis product of lactose. In addition, high-abundance acetic acid bacteria
are capable of oxidizing ethanol to produce acetic acid. FFAs with carbon chains of four or
more atoms are often derived from the lipolysis of milk fat, which is a key factor influencing
the flavour profile of fermented dairy products [38]. Triglycerides, comprising a glycerol
backbone esterified with three fatty acid chains, represent the primary form of fat in milk.
FFAs are fatty acids not bound to glycerol molecules, and they play a central role in the
flavour development of dairy products, particularly cheeses and fermented milk [39].

Free fatty acids (FFAs) in dairy systems can be released enzymatically by lipases and
esterases, which are either endogenous to milk or produced by microorganisms during
fermentation. However, acid generation is not limited to lipid breakdown. Streptococcus
spp. can convert lactic acid into formate, acetaldehyde, ethanol, and acetic acid [32,40,41],
whereas Propionibacterium spp. utilize lactate to form propionic acid, acetic acid, and CO5.
Additionally, certain lactic acid bacteria (LAB) strains can synthesize volatile fatty acids
through amino acid catabolism [33,42]. These organic acids not only significantly influence
the sensory properties of fermented dairy products but also serve as essential precursors
for the formation of other volatiles, such as esters, ketones, and alcohols.

Alcohols represented the fourth most abundant category among the volatile con-
stituents identified in Shubat. The most prominent alcohol detected was ethanol, which
consistently showed the highest relative abundance across all samples. Ethanol is a well-
known volatile compound commonly found in fermented dairy products, typically pro-
duced as a byproduct of microbial metabolism, especially by yeasts and certain lactic acid
bacteria [31,33]. Its presence is indicative of active fermentation processes and contributes
to the characteristic aroma of fermented milk.

75



Foods 2025, 14, 2995

Alcohols such as phenylethyl alcohol (2-phenylethanol), 1-butanol, 3-methyl-, and
other higher alcohols contribute floral and green sensory nuances, enhancing the aromatic
complexity of Shubat. 2-Phenylethanol, present at relatively high levels, is well known
for its floral and sweet aroma notes and makes an important contribution to the sensory
complexity of Shubat. Aromatic alcohol 2-phenylethanol, with a distinct rose-like fra-
grance [43], is widely used in the food, cosmetic, and fragrance industries [44]. Microbial
synthesis is considered an important route for producing natural 2-phenylethanol. Various
microorganisms such as Aspergillus niger, Saccharomyces vini, Torulopsis utilis, Kluyveromyces
marxianus, and Microbacterium spp. have been reported to generate 2-phenylethanol during
fermentation [45-47]. In our previous study [16], metagenomic sequencing revealed a high
relative abundance of Kluyveromyces marxianus in the Shubat samples, which may partially
explain the presence of 2-phenylethanol.

Other identified alcohols such as 1-hexanol are also commonly observed volatile
constituents in dairy products [24,48]. These alcohols can arise through several biochemical
pathways, including the reduction of ketones or aldehydes, and the microbial catabolism
of amino acids, lactose, lipids, and citric acid [31,49].

Diversity analysis revealed distinct regional differences in the volatile metabolite pro-
files of Shubat. Both «- and (-diversity metrics indicated considerable chemical variation
among the seven samples, suggesting strong region-specific influences. However, due to
the absence of replicate or composite samples within each region, intra-regional variation
cannot be statistically assessed. As a result, diversity comparisons should be regarded as
preliminary, and future studies incorporating biological replicates are needed to validate
these findings.

To assess beta diversity, we employed Principal Coordinates Analysis (PCoA) based
on Bray—Curtis dissimilarity derived from relative volatile metabolite abundances. PCoA
is particularly advantageous for exploratory metabolomics studies with limited or non-
existent replicates, as it does not assume data normality or homogeneity of variance and
is capable of handling non-Euclidean distance measures. This method is widely used for
visualizing compositional dissimilarities among samples in metabolomics and microbial
profiling (e.g., Bray—Curtis PCoA) [50,51]. Importantly, studies have demonstrated that
3-diversity metrics such as Bray—Curtis are highly sensitive in detecting differences, even
with small sample sizes, whereas a-diversity metrics may not reveal these distinctions
under the same conditions [52]. In this context, PCoA provided a robust, informative view
of regional variation in Shubat volatile profiles, despite the lack of replication=

5. Conclusions

This study presents the first in-depth profiling of volatile organic compounds in tradi-
tionally fermented Shubat using HS-SPME-GC x GC-ToFMS. After rigorous data process-
ing, contaminant removal, and retention index filtering, 202 high-confidence compounds
were retained from an initial 372. Esters, acids, and alcohol were the most abundant classes,
reflecting typical fermentation-derived metabolic activity.

Alpha diversity analyses revealed substantial chemical complexity across the samples,
and (3-diversity assessments indicated regional variation in volatile profiles, likely shaped
by distinct household fermentation practices and microbial communities. Despite this
heterogeneity, 75 core volatile compounds were shared across all samples and accounted
for over 87% of the total volatile abundance, suggesting a chemically conserved backbone
associated with traditional Shubat fermentation.

Several key metabolites such as acetic acid, ethanol, and ethyl acetate were abundant
across most samples, underscoring their critical role in shaping sourness, aroma, and
effervescence. The detection of medium-chain ethyl esters and higher alcohols further
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suggests active microbial esterification and amino acid metabolism during fermentation.
These compounds are central to Shubat’s distinctive flavor and may serve as potential
markers for quality and authenticity.

Limitations include the relatively small number of samples and the lack of direct
sensory or functional validation. Future studies should combine chemical, microbial, and
sensory data to better link volatile profiles with flavor and health-related properties.
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/ /www.mdpi.com/article/10.3390/foods14172995/s1, Figure S1: Representative 3D chromatograms
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volatile organic compounds (VOCs) across all samples (S1-S7). Data are provided in an Excel file

containing seven sheets (S1_top50-S7_top50), where each sheet corresponds to one Shubat sample.

Author Contributions: Conceptualization, P.X.; data curation, F.T.; formal analysis, S.Z. and FT.;
investigation, S.Z.; methodology, E.T.; software, S.Z.; supervision, ET. and P.X; validation, ET. and
P.X.; visualization, S.Z.; writing—original draft, S.Z.; writing—review and editing, S.Z., ET. and P.X.
All authors have read and agreed to the published version of the manuscript.

Funding: The article processing charge (APC) was funded by the Science Committee of the Ministry
of Science and Higher Education of the Republic of Kazakhstan, grant number AP25793809.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding author.

Acknowledgments: The first author wishes to express gratitude to Shanghai Jiao Tong University for
their invaluable support. Additionally, he is deeply grateful to his advisors, Ping Xu and Fei Tao, for
their invaluable guidance and support throughout this study.

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

References

1. Zhadyra, S.; Han, X.; Anapiyayev, B.B.; Tao, F.; Xu, P. Bacterial Diversity Analysis in Kazakh Fermented Milks Shubat and Ayran
by Combining Culture-Dependent and Culture-Independent Methods. LWT Food Sci. Technol. 2021, 141, 110877. [CrossRef]

2. Sepehr, A.; Miri, S.T.; Aghamohammad, S.; Rahimirad, N.; Milani, M.; Pourshafie, M.-R.; Rohani, M. Health Benefits, Antimicrobial
Activities, and Potential Applications of Probiotics: A Review. Medicine 2024, 103, e32412. [CrossRef]

3. Bilal, Z.; Kondybayev, A.; Ospanova, A.; Tormo, H.; Akhmetsadykova, S.; Amutova, E; Faye, B.; Konuspayeva, G. Volatile
Organic Compounds of Camel Milk and Shubat across Kazakhstan’s Regions, Seasons, and Breeds. Heliyon 2024, 10, e35365.
[CrossRef] [PubMed]

4. Ragavan, M.L.; Hemalatha, S. The Functional Roles of Short Chain Fatty Acids as Postbiotics in Human Gut: Future Perspectives.
Food Sci. Biotechnol. 2024, 33, 275-285. [CrossRef] [PubMed]

5. Malviya, J.; Alameri, A.A.; Al-Janabi, S.S.; Fawzi, O.F; Azzawi, A.L.; Obaid, R.E; Alsudani, A.A.; Alkhayyat, A.S.; Gupta, J.;
Mustafa, Y.F. Metabolomic Profiling of Bacterial Biofilm: Trends, Challenges, and an Emerging Antibiofilm Target. World ].
Microbiol. Biotechnol. 2023, 39, 212. [CrossRef]

6. Viant, M.R.; Sommer, U. Mass Spectrometry Based Environmental Metabolomics: A Primer and Review. Metabolomics 2013, 9,
144-158. [CrossRef]

7.  Fraga-Corral, M.; Carpena, M.; Garcia-Oliveira, P; Pereira, A.G.; Prieto, M.A.; Simal-Gandara, J. Analytical Metabolomics and
Applications in Health, Environmental and Food Science. Crit. Rev. Anal. Chem. 2022, 52, 712-734. [CrossRef] [PubMed]

8. An, E; Wu, |; Feng, Y,; Pan, G.; Ma, Y; Jiang, J.; Yang, X.; Xue, R.; Wu, R.; Zhao, M. A Systematic Review on the Flavor of
Soy-based Fermented Foods: Core Fermentation Microbiome, Multisensory Flavor Substances, Key Enzymes, and Metabolic
Pathways. Compr. Rev. Food Sci. Food Saf. 2023, 22, 2773-2801. [CrossRef]

9. Lin, ]J.; Hua, B.; Xu, Z,; Li, S.; Ma, C. The Impact of Proteolytic Pork Hydrolysate on Microbial, Flavor and Free Amino Acids

Compounds of Yogurt. Korean ]. Food Sci. Anim. Resour. 2016, 36, 558. [CrossRef]

77



Foods 2025, 14, 2995

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Belardi, R.P; Pawliszyn, ].B. The Application of Chemically Modified Fused Silica Fibers in the Extraction of Organics from Water
Matrix Samples and Their Rapid Transfer to Capillary Columns. Water Qual. Res. J. 1989, 24, 179-191. [CrossRef]

Starowicz, M. Analysis of Volatiles in Food Products. Separations 2021, 8, 157. [CrossRef]

Zhang, Y.; Cui, Z.; Li, ].; Wei, M.; Wang, Y.; Jiang, W.; Fang, Y.; Sun, X.; Ge, Q. Aroma Identification and Traceability of the Core
Sub-Producing Area in the Helan Mountain Eastern Foothills Using Two-Dimensional Gas Chromatography and Time-of-Flight
Mass Spectrometry and Chemometrics. Foods 2024, 13, 3644. [CrossRef] [PubMed]

Scarlett, A.G.; Despaigne-Diaz, A.L; Wilde, S.A.; Grice, K. An Examination by GC x GC-TOFMS of Organic Molecules Present in
Highly Degraded Oils Emerging from Caribbean Terrestrial Seeps of Cretaceous Age. Geosci. Front. 2019, 10, 5-15. [CrossRef]
Feng, Y; Liu, S.; Fang, Y.; Li, J.; Ma, M.; Yang, Z.; Shang, L.; Guo, X.; Hua, R.; Sun, D. Volatile Flavor of Tricholoma Matsutake
from the Different Regions of China by Using GCxGC-TOF MS. Foods 2025, 14, 1824. [CrossRef]

Zhang, K.; Zhang, T.-T.; Guo, R.-R;; Ye, Q.; Zhao, H.-L.; Huang, X.-H. The Regulation of Key Flavor of Traditional Fermented
Food by Microbial Metabolism: A Review. Food Chem. X 2023, 19, 100871. [CrossRef]

Zhadyra, S.; Tao, E; Xu, P. Exploring the Microbiome and Functional Metabolism of Fermented Camel Milk (Shubat) Using
Metagenomics. Foods 2025, 14, 1102. [CrossRef]

Shao, D.; Cheng, W,; Jiang, C.; Pan, T.; Li, N.; Li, M; Li, R.; Lan, W.; Du, X. Machine-Learning-Assisted Aroma Profile Prediction
in Five Different Quality Grades of Nongxiangxing Baijiu Fermented During Summer Using Sensory Evaluation Combined with
GCxGC-TOF-MS. Foods 2025, 14, 1714. [CrossRef]

Li, N.; Zheng, F-P.; Chen, H.-T,; Liu, S.-Y,; Gu, C.; Song, Z.-Y.; Sun, B.-G. Identification of Volatile Components in Chinese Sinkiang
Fermented Camel Milk Using SAFE, SDE, and HS-SPME-GC/MS. Food Chem. 2011, 129, 1242-1252. [CrossRef]

Amaral, M.S.S.; Marriott, PJ. The Blossoming of Technology for the Analysis of Complex Aroma Bouquets—A Review on Flavour
and Odorant Multidimensional and Comprehensive Gas Chromatography Applications. Molecules 2019, 24, 2080. [CrossRef]
Szeitz, A.; Sutton, A.G.; Hallam, S.J. A Matrix-Centered View of Mass Spectrometry Platform Innovation for Volatilome Research.
Front. Mol. Biosci. 2024, 11, 1421330. [CrossRef]

Fisher, K.; Perrault, K. Detangling the Complex Web of GCxGC Method Development to Support New Users; LCGC International:
Iselin, NJ, USA, 2024.

Dalltige, J.; Beens, J.; Udo, A. Comprehensive Two-Dimensional Gas Chromatography: A Powerful and Versatile Analytical Tool.
J. Chromatogr. A 2003, 1000, 69-108. [CrossRef]

Kondybayev, A.; Zhakupbekova, A.A.; Amutova, F.B.; Omarova, A.S.; Nurseitova, M.; Akhmetsadykova, S.; Akhmetsadykov, N.;
Konuspayeva, G.; Faye, B. Volatile Organic Compounds Profiles in Milk Fermented by Lactic Bacteria. Int. ]. Biol. Chem. 2018, 11,
57. [CrossRef]

Dan, T.; Wang, D.; Wu, S; Jin, R.;; Ren, W.; Sun, T. Profiles of Volatile Flavor Compounds in Milk Fermented with Different
Proportional Combinations of Lactobacillus delbrueckii Subsp. Bulgaricus and Streptococcus thermophilus. Molecules 2017, 22, 1633.
Li, N.; Huang, G.; Zhang, Y.; Zheng, N.; Zhao, S.; Wang, ]. Diversity of Volatile Compounds in Raw Milk with Different N-6 to n-3
Fatty Acid Ratio. Animals 2022, 12, 252. [CrossRef]

Dan, T.; Ren, W.; Liu, Y;; Tian, J.; Chen, H.; Li, T.; Liu, W. Volatile Flavor Compounds Profile and Fermentation Characteristics of
Milk Fermented by Lactobacillus delbrueckii Subsp. Bulgaricus. Front. Microbiol. 2019, 10, 2183. [CrossRef]

Mukdsi, M.C.A; Medina, R.B.; Alvarez, M.d.F,; Gonzélez, S.N. Ester Synthesis by Lactic Acid Bacteria Isolated from Goat’s and
Ewe’s Milk and Cheeses. Food Chem. 2009, 117, 241-247. [CrossRef]

Dan, T;; Jin, R.; Ren, W.; Li, T.; Chen, H.; Sun, T. Characteristics of Milk Fermented by Streptococcus Thermophilus MGA45-4 and
the Profiles of Associated Volatile Compounds during Fermentation and Storage. Molecules 2018, 23, 878. [CrossRef]

Friedrich, J.E.; Acree, T.E. Gas Chromatography Olfactometry (GC/O) of Dairy Products. Int. Dairy |. 1998, 8, 235-241. [CrossRef]
Bills, D.D.; Day, E.A. Determination of the Major Free Fatty Acids of Cheddar Cheese. J. Dairy Sci. 1964, 47, 733-738. [CrossRef]
Cheng, H. Volatile Flavor Compounds in Yogurt: A Review. Crit. Rev. Food Sci. Nutr. 2010, 50, 938-950. [CrossRef]
Cadwallader, K.R; Singh, T.K. Flavours and Off-Flavours in Milk and Dairy Products. In Advanced Dairy Chemistry: Volume 3:
Lactose, Water, Salts and Minor Constituents; Springer: New York, NY, USA, 2009; pp. 631-690.

Aghlara, A.; Mustafa, S.; Manap, Y.A.; Mohamad, R. Characterization of Headspace Volatile Flavor Compounds Formed during
Kefir Production: Application of Solid Phase Microextraction. Int. J. Food Prop. 2009, 12, 808-818. [CrossRef]

Fenster, K.M.; Rankin, S.A; Steele, J.L. Accumulation of Short N-Chain Ethyl Esters by Esterases of Lactic Acid Bacteria under
Conditions Simulating Ripening Parmesan Cheese. J. Dairy Sci. 2003, 86, 2818-2825. [CrossRef] [PubMed]

Gobbetti, M.; Fox, PF,; Smacchi, E.; Stepaniak, L.; Damiani, P. Purification and Characterization of a Lipase from Lactobacillus
Plantarum 2739. J. Food Biochem. 1996, 20, 227-246. [CrossRef]

Holland, R.; Liu, S.-Q.; Crow, V.L.; Delabre, M.-L.; Lubbers, M.; Bennett, M.; Norris, G. Esterases of Lactic Acid Bacteria and
Cheese Flavour: Milk Fat Hydrolysis, Alcoholysis and Esterification. Int. Dairy J. 2005, 15, 711-718. [CrossRef]

Tsakalidou, E.; Kalantzopoulos, G. Purification and Partial Characterization of an Esterase from Lacfococcus lactis Ssp lactis Strain
ACA-DC 127. Le Lait 1992, 72, 533-543. [CrossRef]

78



Foods 2025, 14, 2995

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Liu, S.-Q.; Holland, R.; Crow, V.L. Purification and Properties of Intracellular Esterases from Streptococcus Thermophilus. Int.
Dairy J. 2001, 11, 27-35. [CrossRef]

Chen, C.; Zhao, S.; Hao, G.; Yu, H.; Tian, H.; Zhao, G. Role of Lactic Acid Bacteria on the Yogurt Flavour: A Review. Int. ]. Food
Prop. 2017, 20, S316-S330. [CrossRef]

Liu, G,; Qiao, Y.; Zhang, Y.; Leng, C.; Chen, H.; Sun, J.; Fan, X; Li, A.; Feng, Z. Metabolic Profiles of Carbohydrates in Streptococcus
Thermophilus during PH-Controlled Batch Fermentation. Front. Microbiol. 2020, 11, 1131. [CrossRef]

Price, C.E.; Zeyniyev, A.; Kuipers, O.P,; Kok, J. From Meadows to Milk to Mucosa—-Adaptation of Streptococcus and Lactococcus
Species to Their Nutritional Environments. FEMS Microbiol. Rev. 2012, 36, 949-971. [CrossRef]

Thierry, A.; Valence, F,; Deutsch, S.M.; Even, S.; Falentin, H.; Le Loir, Y.; Jan, G.; Gagnaire, V. Strain-to-Strain Differences within
Lactic and Propionic Acid Bacteria Species Strongly Impact the Properties of Cheese—A Review. Dairy Sci. Technol. 2015, 95,
895-918. [CrossRef]

Etschmann, M.; Bluemke, W.; Sell, D.; Schrader, ]. Biotechnological Production of 2-Phenylethanol. Appl. Microbiol. Biotechnol.
2002, 59, 1-8. [CrossRef] [PubMed ]

Chung Jr, H,; Lee, S.L.; Chou, C.C. Production and Molar Yield of 2-Phenylethanol by Pichia Fermentans L-5 as Affected by Some
Medium Components. |. Biosci. Bioeng. 2000, 90, 142-147. [CrossRef] [PubMed]

Jollivet, N.; Bézenger, M.-C.; Vayssier, Y.; Belin, ]J.-M. Production of Volatile Compounds in Liquid Cultures by Six Strains of
Coryneform Bacteria. Appl. Microbiol. Biotechnol. 1992, 36, 790-794. [CrossRef]

Lomascolo, A.; Lesage-Meessen, L.; Haon, M.; Navarro, D.; Antona, C.; Faulds, C.; Marcel, A. Evaluation of the Potential of
Aspergillus Niger Species for the Bioconversion of L-Phenylalanine into 2-Phenylethanol. World J. Microbiol. Biotechnol. 2001, 17,
99-102. [CrossRef]

Alonso-Vargas, M.; Téllez-Jurado, A.; Gémez-Aldapa, C.A.; Ramirez-Vargas, M.d.R.; Conde-Béez, L.; Castro-Rosas, J.; Cadena-
Ramirez, A. Optimization of 2-Phenylethanol Production from Sweet Whey Fermentation Using Kluyveromyces Marxianus.
Fermentation 2022, 8, 39. [CrossRef]

Ianni, A.; Bennato, F.; Martino, C.; Grotta, L.; Martino, G. Volatile Flavor Compounds in Cheese as Affected by Ruminant Diet.
Molecules 2020, 25, 461. [CrossRef]

Beale, D.J.; Pinu, ER.; Kouremenos, K.A.; Poojary, M.M.; Narayana, V.K.; Boughton, B.A.; Kanojia, K.; Dayalan, S.; Jones, O.A.H.;
Dias, D.A. Review of Recent Developments in GC-MS Approaches to Metabolomics-Based Research. Metabolomics 2018, 14, 1-31.
[CrossRef]

Quinn, R.A; Navas-Molina, J.A.; Hyde, E.R.; Song, S.].; Vazquez-Baeza, Y.; Humphrey, G.; Gaffney, J.; Minich, J.J.; Melnik, A.V.;
Herschend, J. From Sample to Multi-Omics Conclusions in under 48 Hours. mSystems 2016, 1, e00038-16. [CrossRef]

Ceccarani, C.; Foschi, C.; Parolin, C.; D’Antuono, A.; Gaspari, V.; Consolandi, C.; Laghi, L.; Camboni, T.; Vitali, B.; Severgnini, M.
Diversity of Vaginal Microbiome and Metabolome during Genital Infections. Sci. Rep. 2019, 9, 14095. [CrossRef]

Kers, ].G.; Saccenti, E. The Power of Microbiome Studies: Some Considerations on Which Alpha and Beta Metrics to Use and
How to Report Results. Front. Microbiol. 2022, 12, 796025. [CrossRef]

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.

79



@ foods ﬁw\p\py

Article
Evaluation of Nutritional Quality and Oxidation Stability of
Fermented Edible Insects

Anja Vehar 2, Doris Poto¢nik !, Marjeta Mencin !, Mojca Korosec 3, Blaz Ferjanéi¢ 3, Marta Jagodic Hudobivnik !,
Polona Jamnik ¥, Ajda Ota 4, Lenka Koufimska %, Martin Kulma ®, David John Heath ! and Nives Ogrinc 1-2*

Department of Environmental Sciences, JoZef Stefan Institute, 1000 Ljubljana, Slovenia;

anja.vehar@ijs.si (A.V.); doris.potocnik@ijs.si (D.P.); marjeta.mencin@ijs.si (M.M.);

marta.jagodic@ijs.si (M.J.H.); david.heath@ijs.si (D.].H.)

Jozef Stefan International Postgraduate School, 1000 Ljubljana, Slovenia

3 Department of Food Science and Technology, Biotechnical Faculty, University of Ljubljana, 1000 Ljubljana,
Slovenia; mojca.korosec@bf.uni-lj.si (M.K.); blaz.ferjancic@bf.uni-lj.si (B.E.); polona.jamnik@bf.uni-lj.si (P.J.)

4 Emona Nutrition Research & Development Department, Jata Emona, 1000 Ljubljana, Slovenia;
ajda.ota@e-rcp.si

5 Department of Microbiology, Nutrition and Dietetics, Czech University of Life Sciences,

165 00 Praha-Suchdol, Czech Republic; kourimska@af.czu.cz

Department of Zoology and Fisheries, Czech University of Life Sciences,

165 00 Praha-Suchdol, Czech Republic; kulma@af.czu.cz

*  Correspondence: nives.ogrinc@ijs.si

Deceased.

Abstract: Fermentation, a traditional method for enhancing nutritional value and func-
tionality, has significant potential for improving the quality, safety and acceptability of
farmed insect products. In this study, yellow mealworm, house cricket and migratory
locust were fermented using Lactobacillus plantarum and a commercial starter culture for
48 h. Samples were analyzed for proximate composition, amino and fatty acid profiles,
elemental composition and oxidation stability. Fermentation reduced total dietary fiber
in yellow mealworm (33%) and house cricket (12%), and increased non-protein nitrogen
(38% and 16%), while total and protein nitrogen remained unaffected. Fatty acid profiles
also remained unchanged, whereas the amino acid composition varied depending on
the species and fermentation culture. Essential mineral concentrations varied depending
on species and fermentation culture Fe (19-23%), K (25%), Mg (12-23%), Mn (36-378%),
Na (20-49%) and P (22%) increased, levels of Se (15%), and Cu (16%) decreased, while
Zn levels showed inconsistent trends among treatments. Oxidation stability of yellow
mealworm (41-42%) and migratory locust (21-29%) decreased, but improved for house
cricket (153-167%). Overall, fermentation enhanced the nutritional value of edible insects,
although the extent of improvement varied by species and fermentation culture.

Keywords: edible insects; fermentation; nutritional value; amino acids; fatty acids;
elemental composition; oxidation stability

1. Introduction

Edible insects represent a diverse and nutrient-rich source of macro- and micronu-
trients, increasingly recognized as a sustainable alternative to traditional animal-based
protein [1]. Compared to conventional livestock, farmed insects have a significantly lower
environmental footprint. For example, they require 75-95% less water and 80-90% less land.
They also emit up to 80% fewer greenhouse gases while providing high-quality protein
with a complete amino acid profile, essential fatty acids, and key micronutrients such as
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copper, iron, magnesium, zinc, and B vitamins [2]. In addition, insect farming is adaptable
to vertical systems, generates minimal noise, and produces almost no waste, as insect frass
can be used as an organic fertilizer [3,4]. Moreover, utilizing agricultural by-products and
food waste as insect feed can further reduce production costs, addressing a major barrier
to market entry [5-9], while contributing to food waste reduction in regions where such
practices are allowed under local regulations [10-14].

The European Commission also recognizes the potential of insects as sustainable
sources of food and feed by approving several species as novel foods under various
regulations. Approved species include yellow mealworm (Tenebrio molitor; Commission
Regulation 2021/882, 2022/169, 2025/89) [15-17], migratory locust (Locusta migratoria;
Commission Regulation 2021/1975) [18], house cricket (Acheta domesticus; Commission
Regulations 2022 /188, 2023/5) [19,20], and lesser mealworm (Alphitobius diaperinus; Com-
mission Regulation 2023/58) [21]. Furthermore, Commission Regulation 2021/1372 au-
thorizes eight insect species for feed in poultry, pig, and fish farming [22]. These include
tropical house cricket (Gryllodes sigillatus), black soldier fly (Hermetia illucens), Jamaican
field cricket (Gryllus assimilis), house fly (Musca domestica), and silkworm moth (Bombyx
mori), in addition to the aforementioned species.

Although insects have a long history of widespread consumption in several coun-
tries [23], they are met with significant skepticism, safety concerns, and unfamiliarity in
Western societies [24,25]. One of the main factors influencing consumer perception is
related to product characteristics, such as taste, price, texture, appearance, smell, the degree
of insect visibility, and the proportion of insect-based ingredients [24]. However, these
characteristics can be changed and improved using differing processing techniques, such
as blanching, boiling, curing, drying, fermentation, freeze-drying, deep frying, marination,
roasting, smoking and stewing, which can also reduce microbial loads and extend insect
product shelf life [8,26-29].

Among these methods, fermentation is a widely recognized technique for improving
the nutritional, functional, and sensory qualities of various food products [30]. The process
involves spontaneous or controlled (starter culture-assisted) microbial activity that breaks
down large molecules into smaller ones through various oxidation-reduction reactions.
It can serve multiple purposes, including (i) enhancing sensory qualities such as flavor,
aroma, and texture; (ii) increasing nutritional value by improving nutrient bioavailability;
(iii) eliminating anti-nutritional factors; (iv) increasing levels of bioactive compounds, such
as amino acids, polyphenols, organic acids, (v) promoting intestinal health by incorporating
beneficial microorganism; and (vi) extending shelf life and reducing microbiological risks
by inhibiting pathogenic microorganisms [30-33].

Recent studies have begun to explore the potential of fermentation for improving
the nutritional and functional properties of edible insects, particularly species such as
yellow mealworm [34-37], black soldier fly [38—41], house cricket [42,43], desert locust [36]
and Mexican grasshopper [37]. Various microbial cultures, primarily lactic acid bacteria,
Bacillus spp., and Aspergillus spp., have been used, with reported improvements in protein
digestibility, amino acid profiles, fatty acid composition, antioxidant activity, shelf life and
microbiological safety.

Changes in proximate composition and nutrient metabolism appear consistently across
species, although the underlying mechanisms differ. For example, lactic acid fermentation
of black soldier fly larvae and related products has been shown to modify proximate com-
position, amino acid and fatty acid profiles, reduce chitin content, and show antimicrobial
activity against pathogens [38]. Also, similar studies using Bacillus subtilis, Aspergillus niger,
Lactobacillus crispatus and Pichia kudriavzevii, report shifts in carbon, amino acid, and fatty
acid metabolism as well as changes in bioactive components and microbial community

81



Foods 2025, 14, 2929

structure [39-41]. In house cricket, Lactobacillus plantarum fermentation has been reported
to modify proximate composition, organic acids, alcohols, fatty and amino acid profiles,
volatile compounds, mineral content, and the composition of the microbiome [43,44]. Other
approaches, including the use of methods that mimic Thai fermented shrimp paste, have
highlighted effects on peptide content, mineral composition, amino acids, and in vitro
protein digestibility [42]. In yellow mealworm, fermentation with lactic acid bacteria, com-
mercial meat starter cultures, and Aspergillus oryzae has been reported to modify proximate
composition, amino acid and fatty acid profiles, antioxidant activity, and microbiome com-
position [44], along with microbial counts, sugar consumption, organic acid production,
and sensory properties [26,34-37].

While these studies demonstrate the potential of fermentation to improve the nutri-
tional and functional quality of edible insects, variations in insect species, fermentation
conditions, and analytical approaches limit direct cross-study comparisons. Moreover,
there remains a substantial knowledge gap regarding how different fermentation cultures
and conditions influence the nutritional, functional, and safety characteristics of various
insect species.

The present study investigates the effects of fermentation using Lactobacillus plantarum
and a commercial starter culture on three farmed edible insect species: yellow mealworm,
migratory locust, and house cricket, in terms of proximate composition, amino acid and
fatty acid profiles, elemental composition, and oxidation stability. This work addresses
an existing knowledge gap, as data on yellow mealworm and house cricket under such
fermentation conditions remain limited, and, to the authors” knowledge, no studies on
fermented migratory locust have yet been reported.

2. Materials and Methods
2.1. Chemicals and Reagents

Dichloromethane (CH,Cly), methanol (MeOH), and hexane (C¢Hy4) for organic
residue analysis were sourced from J. T. Baker B.V. (Deventer, The Netherlands). Sodium hy-
droxide (NaOH) (puriss. p.a., ACS reagent, >98%) and 14% boron trifluoride in methanol
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Trichloroacetic acid (>99.5%) was
obtained from Merck, Germany. Ultrapure water (18.2 M(2) was prepared using the Milli-Q
System (Merck Millipore, Watertown, MA, USA). A Supelco 37 Component FAME Mix in
dichloromethane, containing methyl esters of 37 fatty acids, was obtained from Supelco
(Bellefonte, PA, USA). Amino acid standards (>98%) used for analysis included L-valine,
L-leucine, L-isoleucine, L-threonine, L-serine, L-proline, L-methionine, L-glutamic acid,
L-phenylalanine, L-lysine, L-histidine, and L-tyrosine, sourced from Sigma Aldrich. Stan-
dards for alanine, glycine, and aspartic acid were purchased from Fluorochem (Derbyshire,
UK). The internal standard, Stable Isotope Labelled Amino Acid Mix Solution 1, contain-
ing labelled variants of 17 amino acids, was obtained from Supelco (Buchs, Switzerland).
Hydrochloric acid (37%) was sourced from VWR Chemicals (Fontenay-sous-Bois, France),
while thioglycolic acid (>99%, France) and phenol (>99%, USA) were purchased from
Sigma Aldrich. All other reagents for amino acid analysis were provided in the EZ Amino
Acid Analysis Kit from Phenomenex (Torrance, CA, USA). For elemental composition
analysis, nitric acid (65% Suprapur® for trace analysis, HNO3) and hydrogen peroxide (30%
Suprapur, for trace analysis, HyO,) were obtained from Supelco. For insect fermentation,
De Man, Rogosa and Sharpe (MRS) broth was obtained from Merck (Darmstadt, Germany),
and sodium chloride (NaCl) was obtained from Sigma-Aldrich (Steinheim, Germany).
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2.2. Insect Rearing

Three edible insect species, the yellow mealworm, the house cricket, and the migratory
locust, were selected based on their approval as novel foods by the EU (Commission
Regulations 2021/882, 2021/1975, 2022 /169, 2022 /188, 2025/89). All species were sourced
from the insect-rearing facility at the Faculty of Agrobiology, Food, and Natural Resources,
Czech University of Life Sciences, Prague and were maintained under controlled conditions.

House crickets and mealworms were reared in a rack system under controlled con-
ditions at 27 &+ 1 °C, 40-50% relative humidity, and a 12:12 h light-dark photoperiod.
Migratory locusts were maintained at the same temperature and photoperiod, but at a
lower relative humidity of 30%. The humidity was controlled using a DeLonghi dehumidi-
fier (Treviso, Italy) and measured daily with a Comet C3120 thermohygrometer (Comet
system, Roznov pod Radhostém, Czech Republic). No additional heating was used for
house crickets and yellow mealworms, while migratory locusts were provided with heating
foils and 40 W bulbs to create warm zones. House crickets and migratory locusts were
reared in plastic boxes (56 x 39 x 28 cm, IKEA, Prague, Czech Republic), fitted with
egg trays (Schubert Partner, Prague, Czech Republic) and secured with 80% aluminum
anti-insect mesh lids. Yellow mealworms were reared in 60 x 40 x 12.5 cm breeding trays
(Beekenkamp, Maasdijk, The Netherlands).

Insects were fed ad libitum. House crickets received chicken feed (77.9% wheat,
17.6% soybean meal, 1.8% rapeseed oil, 2.7% mineral and vitamin premix; particle
size < 1 mm), while migratory locusts were provided wheat bran, grass hay, and fresh
Poaceae grass. Mealworms were fed on a 4:1 mixture of wheat bran and chicken feed.
Water gel (Oslavan, Namést' nad Oslavou, Czech Republic) was supplied daily for house
crickets and migratory locusts. House crickets and locusts were maintained in the same
containers from hatching until harvest at the adult stage, while mealworms were harvested
upon first pupal emergence.

All insects were starved for 24 h prior to euthanasia by freeze-killing (—20 °C for 24 h).
Samples were lyophilized (Trigon Plus, Cestlice, Czech Republic), homogenized (A10; IKA
Werke GmbH & Co. KG, Staufen, Germany), and stored at —20 °C until further analysis.
The dry matter content (%) of fresh insects for further calculations was determined by
calculating the mass difference before and after lyophilization and was 30%.

2.3. Insect Fermentation

The insect samples (yellow mealworm, house cricket and migratory locust) were
subjected to lactic acid fermentation using L. plantarum and a commercial starter culture for
meat processing. Lactobacillus plantarum IM 527 was obtained from the Institute of Dairy
Science and Probiotics, Department of Animal Science, Biotechnical Faculty, University
of Ljubljana, Slovenia. An aliquot of L. plantarum stock culture (100 pL) was inoculated
into 20 mL of sterilized liquid MRS medium and incubated on a rotary shaker (150 rpm,
30 °C, 12 h) until the late exponential phase was reached. The obtained broth (2 mL) was
then centrifuged (10,000x g, 5 min) and washed twice with a saline solution to obtain the
inoculum suspension.

A stock suspension of a commercial starter culture SM-194 Bactoferm® (Chr Hansen
A/S, Horsholm, Denmark) was prepared according to the manufacturer’s instructions
by dissolving 0.125 g of the culture in 5 mL of sterile saline solution. The starter culture
comprised Staphylococcus xylosus, Debaryomyces hansenii, Lactobacillus sakei, Staphylococcus
carnosus, and Pediococcus pentosaceus.

Both fermentation types were performed using 8 g of lyophilized and milled insect
material, placed in 50 mL polyethylene centrifuge tubes and then capped. For house cricket
and migratory locust, a substrate-to-sterile double distilled H,O ratio of 1:2 (8 g:16 mL)
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was used, whereas a ratio of 1:1.5 (8 g:12 mL) was applied for yellow mealworm. Sam-
ples were then inoculated with the L. plantarum or commercial starter culture suspension
(240 pL for house cricket and migratory locust; 200 pL for yellow mealworm) and incubated
under static conditions at 30 °C for 48 h.

Fermentation was performed in triplicate. To monitor the fermentation process,
samples were collected at 0, 24, and 48 h, and the pH and colony-forming units (CFU) were
measured. A reduction in pH (3-30%), accompanied by an increase in CFU count (29-47%)
over the fermentation period, indicated active microbial growth and metabolic activity,
confirming successful fermentation. Following fermentation, all samples were lyophilized
(72 h, =53 °C, 0.280 mbar) and stored at —20 °C until further analysis.

2.4. Determination of Proximate Composition

Proximate composition of yellow mealworm and house cricket, both unfermented and
fermented with L. plantarum, was determined using official AOAC methods for macronutri-
ent analysis, though due to insufficient sample amounts, the analysis was limited to these
two species. This decision was based on several practical considerations: (1) proximate
composition requires relatively large sample quantities compared to other analyses in this
study; (2) initial difficulties in rearing migratory locust resulted in limited biomass; and
(3) the insectarium’s capacity to produce large-scale insect biomass was constrained. Con-
sequently, yellow mealworm and house cricket were selected as model species due to their
current market relevance, relative ease of rearing, and established production protocols.
Lactobacillus plantarum was chosen for fermentation as it is one of the most extensively
studied lactic acid bacteria, particularly in the context of food fermentation.

The moisture content was measured following AOAC 950.46 [45], and dry matter
was calculated as 1—the moisture content. Ash, total fat, and protein contents were
determined using AOAC 920.153, 991.36, and 928.08 [45], respectively. Protein content
was calculated from nitrogen (Kjeldahl method) using a factor of 6.25, after subtracting
non-protein nitrogen (NPN).

The NPN extracts were prepared using a modified DeVries et al. (2017) method [46,47].
A known amount (2.00 g) of sample was mixed with 10 mL distilled water and
10 mL 24% trichloroacetic acid, homogenized (Ultra-Turrax, 13,500 rpm, 30 s), sonicated
(10 min), centrifuged (4000 rpm, 10 min), and filtered with filter paper discs (grade 389,
125 mm diameter, 8-12 um pore size, 100% cotton linters, Sartorius, Germany). NPN was
determined from the clear filtrate (5 g) by the Kjeldahl method.

Dietary fiber content was determined using the enzymatic—gravimetric AOAC 991.43
method [45], employing heat-stable x-amylase, protease, and amyloglucosidase (Merck
KGaA, Germany). Insoluble dietary fiber was recovered by filtration, while soluble dietary
fiber was precipitated from filtrates with 96% ethanol. Ash and protein contents of residues
were corrected, and total dietary fiber was the sum of insoluble and soluble fractions.
Available carbohydrate content (g/100 g) was calculated using Equation (1) [48]:

Available carbohydrate = 100 g/100 g — (water + ash + protein + fat + fiber) (1)

where protein is calculated as total nitrogen x 6.25, thereby accounting for both protein
and non-protein nitrogen fractions.

The energy value (EV, kJ /100 g) was calculated as the sum of the energy values for
each macronutrient using the following equation [48]:

EV = Evprotein + EViat + EVavailable carbohydrates + Evdietary fibre 2)
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The energy value of each nutrient was calculated by multiplying its content (g/100 g)
by the corresponding energy conversion factor: 17 kJ /g for protein and available carbohy-
drates, 37 k] /g for fat, and 8 k] /g for dietary fiber [48].

2.5. Fatty Acid Analysis

Freeze-dried insect samples (200 mg) were weighed into screw-cap vials. To extract
total lipids, 500 uL of dichloromethane and 3 mL of 0.5 M sodium hydroxide in methanol
were added. The samples were purged with nitrogen gas, heated for 10 min at 90 °C, and
then rapidly cooled in an ice bath. After cooling, 3 mL of boron trifluoride in methanol
was introduced to convert the lipids into fatty acid methyl esters (FAMEs). The extract was
then purged with nitrogen and heated for 10 min at 90 °C. Once cooled, the FAMEs were
extracted using 3 mL Milli-Q water and 1.5 mL hexane. The organic phase was transferred
to a GC vial and stored at —20 °C. All samples were prepared in duplicate.

All samples were analyzed using an Agilent 6890N gas chromatograph (Network GC
System, Agilent Technology, Santa Clara, CA, USA) with a flame ionization detection (FID).
Separation was achieved on a CP-Sil 88 capillary column (100 m x 0.25 mm x 0.20 pm,
Agilent J&W). The temperature program was as follows: 100 °C (5 min), ramped to 180 °C
at 8 °C/min (9 min), and then increased to 230 °C at 1 °C/min (1 min). Helium was used
as the carrier gas in constant flow mode (1.3 mL/min), with an injection volume of 1 uL
and a split ratio of 10:1. The inlet and detector were set to 260 °C and 250 °C, respectively.

Fatty acids were identified and quantified by comparing their retention times with
the Supelco 37-component FAME mix standard. The results were expressed as relative
weight percentages of total fatty acids. Procedural blanks were analyzed alongside each
batch of samples, and the FAME mix standard was run after every ten samples to verify
system stability.

Fatty acids were categorized as saturated fatty acids (SFA), monounsaturated fatty
acids (MUFA), and polyunsaturated fatty acids (PUFA), with a specific focus on n — 3
and n — 6 fatty acids. The PUFA/SFA and n — 6/n — 3 ratios were also calculated.
Additionally, the atherogenic index (IA), thrombogenic index (IT), and hypocholes-
terolemic/hypercholesterolemic ratio (h/H) for the total lipid content were calculated
according to the following equations [49]:

_ C12:0+ (4xCl14:0)+C16:0

IA = SMUFA +¥n—6+%n—3 ©)

— C14:04C16:0+C18:0 @
~ (05 x EMUFA) + (0.5 X Zn— 6) + (3 x Zn—3) + (n—3/n—6)

C18:1+ XPUFA
h/HiC12:0—}-(?14:0—{—(316:0 ©®)

2.6. Amino Acid Analysis

A known weight of lyophilized insect sample (50 mg) was placed into hydrolysis
micro-reaction vessels, and 2.5 mL of 4% thioglycolic acid in 6M HCI and 25 uL of liquid
phenol (heated to 80 °C) were added. The mixture was then vortexed. The samples
were then purged with nitrogen for 5 min, sealed, and heated at 110 °C for 24 h. During
hydrolysis, glutamine was converted to glutamic acid, and asparagine to aspartic acid;
therefore, reported values for glutamic and aspartic acids represent the combined total of
these amino acids. After hydrolysis, the samples were filtered through CHROMAFIL Xtra
PTFE 0.45 pm syringe filters (Macherey-Nagel, Diiren, Germany).

Amino acid analysis was performed using the EZ:faastTM kit. First, 50 uL of the
filtered hydrolysate was transferred into a sample preparation vial, followed by the addition
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of 100 pL of 1 M Na;COj solution and vortexing. A 30 pL aliquot of the pH-adjusted
mixture (pH 2) was then transferred into a new vial, and 50 pL of internal standard
(200 nmol/mL) was added, followed by vortexing. The sample was then passed through
a sorbent tip using a 1.5 mL syringe. After adding 200 puL of Milli-Q water into the vial,
the sample was passed through the sorbent tip again, and the liquid was discarded. The
sorbent tip was then detached.

The compounds of interest were eluted using 200 puL of a NaOH/N-propanol/3-
picoline mixture (3/1.6/0.4, v/v/v). This elution was performed by attaching the sorbent
tip to a 0.6 mL syringe, pulling back the plunger halfway, and wetting the sorbent with
the eluting medium before expelling the liquid into the sample vial. A 50 pL aliquot of
propyl chloroformate /chloroform/iso-octane (1:3:1, v/v/v) was added, and the contents
were emulsified by vortexing for 5 s. The reaction was allowed to proceed for 1 min and
repeated once more. After this, 100 pL of a 9:1 (v/v) iso-octane/chloroform mixture was
added and vortexed for 1 min. One hundred pL of the organic layer was transferred into a
GC autosampler vial, evaporated under nitrogen for 10 min, and reconstituted in 100 uL
iso-octane/chloroform (4:1, v/v). The reconstituted sample was transferred into a GC-MS
vial with a glass insert and analyzed. All samples were prepared in duplicate.

Samples were analyzed on a 7890B series GC coupled to a 5977 A single quadrupole
mass selective detector (Agilent, USA). Separation was achieved using a ZB-AAA GC
column (10 m x 0.25 mm, Phenomenex, USA), with helium as the carrier gas (1.1 mL/min).
A volume of 1.5 pL of the sample was injected in split mode (1:15). The GC oven temper-
ature program was 110 °C (1 min), then ramped at 30 °C/min to 320 °C (total runtime:
7 min). The inlet and transfer line were set to 250 °C and 260 °C, respectively. The mass
spectrometer was operated in electron impact (EI) mode at 70 eV, with a source temperature
of 240 °C, a quadrupole temperature of 180 °C, and an auxiliary temperature of 310 °C.
The scan range was 45440 m/z, and the compounds were identified and quantified using
selected ion monitoring (SIM) mode (Table S1). The data were processed using MassHunter
software (version 10.0., Agilent Technologies, USA).

The ratio of essential to total amino acids (E/T, %) and the essential amino acid
index (EAAI) were determined according to FAO (2013) [50] based on valine, leucine,
isoleucine, threonine, phenylalanine + tyrosine, methionine, histidine, and lysine. Cystine
and tryptophan were excluded from the calculations due to method limitations, since acid
hydrolysis degrades tryptophan and cystine. The formula for EAAI is as follows:

EAAT — ¢ 8otlysineinl00 gofanalysedprotein - ¢ oo 7EAA) x 100 (6)
goflysinein100 gofreferenceprotein

The index is based on the sum of all amino acids compared to those of the reference
protein for older children (>3 years) and adults [50]. The amino acid with the lowest amino
acid score (AAS) is considered the limiting amino acid. The AAS was calculated according
to the following equation.

mgaminoacidper g ofprotein

AAS = _ . .
mgaminoacidper g ofreferenceprotein

@)

2.7. Elemental Analysis

Sample digestion for elemental analysis was performed following Vehar et al.
(2025) [51]. Briefly, a known quantity of lyophilized insect sample (0.10-0.15 g) was
placed into a pre-cleaned Teflon digestion vial. Subsequently, 1 mL of HNOj3 and 250 pL of
H,0O, were added to each vial. All samples were microwave-digested using an Ultrawave
Single Reaction Chamber Microwave Digestion System (Milestone, Italy). The digestion
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program involved heating the samples to 240 °C over 20 min, followed by a 15-min hold at
100 bars with a maximum power of 1500 W. After digestion, the digestate was quantita-
tively transferred to a polyethylene-graduated tube and diluted to a final volume of 10 mL
with Milli-Q water. For measuring macro elements, samples were further diluted with
5% HNO:;.

The determination of selected elements (Ag, Al, As, B, Ba, Ca, Cd, Co, Cs, Cu, Fe, Hg,
K, Mg, Mn, Mo, Na, Nji, P, Pb, Rb, S, Sb, Se, Sn, Sr, U, V, and Zn) was conducted using an
Agilent 8800 triple quadrupole inductively coupled plasma mass spectrometer, QQQ-ICP-
MS (Agilent, Japan, Tokyo). Different reaction gases, Hy, He and O, were used. Internal
standards (Y, Rh, Sc, and Gd) were added online in all modes, and external calibration was
used to quantify the results. All samples were prepared in duplicate. Additionally, blanks
and certified reference materials (SRM NIST 1566b Oyster tissue, Typical Diet NIST 1548b)
were prepared in each run in the same manner to ensure the quality and accuracy of the
results. The limit of detection (LOD) was calculated as three times the standard deviation
of the blank samples.

A risk assessment for toxic elements was performed based on an adult (70 kg) ingesting
100 g of fresh insects. The intake of each element was first calculated (Table S6) and then
compared with reference values (Table S4) obtained from OpenFoodTox: EFSA’s chemical
hazards database [52]. Based on the concentrations of essential elements and their respective
reference daily intakes (RDI; Table S5), the percentage contribution to daily intake for adults
was reported, based on a consumption scenario of 100 g of fresh insects per day.

2.8. Oxidation Stability Analysis

To assess the oxidation stability, a known amount (3.5 g) of lyophilized sample was
placed in the test chamber of a RapidOxy 100 Oxidation Stability Tester (Anton Paar,
Austria). The induction time was measured at 120 °C and 700 kPa, with continuous
monitoring of oxygen consumption. The induction time was recorded when the pressure
drop reached 10%, indicating oxidation stability. The measurement error is 2-3%.

2.9. Statistical Analysis

Data processing and visualization were performed using R-based software (version
4.2.3). All data sets were checked for normal distribution using the Shapiro-Wilk test
and for homoscedasticity using Levene’s test. For proximate composition, where only
yellow mealworm and house cricket before and after fermentation with L. plantarum were
analyzed, significant nutritional parameters were assessed using pairwise comparisons.
Depending on the assumptions for parametric testing (normality and homoscedasticity of
variance), either a t-test or the Mann-Whitney U test was applied. If the assumptions were
not met, the Mann-Whitney U test was used; otherwise, the t-test was applied. For all other
analyses, where three insect species were evaluated before and after fermentation with
L. plantarum and a commercial starter culture, significant nutritional and compositional
parameters were assessed using one-way ANOVA or the Kruskal-Wallis test, depending
on whether the assumptions for parametric testing were satisfied. When assumptions
were violated, the Kruskal-Wallis test was applied; otherwise, one-way ANOVA was used.
The statistical significance level was 0.05 with p < 0.05, indicating rejection of the null
hypothesis. Fermented and unfermented samples from the same species were grouped to
ensure reliable statistical comparisons between species. However, due to the insufficient
number of samples, a statistical comparison between fermented and unfermented samples
was not possible.
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3. Results and Discussion
3.1. Proximate Composition

Due to limited sample availability, the proximate composition was assessed only for
yellow mealworm and house cricket before and after 48 h fermentation with L. plantarum.
Proximate composition in terms of ash, total fat and proteins (Table 1) was comparable
to those obtained by Cho et al. (2018), Khatun et al. (2021), Kulma et al. (2019), Messina
et al. (2019) and Yi et al. (2013), while Kittibunchakul, Whanmek, and Santivarangkna
(2023) and Vasilica et al. (2022) report higher values for total protein and lower values for
total fat [35,42,43,53-56]. Statistical analyses (Table S52) showed that yellow mealworm had
statistically significantly higher (p < 0.05) ash concentrations (4.35 to 4.50 g/100 g) and
lower total nitrogen content (8.95 to 9.15 g/100 g) compared to house cricket (ash: 4.23 to
4.30 g/100 g, total nitrogen: 9.24 to 9.30 g/100 g).

Table 1. Proximate composition of unfermented and fermented (48 h) yellow mealworm and house

cricket (lyophilized).
YM YMP HC HCP

Dry matter [g/100 g] 978 £0.1 96.3 £0.1 979 £0.1 97.3 £0.0
Water [g/100 g] 2.20 +0.06 3.70 & 0.08 2.06 £ 0.08 2.68 £ 0.02
Ash [g/100 g] 4.35£0.02 4.50 £ 0.01 4.30 +0.04 4.23 +£0.02
Total fat [g/100 g] 282+1.9 244423 229+ 4.6 23.6 2.7
Insoluble dietary fiber [g/100 g] 7.05 £+ 0.35 4.38 +0.10 6.19 + 0.53 5.22 +0.30
Soluble dietary fiber [g/100 g] 0.025 £ 0.029 0.366 £ 0.259 0.178 £ 0.198 0.366 £ 0.290
Total dietary fiber [g/100 g] 7.08 £ 0.33 4.75 £+ 0.35 6.37 £+ 0.35 5.59 + 0.05
Total nitrogen [g/100 g] 9.15 4+ 0.03 8.95 + 0.01 9.24 +0.01 9.30 £ 0.03
Non-protein nitrogen [g/100 g] 0.061 £ 0.002 0.196 £ 0.005 0.069 £ 0.001 0.179 £ 0.002
Protein nitrogen [g/100 g] 9.09 + 0.02 8.75 + 0.02 9.17 £ 0.01 9.12 + 0.03
Proteins (6.25) [g/100 g] 56.8 £0.1 547 £0.1 573 £0.1 57.0=£0.2
Available carbohydrates [g/100 g] 0.98 £1.90 6.71 £2.37 6.64 £ 4.62 5.85 £ 2.66
Energy value [k] /100 g] 2082 +3 1985 £ 3 1985 +£7 1984 + 4

YM—yellow mealworm, YMP—yellow mealworm fermented using L. plantarum, HC—house cricket, HCP—house
cricket fermented using L. plantarum.

The results show a decrease in total dietary fiber content following fermentation in
both insect species (33% for yellow mealworm and 12% for house cricket), primarily due
to a reduction in insoluble dietary fiber (38% and 16%, respectively). Although the values
for soluble dietary fiber are very low and therefore imprecise, the measurement showed a
slight increase in the yellow mealworm (from 0.025 g/100 g to 0.366 g/100 g). The increase
in soluble fiber after fermentation with L. plantarum has been previously reported in other
commodities, as the enzymatic breakdown of insoluble fiber during fermentation leads to
its conversion into soluble forms [57-59].

Regarding nitrogen composition, total nitrogen and protein nitrogen remained un-
changed in yellow mealworm and house cricket, while non-protein nitrogen increased
(221% and 159%, respectively). Despite the rise in non-protein nitrogen, the total nitro-
gen and protein nitrogen contents stayed constant, suggesting that microbial activity was
breaking down proteins, but not enough to reduce the protein content in the insects signifi-
cantly. Instead, the nitrogen is likely redistributed into various forms, such as amino acids
and peptides, maintaining the overall nitrogen balance. This redistribution has already
been shown, for example, in Broussonetia papyrifera fermented using L. plantarum during
ensiling [59].

Following fermentation, only yellow mealworm exhibited an increase in available
carbohydrates (from 0.98 g/100 g to 6.71 g/100 g), while no significant differences were
observed in protein content, energy value, or total fat for either species. The significant
increase in available carbohydrates may be due to the fermentation process breaking down
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complex polysaccharides and fibers into simpler sugars, which are then released as available
carbohydrates [60]. The lack of significant changes in protein content, energy value, or
total fat suggests the limited impact of L. plantarum on protein and fat molecules, as these
macronutrients are more resistant to microbial degradation compared to carbohydrates
and fibers. Additionally, the fermentation conditions might not have been optimized for
significant lipid breakdown or protein denaturation, which can require more specialized
conditions or longer fermentation periods.

Comparison with existing literature on edible insects is complicated by the variability
in experimental design, insect species, fermentation culture, and analytical methodology in
the limited number of available studies. For instance, Cho et al. (2018) fermented raw and
defatted yellow mealworm using a soy sauce fermentation process involving Aspergillus
oryzae and Bacillus licheniformis, reporting increased total and protein nitrogen levels after
six days, which remained stable over the 13- and 20-day fermentation period [35]. Liu et al.
(2022) fermented black soldier fly larvae for four days with Bacillus subtilis and Aspergillus
niger, observing a reduction in actual protein (40%) and fat (30%) content [39]. In the
study by Kittibunchakul et al. (2023), house cricket was fermented using a traditional Thai
shrimp paste method, employing Kapi as a starter culture, which predominantly contains
lactic acid bacteria [42]. After 4 weeks of fermentation, they noted significant reductions
in energy (24%), protein (23%), fat (21%), and carbohydrates (43%). Meng et al. (2023),
who fermented black soldier fly larvae for 24 h using Lactobacillus crispatus and Pichia
kudriavzevii cultures, also observed a decrease in crude fat content, while crude protein
remained unchanged [40]. Also, Pérez-Rodriguez, Ibarra-Herrera, and Pérez-Carrillo (2023)
fermented yellow mealworm and Mexican grasshopper with Aspergillus oryzae, finding that
after four days, protein content decreased (49%, 16%, respectively) in both species, while
fat content increased (14%, 119%, respectively), and crude fiber remained unaffected [37].

3.2. Fatty Acid Composition

A total of seven FAs were detected in amounts >1% in the studied insects (Table 2),
including three SFAs (myristic, palmitic, stearic), two MUFAs (palmitoleic and oleic acid)
and two PUFAs (linoleic—LA and «-linoleic acid—ALA). Their relative levels (>1%) for
yellow mealworm were as follows: oleic > LA > palmitic > myristic > stearic > palmitoleic
> ALA. The relative levels for house cricket were: oleic > LA > palmitic > stearic > ALA >
palmitoleic > myristic acid, while for migratory locust: LA > oleic > palmitic > stearic >
ALA > myristic > palmitoleic. All insects contained both essential fatty acids, LA (26.4% to
31.4%) and ALA (0.959% to 9.10%). Overall, the relative concentrations of essential fatty
acids are consistent with previously published data, where reported concentrations range
from 13.8% to 27.7% for LA and 6.7% to 13.9% for ALA in migratory locust; 16.6% to 33.8%
for LA and 0.23% to 1.43% for ALA in yellow mealworm; and 26.26% to 36.67% for LA and
0.7% to 5.13% for ALA in house cricket [51,54,61-64]. Statistical analyses showed that insect
species significantly differ (p < 0.05) in most fatty acids, except for arachidic, 11-eicosenoic
acid and lignoceric acid (Table S2).

All investigated insect species demonstrated favorable PUFA /SFA ratios, ranging
from 1.13 to 1.16 for yellow mealworm, 0.935 to 0.993 for house cricket, and 1.14 to 1.23 for
migratory locust. These values are consistent with previous reports for edible insects [43,51],
where PUFA/SFA close to 1 is considered beneficial for cardiovascular health due to
their role in improving plasma lipid profiles and reducing low-density lipoprotein (LDL)
cholesterol levels. At the same time, a ratio < 0.33 can have an atherogenic effect [65-67].
Among the species examined, migratory locust exhibited the most optimal n-6/n-3 fatty
acid ratio (3.14-3.29), which falls within the range (<4) for lowering chronic disease risk [68].
In contrast, yellow mealworm and house cricket displayed considerably higher ratios (26.6—
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27.9 and 17.1-17.5, respectively), reflecting a predominance of n-6 fatty acids that has also
been reported for these species in earlier studies [51,64,69].

Table 2. Contents of the main fatty acids (>1%) saturated fatty acids (SFA), monounsaturated fatty
acids (MUFA), polyunsaturated fatty acids (PUFA), n-6 fatty acids, n-3 fatty acids, n-6/n-3 ratio, index
of atherogenicity (IA), index of thrombogenicity (IT), hypocholesterolemic/hypercholesterolemic
ratio (h/H) in unfermented and fermented insects.

Y™ YMP YMM HC HCP HCM ML MLP MLM
?%“S“C add 379 4002 3.76 +0.05 3764001 050440005 053340006 052540003  1.2940.01 1.41 +0.00 1.41 +0.01
E,lemiﬁc acid 16.0 +0.0 162 4+0.2 162 40.1 23.8+0.2 25.0 +0.1 247402 19.84+0.1 20.9 +0.0 20.9+0.1
5 iﬁh}fﬁem 1.68 4 0.00 1.67 4 0.00 1674000 076340013 079540003 079440028 08050013 080140002 0.813+0.019
[S;f]am acid 3.20 £ 0.00 3.3540.03 3.34£0.01 8.61 £ 0.01 8.81 4 0.02 8.81 4 0.09 9.59 4 0.03 9.83 +0.04 9.87 +0.04
%‘]ﬁc acid 46.5+0.0 46.0+023 46.0+0.1 319405 314400 31.6+0.1 282403 28.0+0.0 27.9 4 0.0
[Ln}:}‘ﬂe‘c acid 264+0.0 265+0.0 265+0.0 314401 30.8+0.0 30.9+£02 29.8+£02 284400 285+0.0
;"C'ig“[‘;lfl’mc 1004001 095940002 0.968-+0.000  1.85-=+0.01 1.77 £0.01 1.77 £0.01 9.06 £ 0.06 9.06 = 0.00 9.10 £ 0.00
SFA [%] 23.9+00 244403 244401 33.6+£04 349+0.0 346403 31.6+£0.1 33.1+0.1 33.1+0.1
MUFA [%] 4854 0.0 479403 480 40.1 329+05 324+00 32.6+0.1 29.5+0.2 29.4+0.0 292+0.1
PUFA [%] 27.6 £ 0.0 27.7 £ 0.0 27.7 £ 0.0 334401 32,6 £0.0 328402 389402 375400 37.7+£0.1
PUFA /SFA 1.16 £ 0.00 1.13 £ 0.01 1144000  09934+0.009 0935+0002 0947 £0.015  1.23+0.00 1.14 £ 0.00 1.14 £ 0.01
n-6 [%] 26.6+0.0 26.7 +0.0 26.7+0.0 31.6+0.1 30.9+0.0 31.0+£02 299402 285+0.0 28.6+0.1
n-3 [%] 1004001  0959+0.002 096840000  1.85-0.01 1.77 +£0.01 1.77 +£0.01 9.06 = 0.06 9.06 == 0.00 9.10 £ 0.00
n-6/n-3 26.6+02 279+0.1 27.6£0.0 17.1+0.0 174401 175+0.1 3.29 +0.05 3.14 £0.00 3.14 £0.01
IA 041440001 041740007 041740002 039040005 041740002 041140006 0367 +0.003 039940000  0.399 - 0.003
IT 0.3424£0.000 034240004 0343+0.001 060140006 0.631+0.003 0.6244+0.009 0509+0003 054240001  0.542+ 0.003
h/H 3.68 £ 0.01 3.63+0.05 3.64 £ 0.02 2.68+0.04 2.51+0.01 2.55 £ 0.04 3.16 £ 0.02 2.92 £ 0.00 2,92+ 0.02

YM: yellow mealworm, YMP: yellow mealworm fermented using L. plantarum, YMM: yellow mealworm fermented
using commercial starter culture, HC: house cricket, HCP: house cricket fermented using L. plantarum, HCM:
house cricket fermented using commercial starter culture, ML: migratory locust, MLP: migratory locust fermented
using L. plantarum, MLM: migratory locust fermented using commercial starter culture. SFA, MUFA, PUFA, n-6,
n-3, IA, IT, h/H are calculated based on all detected fatty acids (Table S3).

All insects presented a favorable low index of atherogenicity (IA < 0.5), with values
of 0.414-0.417 for yellow mealworm, 0.390-0.417 for house cricket, and 0.367-0.399 for
migratory locust. However, only the yellow mealworm demonstrated a thrombogenicity
index (IT) below 0.5 (0.342-0.343), compared to house cricket (0.601-0.631) and migratory
locust (0.509-0.542). Lower values of IA (<0.5) and IT (<0.5) are associated with a reduced
risk of developing cardiovascular disease [49,70]. Finally, all species exhibited a desir-
able hypocholesterolemic/hypercholesterolemic ratio (h/H > 1), with yellow mealworm
showing the highest values (3.63-3.68), followed by migratory locust (2.92-3.16) and house
cricket (2.51-2.68). A higher h/H ratio is associated with a more favorable lipid profile,
as hypocholesterolemic fatty acids (PUFA and MUFA) promote the reduction of serum
cholesterol, whereas hypercholesterolemic fatty acids (mainly C12:0, C14:0, C16:0) elevate
it [49,71].

Interestingly, despite successful fermentation, the fatty acid profile of the insect species
remained unaffected compared to unfermented insects, regardless of the insect species
or fermentation culture used. This finding contrasts with those of other previous studies,
although those studies involved different insect species and fermentation cultures. For
instance, Liu et al. (2022) fermented black soldier fly larvae for four days using Bacillus
subtilis and Aspergillus niger, resulting in a 25-fold increase in free short-chain fatty acids
post-fermentation [39]. Similarly, Hadj Saadoun et al. (2020) fermented prepupae, puparia,
and dead adults of black soldier flies with lactic acid bacteria (Lacticaseibacillus rhamnosus,
Lactiplantibacillus plantarum) for 72 h, noting a reduction in typical fatty acids like lauric acid
(C12:0) and an increase in minor fatty acids such as short-chain fatty acids, odd-chain fatty
acids, and branched-chain fatty acids, which are characteristic of bacterial cell walls [38].
Vasilica et al. (2022) fermented insect flour for 48 h using L. plantarum and spontaneous
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fermentation, observing that controlled fermentation enriched SFA and MUFA, while PUFA
decreased during fermentation [43].

Several possible explanations exist for the lack of change in the fatty acid profiles
observed in this study. First, the relatively short fermentation duration (48 h) may not have
been sufficient for microbial activity to alter lipid components significantly. Second, the
microbial strains employed—L. plantarum and a commercial starter culture composed of
Staphylococcus xylosus, Staphylococcus carnosus, Lactobacillus sakei, Pediococcus pentosaceus, and
Debaryomyces hansenii—are primarily adapted to metabolize carbohydrates and amino acids,
rather than lipids [72-74]. Consequently, their enzymatic potential for lipid transformation
is limited. Third, the processing of insect substrates prior to fermentation could have
influenced microbial access and activity. For example, Aleknavicius et al. (2022) reported
higher microbial abundance and metabolic activity in non-processed fermented insects
compared to processed forms, which may enhance interactions with lipid components [75].

3.3. Amino Acid Composition

Taking into account that arginine, cystine and tryptophan were not determined
in this study, the total amino acid content (Table 3) ranged from 38.3 g/100 g DW
(MLM) to 50.6 g/100 g DW (MLP), while total essential amino acid content ranged
from 19.6 g/100 g DW (MLM) to 24.4 g/100 g DW (YM). Essential to total amino acids
(E/T) ranged from 44.1% (MLP) to 54.6% (YMP), while essential amino acid index
(EAAI, Table 4) ranged from 150 (MLP) to 184 (YMP). Analyzed insects were the high-
est in valine (3.81—4.58 g/100 g DW), alanine (3.38—4.71 g/100 g DW), glutamic acid
(2.74—8.09 g/100 g DW), leucine (3.61—4.23 g/100 g DW), aspartic acid (2.95—4.66 g/100 g
DW), but lower in methionine (0.478—0.774 g/100 g DW), ornithine (0.250—3.20 g/100 g DW)
and histidine (0.973—1.64 g/100 g DW). Results align with previously reported values for
yellow mealworm, house cricket and migratory locust [51,54,63,64,76].

Table 3. Concentrations of amino acids (g/100 g DW), essential and nonessential amino acid content
(g/100 g DW) and essential total amino acids ratio (%) in unfermented and fermented insects.

Y™M YMP YMM HC HCP HCM ML MLP MLM
Alanine 3.38+0.12 3.90 £ 0.06 3.84 £ 0.02 4.04 +0.07 3.98 +0.16 4.07+0.15 4714023 4644017 4544056
Asparticacid ~ 4.66 +0.30 3.52+0.10 3.84 +0.09 4344015 3.89 £ 0.08 4.01+0.15 4.01+021 3.60 £ 0.14 2.95+0.08
Scli‘clfamlc 4.67 +0.48 2.84+0.10 2.74 +0.09 4.09 +0.54 3.76 £0.33 3.88 +£0.23 3.63+£0.39 8.09 +0.31 3.3040.18
Glycine 2.65 + 0.09 2.82 +0.03 2.77 +0.04 2.78 +0.14 2.66 £ 0.07 2.69 +0.01 2.83+0.08 3.08+0.15 2.69 +0.09
Histidine 1.57 £ 0.06 1.64 £ 0.02 1.60 £ 0.02 1144001  09734+0.018  1.14+0.04 1.20 £ 0.05 1.46 £ 0.05 1.05 £ 0.06
Isoleucine 2.10 +0.05 2.25+0.05 2.19 +0.02 1.94 +0.01 1.92 +0.04 1.96 4 0.04 2.03+0.08 2.5+ 0.05 1.91+0.07
Leucine 412+0.16 4.23+£0.09 4.16 £ 0.06 4.03+0.05 3.88 £ 0.08 3.95+0.10 4.05+0.17 4.14+0.08 3.61+0.16
Lysine 3.58 +£0.21 2.56 £ 0.09 2.51 £ 0.06 3.87 £ 0.06 3.05 = 0.04 3.49 £ 0.04 3.83+£0.17 3254038 3.01+0.10
Methionine ~ 0.670£0.036  0.677 £0.039  0.652£0.003 0.7744+0.027 07420016 0748 4£0.026 0.672+£0.045 0.660+=0.024  0.478 £ 0.020
Ornithine <0.250 0.537 £0.037  0.542 +0.112 <0.250 0.699 £0.227  0.774 +0.234 <0.250 3204+ 1.10 1.15+£0.24
Phenylalanine ~ 1.97 +0.10 1.99 4+ 0.02 2.03+0.06 1.93 +0.07 1.78 +0.03 1.814+0.02 2,04 +0.08 1.92 +0.20 1.66 +0.05
Proline 3.00 +0.12 3.20+0.06 3.11 = 0.04 2.92+0.06 2.76 +0.09 2.86+0.10 3.14 £ 0.09 4.03 £ 0.07 2.80+0.16
Serine 2.73+0.08 2.05 =+ 0.06 2.09 £ 0.07 214+033 1.88 +0.07 1.93 £+ 0.09 2.32+0.10 1.66 +0.32 1314041
Threonine 243 4+0.11 1.88 £ 0.02 1.92 £0.03 2.09 +0.17 1.90 £ 0.04 1.88 £ 0.08 2.354+0.14 2.024+0.39 1.40 £ 0.45
Tyrosine 3.84+0.13 3.07 +0.07 3.12+0.05 3.16 £ 0.06 2.40 +0.08 2.56 +0.11 3.53 +0.02 2.014+028 2424048
Valine 4114018 4.40 +0.07 4.36+0.01 3.90 £ 0.04 3.81+0.09 391+0.16 438+0.15 4.58+0.06 4.05+0.22
Total EAA 244+10 27403 25401 28403 205404 214405 241408 223409 19.6 0.7
Total AA 455+15 41.6+03 415403 431409 40.1+03 417+1.0 447412 50.6 +£1.5 383+17
E/T[%] 53.6 0.7 546404 544403 529407 51.0 £ 0.7 515403 53.8 £ 0.5 41416 511405

YM: yellow mealworm, YMP: yellow mealworm fermented using L. plantarum, YMM: yellow mealworm fermented
using commercial starter culture, HC: house cricket, HCP: house cricket fermented using L. plantarum, HCM:
house cricket fermented using commercial starter culture, ML: migratory locust, MLP: migratory locust fermented
using L. plantarum, MLM: migratory locust fermented using commercial starter culture.
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Table 4. Amino acid scores and essential amino acid index [%].

YM YMP YMM HC HCP HCM ML MLP MLM
Histidine 2,15+ 0.07 2.47 +0.03 2.41 +0.03 1.65 + 0.02 1.52 4 0.02 1.70 £ 0.02 1.67 & 0.07 1.80 £ 0.09 1.71+0.03
Isoleucine 1.54 +0.02 1.80 + 0.02 1.76 + 0.02 1.50 + 0.04 1.60 + 0.02 1.57 +0.01 1.51 +0.02 1.49 +0.05 1.66 +0.02
Leucine 1.54 +0.01 1.73 +0.03 1.70 +0.01 1.58 +0.02 1.64 +0.03 1.61 +0.01 1.53 +0.02 1.39 +0.04 1.59 +0.01
Lysine 1.75 £ 0.07 1.37 4 0.04 1.34 £ 0.04 1.99 £ 0.03 1.69 + 0.01 1.86 + 0.05 1.90 + 0.04 143 +0.15 1.75 £ 0.02
Methionine  0.669+0.014  074+0.04 071440006 0.816+0.013 0842+0018 0816+0.010 0.682+0.027 0593 +0.015 0.568 +0.010
f }T“;’r‘g;i‘i“me 3.36 +0.02 3.20+0.06 3.27 +0.01 3.11+0.03 2.75+0.04 2.76 - 0.04 3.28+0.05 2.05+0.13 2.80 +0.21
Threonine 2.33+0.08 1.97 +0.02 2.01+0.02 2.11+0.16 2.06 =+ 0.04 1.96 + 0.04 228+ 0.07 1.73 4031 1.60 +0.57
Valine 232 4+0.05 2.71 4+ 0.04 2.70 4+ 0.02 2.32 4+ 0.02 2.44 +0.04 2.40 +0.05 2,51 +0.09 232 +0.05 2.71 4+ 0.04
EAAI[%] 179 42 18442 182+1 177 42 17242 174 +1 177 +2 150 + 6 164 + 6

YM: yellow mealworm, YMP: yellow mealworm fermented using L. plantarum, YMM: yellow mealworm fermented
using commercial starter culture, HC: house cricket, HCP: house cricket fermented using L. plantarum, HCM:
house cricket fermented using commercial starter culture, ML: migratory locust, MLP: migratory locust fermented
using L. plantarum, MLM: migratory locust fermented using commercial starter culture.

According to amino acid scores calculated based on reference protein composition
for older children (>3 years) and adults [50], methionine is limiting amino acid for all
unfermented and fermented insects, which is in line with previous studies [77,78], while
some studies recognized cystine together with methionine [53,62] and tryptophan [76] as
limiting amino acids in insect species analyzed in this study. Also, nitrogen to protein
conversion factor (Kp) was determined for yellow mealworm (5.41), yellow mealworm
fermented with L. plantarum (5.06), house cricket (5.05) and house cricket fermented with L.
plantarum (4.67), which was comparable to Kp factors for yellow mealworm (4.64-7.35) and
house cricket (4.17-5.71) reported in previous studies [51,56,62—-64,79-86]. When calculating
Kp, it was taken into account that unmeasured amino acids have an 8% contribution to
total amino acids [51], and ornithine was excluded from the total amino acids.

Species differed significantly (p < 0.05, Table S2) in their alanine, aspartic acid, histidine,
isoleucine, leucine, lysine, methionine, ornithine, phenylalanine, proline, serine, tyrosine
and valine, while total essential and total amino acids were similar. The reasons for these
differences could be attributed to various factors such as species-specific metabolism,
dietary differences, environmental factors (temperature, humidity, habitat) and adaptations
to specific ecological roles or functions (flight, reproduction, or survival mechanisms) as
suggested in previous studies [87-89].

The observed changes in amino acid profiles following fermentation varied signifi-
cantly across insect species and microbial cultures. In the case of the yellow mealworm,
fermentation with both L. plantarum and the commercial starter culture resulted in compa-
rable trends, i.e., an increase in alanine (14-15%) and ornithine (115-117%), but reductions
in several key amino acids, including aspartic acid (18-25%), glutamic acid (39-41%), lysine
(28-30%), serine (24-25%), threonine (21-23%) and tyrosine (19-20%). These results contrast
with those of An et al. (2019), who detected an increase in aspartic and glutamic acid when
yellow mealworm was fermented with L. plantarum [34].

In the case of the house cricket, both fermentation with L. plantarum and the commer-
cial starter culture produced similar changes in the amino acid profile. An increase was
observed only in ornithine content (115-117%), while several essential and non-essential
amino acids decreased. Specifically, reductions were noted for aspartic acid (8-10%), histi-
dine (0-15%), lysine (10-21%), serine (10-12%), threonine (9-10%), and tyrosine (19-24%).
Additionally, the total essential amino acid content decreased by 6-10%. These results
suggest a potentially adverse impact on protein quality and overall nutritional value, par-
ticularly due to the loss of essential amino acids. These results contradict the findings
of Kittibunchakul et al. (2023) and Vasilica et al. (2022), who reported exclusively an
increase in amino acids after fermentation with lactic acid bacteria and L. plantarum [42,43].
Kittibunchakul et al. (2023) mimicked the process of making shrimp paste Kapi, which
also involves salting the substrate and a longer fermentation time, which could be the
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reason for the differences compared to this study, while Vasilica et al. (2022) used the same
fermentation time (48 h) and the same L. plantarum culture as in this study.

In the case of the migratory locust, the effects of fermentation with L. plantarum and the
commercial starter culture differed considerably. Fermentation with L. plantarum resulted
in increased levels of glutamic acid (123%), histidine (22%), isoleucine (11%), ornithine
(1181%), and proline (28%), as well as an overall rise in total amino acid content (13%).
However, this treatment also led to reductions in aspartic acid (10%), lysine (15%), serine
(28%), threonine (14%), tyrosine (43%), and the essential-to-total amino acid (E/T) ratio
(18%). In contrast, fermentation with the commercial starter culture resulted in a substantial
increase only in ornithine (359%), while most other amino acids declined in concentration.
Notable reductions were observed for aspartic acid (27%), histidine (13%), leucine (11%),
lysine (21%), methionine (29%), phenylalanine (19%), proline (11%), serine (44%), threonine
(40%), tyrosine (31%), as well as total essential amino acids (19%) and total amino acid
content (14%). Overall, the results from both fermentation treatments suggest a potentially
adverse impact on protein quality and nutritional value, largely due to the depletion of
multiple essential amino acids.

As observed in all three insect species, ornithine concentrations significantly increased
following fermentation with both microbial cultures. A potential explanation for this could
be the involvement of the arginine deiminase (ADI) pathway, which is strongly associated
with lactic acid bacteria [90]. In this pathway, arginine is initially converted to citrulline
through the action of the enzyme arginine deiminase. Subsequently, citrulline is converted
to ornithine by the enzyme ornithine carbamoyl transferase. This pathway plays a crucial
role in bacterial survival, particularly under acidic or nitrogen-limited conditions, and
also contributes to adenosine triphosphate (ATP) production through the conversion of
arginine, with ammonia and carbon dioxide as by-products [91].

Overall, the nutritional consequences of these shifts are mixed. Although increases
in amino acids like ornithine are beneficial, the reduction of essential amino acids, such
as lysine, methionine, and threonine, is more concerning. Lysine, methionine + cystine,
threonine and tryptophan dominate as limiting amino acids in plant-based diets [92],
so their reduction could impair protein quality if insect meals are used in food or feed
applications. The results also underscore the importance of strain selection and species
compatibility in fermentation design to avoid the degradation of nutritionally important
amino acids.

3.4. Elemental Composition

Elemental concentrations of fermented and unfermented insects are presented in
Tables 5-7 and daily intake values for 100 g of fresh insects for adults in Table 8. The elemental
concentrations of unfermented insects are in agreement with data obtained by Finke (2002,
2015), Machado et al. (2024), and Vehar et al. (2025), indicating that species differ significantly
(p < 0.05, Table S2) in most elements, except for Na, Ni, and Zn [51,62,63,93]. Species-specific
patterns in elemental composition have been reported before and are attributed to grow-
ing environments (geographic and ecological factors) and processing mechanisms [51,88,94].
However, elements are mainly obtained from dietary sources.

Due to the small number of samples, differences in elemental concentrations were not
statistically evaluated; instead, a 10% threshold value was used to confirm the presence of
differences, which depended on the insect species and the fermentation culture used. In
the case of the yellow mealworm, fermentations with L. plantarum and commercial starter
culture resulted in increased elemental concentrations. Fermentation with L. plantarum
increased Al (61%), V (29%), Ni (27%), Ag (34%), Cd (16%), Sn (26%), Sb (14%), Cs (29%),
Hg (15%) and U (19%), while commercial starter culture increased Mn (96%), Ag (85%), Cd
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(13%), Cs (28%), Hg (14%) and U (11%). In case of house cricket, L. plantarum increased B
(37%) and Ag (14%) and decreased Al (31%), V (16%), Co (14%), Zn (14%), Cd (12%), Hg
(20%) and Pb (21%), while commercial starter culture increased B (18%), Mg (12%), Mn
(42%), Ni (11%), Sb (19%) and decreased Al (29%), Zn (12%), Cd (15%) and Pb (16%). In the
case of the migratory locust, both fermentation cultures mainly increased the concentrations
of elements. L. plantarum increased Na (20%), Mn (36%), Fe (23%) and decreased Se (15%),
while commercial starter culture increased Na (49%), Mg (23%), P (22%), K (25%), Mn
(378%), Fe (19%), Co (20%), Zn (12%), Rb (12%) and Sn (25%) and decreased Cu (16%) and
Ag (19%). In general, fermentation resulted in increased concentrations of essential elements
Fe (19-23%), K (25%), Mg (12-23%), Mn (36-378%), Na (20-49%), P (22%), decreased Se
(24%) and Cu (16%), while Zn increased in migratory locust fermented with commercial
starter culture (12%) and decreased in house cricket fermented with both cultures (12-14%).

Table 5. Makro elements (g/kg FW) in unfermented and fermented insects.

Elements YM YMP YMM HC HCP HCM ML MLP MLM
Ca 0.1554+0.016  0.148£0.005  0.154+£0.004 0.3794+0.030 0.368 £0.012  0.414+£0.002 0.2714+0.025 0.277 £0.006  0.305+ 0.033
K 2.71+0.15 2.66 +0.00 2.62+0.14 2.90 £0.02 2.79 £0.03 3.00 £0.15 3.13£0.00 3.11+0.23 3.90 +0.02
Mg 1.04 +0.05 0.960 + 0.043 1.00 4 0.05 0.216 £0.007  0.2134+0.006  0.242+£0.015 0268 £0.016  0.2724+0.023  0.329 £0.015
Na 0.388+0.023  0.383 £0.007  0.396 £ 0.025 1.07 £0.01 1.04 £0.01 1.13 £0.02 0.2324+0.004  0.279 £0.009  0.346 £ 0.030
P 2.79+£0.10 2.67 £0.06 2.69 £0.15 2.14+£0.02 2.01+£0.00 2.19+£0.04 2.07 £0.05 212+0.21 2.51+0.02
S 1.04 £0.07 1.03 £0.02 1.02 £0.03 1.38 £0.01 1.34 £0.04 1.39 £0.00 1.09 £0.04 1.08 £ 0.10 1.14

YM: yellow mealworm, YMP: yellow mealworm fermented using L. plantarum, YMM: yellow mealworm

fermented using commercial starter culture, HC: house cricket, HCP: house cricket fermented using L. plantarum,

HCM: house cricket fermented using commercial starter culture, ML: migratory locust, MLP: migratory locust

fermented using L. plantarum, MLM: migratory locust fermented using commercial starter culture.

Table 6. Mikro elements (mg/kg FW) in unfermented and fermented insects.
Elements YM YMP YMM HC HCP HCM ML MLP MLM
Al 0.607 £0.133  0.8034+0.070  0.646 £ 0.052 249 +£41 172+35 17.8+£2.9 23.3 £89 37.6 £26.7 27.1+£6.6
B 1.11£0.17 1.05 £ 0.06 1.03 £ 0.01 0.257 - 0.036 0.351 4 0.024 0.303 4 0.024 0.337+0.029  0.356 = 0.001 0.329
Cu 5.07 +0.33 4.95+0.03 4.95+0.26 5.96 £0.12 5.67£0.11 6.27 +0.38 10.0£04 105+04 8.44 +0.02
Fe 13.8+13 129+£05 129+05 174+£03 15.7£0.8 184£03 157 £0.1 193£17 18.7£0.0
Mn 2.9340.25 2.88 +0.06 5.75+£0.22 114+02 10.8 £0.1 16.2+0.7 0.775 4 0.048 1.054+0.20 3.70+1.23
Mo 0.332£0.003  0.3534+0.010  0.336 & 0.006 0.249 £+ 0.001 0.255 + 0.000 0.251 4 0.004 0.311+£0.063  0.267+0.001  0.277 £ 0.025
Ni 0.147 +0.021  0.187 £ 0.030 0.16 = 0.00 0.0645 £ 0.0063 0.0743 £0.0187  0.0716 £0.0012  0.2564-0.033  0.235+£0.004  0.254 +0.014
Rb 0.2394+0.014  0.226 £0.004  0.237 £0.018 0.967 4 0.019 0.883 4= 0.021 0.975 4 0.012 0.798 4 0.001 0.796 +-0.038  0.986 £ 0.013
Sr 0.5424+0.075  0.525+£0.010  0.551 £0.052 0.590 & 0.046 0.556 & 0.058 0.614 £ 0.027 0.697 £0.057  0.662 £0.023  0.759 £ 0.036
Zn 40.0+34 39.3+0.2 404 £33 70.2+5.4 60.2+6.8 61.7+1.2 35.54+0.5 354427 39.8+0.3

YM: yellow mealworm, YMP: yellow mealworm fermented using L. plantarum, YMM: yellow mealworm fermented

using commercial starter culture, HC: house cricket, HCP: house cricket fermented using L. plantarum, HCM:

house cricket fermented using commercial starter culture, ML: migratory locust, MLP: migratory locust fermented

using L. plantarum, MLM: migratory locust fermented using commercial starter culture.

Table 7. Trace elements (ug/kg FW) in unfermented and fermented insects.
Elements YM YMP YMM HC HCP HCM ML MLP MLM
Ag 0.507+0.029  0.681 0.044 0937 £0.116  0.86640.028  0.989 £0.012  0.850 £ 0.202 2.62 +0.54 2.71+£0.37 2.11+0.04
As 154423 16.1£0.6 16.1+04 4.81£2.00 5.09 £1.32 4.01+£0.75 6.97 +0.40 7.57 £1.22 194 £185
Cd 25.6+0.5 29.8+0.8 29.0+0.4 112£13 9.82 £0.40 9.52+£0.37 12.7 £8.0 156 £3.1 112+44
Co 175+ 1.6 18.0+0.8 17.3+0.1 23.8+0.7 204+0.7 21.6+0.8 8.60 +1.00 10.6 £3.4 103 +04
Cs 0.382£0.016  0.49440.052  0.490 £ 0.076 4.46 £0.04 4.29 £0.39 4.53£0.10 3.68 £2.87 1.86 4.35£3.25
Hg 0.2824+0.033  0.325+0.002  0.321£0.004 0.6414+0.042 0.516 £0.025  0.617 £ 0.068 1.06 £0.23 124 £0.18 0.970 4 0.230
Pb 216 £0.16 234+£0.10 2.06 £0.03 33.24+0.2 26.31+3.2 280+£1.1 314454 43.2+18.0 34.0 £2.67
Sb 0.532+0.018  0.607 £0.034  0.493 £ 0.034 1.37 £0.20 141 £0.12 1.63 £0.16 2.55+0.41 3.37+0.81 2.78 £0.58
Se 424+06 454 +0.1 436 +£17 98.0+2.3 99.7+4.6 95.1+6.8 83.7+10.1 71.0+5.70 88.9+1.1
Sn 6.13 £1.29 7.72 £0.09 7.70 £1.42 157 +£2.1 149+29 13.6+1.2 10.1+04 129 +4.0 12.6 £2.9
8) 23.6+0.4 282+ 1.4 26.24+0.5 31.6 8.4 284427 27.8+0.6 1.29 £0.21 1.55 £ 045 1.214+0.23
v 529+7.5 61.6 0.0 589+ 1.1 63.81+9.1 539+ 1.6 56.7+0.7 182+4.38 235+6.0 17.7 £0.7

YM: yellow mealworm, YMP: yellow mealworm fermented using L. plantarum, YMM: yellow mealworm fermented
using commercial starter culture, HC: house cricket, HCP: house cricket fermented using L. plantarum, HCM:
house cricket fermented using commercial starter culture, ML: migratory locust, MLP: migratory locust fermented
using L. plantarum, MLM: migratory locust fermented using commercial starter culture.
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Table 8. Daily intake values (%) for 100 g of fresh insects, calculated for adults.

RDI Y™ YMP YMM HC HCP HCM ML MLP MLM
(mg/day)
Ca 1000 15402 15+0.1 15400 38403 37401 41400 27403 28401 31403
Cu 13 390426 381402  381+20 459409 436408 483429 769430  8L1+29  649+01
Fe 16 86408 81403 81405 108402  98+05 115402 9800 121411 11.7+00
K 3500 7.7 404 76400 75404 83400 80+0.1 8.6+0.4 89400 89407 12+01
Mg 300 347417  320+14  335+16 72402 71402 81405 89406 91+08 11.0+05
Mn 3 9.8+0.38 9.6+02 192407 380406 361403 539423  2.6+02 35407 123+41
Na 2000 19401 19400 20401 54400 52400 57401 12400 14400 17401
P 500 558420  534+12 538430  428+04 402401  438+08  414+11 423441 503405
Se 0.07 61401 65400 62402 140403 142407  136+10  120+14  101+08  127+02
Zn 11 363431 357402 367+3 638+49 547462  561+11 323404 321425  362+03

YM: yellow mealworm, YMP: yellow mealworm fermented using L. plantarum, YMM: yellow mealworm fermented
using commercial starter culture, HC: house cricket, HCP: house cricket fermented using L. plantarum, HCM:
house cricket fermented using commercial starter culture, ML: migratory locust, MLP: migratory locust fermented
using L. plantarum, MLM: migratory locust fermented using commercial starter culture.

Vasilica et al. (2022) examined essential elements, Cr and Ni, in fermented house
cricket using atomic absorption spectrophotometry after ash recovery in 20% HCI [43]. They
found that L. plantarum increased all elemental concentrations after 24 h, while spontaneous
sourdough fermentation increased all except P and Zn, which is only partially consistent
with our findings. The authors attributed the increase to a reduction in pH, which may
activate phytase and reduce mineral-binding compounds, such as phytates and tannins [95].
In contrast, the present study measured total elemental content after acid digestion with
ICP-MS. Therefore, the observed increases likely reflect relative concentration effects, such
as a reduction in dry matter during fermentation [96], which concentrates remaining
minerals, as well as microbial accumulation or redistribution within the biomass. These
effects appear to be species- and culture-dependent.

The results show that consuming 100 g of fermented and unfermented insects in
fresh weight (FW) would contribute a substantial portion of the recommended daily
intake for adults of Cu (38.1-81.1%), P (40.2-55.8%), and Zn (32.1-63.8%). Specifically,
100 g of fermented and unfermented yellow mealworm would provide 32.0-34.7% of
the recommended daily intake of Mg, while house cricket would supply 36.1-53.9% of
the requirement for Mn. Daily intake values for all essential elements, except Na and
Zn, differ statistically significantly between species (p < 0.05, Table S2). A risk assess-
ment indicates that consuming 100 g of fresh fermented or unfermented insects poses no
health risk to adults. Furthermore, based on the maximum levels established by Directive
2002/32/EC of the European Parliament and of the Council of 7 May 2002 on undesirable
substances in animal feed for Cu (15-35 mg/kg FW), Fe (30 mg/kg FW), Cd (2 mg/kg FW),
Pb (10 mg/kg FW), As (2 mg/kg FW) and Hg (0.1 mg/kg FW) in the feedstuff, all tested
insects comply with feed safety standards [97].

3.5. Oxidation Stability

Numerous studies have explored the impact of fermentation on oxidation stability in
various food products, highlighting its potential to enhance the shelf life and stability of
lipids and bioactive compounds [98-101]. However, limited research has been conducted
specifically on the oxidation stability of edible insects, particularly under the fermentation
conditions used in this study. Given the constraints on sample material, oxidation stability
measurements were conducted with a single measurement per condition (Figure 1). Among
the three insect species analyzed, yellow mealworm exhibited the highest oxidation stabil-
ity (induction time = 209 min), followed by migratory locust (78 min), then house cricket
(66 min). The effect of fermentation on oxidation stability depended on the species. In
yellow mealworm, fermentation notably reduced the induction time by 42% with L. plan-
tarum and by 41% with the commercial starter culture. A similar, though less pronounced
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decrease, was observed for migratory locust, with induction times reduced by 21% and
29%, respectively. In contrast, house cricket exhibited improved oxidation stability after
fermentation, with an increase in induction time of 153% with L. plantarum and 167% with
the commercial starter culture.

200

YMM HC HCP  HCM ML MLP

YM YMP

.
wu
o

Induction time (min)
.
8

wu
o

MLM

Figure 1. Induction times for insects before and after fermentation (YM: yellow mealworm, YMP:
YM + L. plantarum, YMM: YM + commercial starter culture, HC: house cricket, HCP: HC + L. plantarum,
HCM: HC + commercial starter culture, ML: migratory locust, MLP: ML + L. plantarum, MLM:
ML + commercial starter culture).

These findings suggest that the impact of fermentation on lipid oxidation stability
is primarily dependent on the insect species, while the type of microbial culture used
plays a comparatively minor role. Similar observations were reported by Borremans,
Smets, and Van Campenhout (2020), who noted the onset of secondary lipid oxidation in
yellow mealworm during lactic acid fermentation, with further progression over time [102].
This finding aligns with the results of the current study, which found that fermentation
reduced the oxidation stability of yellow mealworm. Bernardo and Conte-Junior (2024)
also emphasized that the oxidation stability of edible insects is strongly influenced by
species-specific lipid composition and the processing methods used [103]. Insects vary in
PUFA content, which contributes to differences in susceptibility to oxidation. In this study,
yellow mealworm contained the lowest amount of PUFA (Table 2), potentially explaining its
initially higher oxidation stability compared to the other two species, except for fermented
house cricket, which showed an unexpected increase in induction time.

Processing steps, such as freezing, freeze-drying, cooking and grinding, can also affect
oxidation stability. These treatments may alter the nutritional and physicochemical prop-
erties of food products through physical, thermal or chemical mechanisms, consequently
decreasing their oxidation stability [104]. In the present study, all insect samples were
killed by freezing, freeze-dried, ground, and stored frozen prior to fermentation. These
methods are known to increase sample porosity and the specific surface area, making the
lipids more vulnerable to oxidation [53,103,105].

Overall, the observed changes in oxidation stability were influenced not only by fer-
mentation but also by prior processing methods. Treatments such as freezing, freeze-drying,
and grinding likely contributed to increased lipid exposure and susceptibility to oxidation.
Thus, oxidation stability in fermented insect products reflects the combined effects of
species-specific lipid composition, fermentation conditions, and processing techniques, all
of which should be considered in product development.

4. Conclusions

This study demonstrated that the effects of fermenting three edible insect species (yel-
low mealworm, house cricket, and migratory locust), with L. plantarum and a commercial
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starter culture, are highly dependent on both the insect species and the specific fermenta-
tion conditions. Fermentation resulted in a decrease in total dietary fiber and an increase in
non-protein nitrogen in both yellow mealworm and house cricket, while other parameters,
such as total nitrogen, protein nitrogen, and total fat, remained largely unaffected. No
notable improvements were observed in fatty acid profiles, likely due to the relatively
short fermentation time. Although increases in specific amino acids, such as ornithine,
were beneficial, the reduction of essential amino acids, including lysine, methionine, and
threonine, which are often limiting in plant-based diets, was less desirable. Fermentation
had mixed effects on mineral composition, enhancing the levels of essential elements like
Fe, K, Mg, Mn, Na, P, and Zn in some cases, while reducing others, including Zn, Se, and
Cu, with changes reflecting relative concentration effects. Oxidation stability also var-
ied, decreasing in yellow mealworm and migratory locust but improving significantly in
house cricket.

These findings highlight the complex interplay between insect species, microbial
cultures, and processing conditions in determining nutritional and functional outcomes.
Given the limited sample size in this study, future research should include larger sample
sets and longer fermentation periods to understand better the mechanisms involved and
optimize fermentation strategies for edible insect products. Additionally, it would be
valuable to assess bioaccessibility and elemental speciation in future studies to explore how
these factors influence the nutritional bioavailability of key micronutrients in fermented
insect products.
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of 100 g of fresh insects for risk assessment.
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Abbreviations

The following abbreviations are used in this manuscript:

AAS amino acid score

ADI arginine deiminase

ALA a-linolenic acid

AOAC Association of Official Agricultural Chemists

ATP adenosine triphosphate

CFU colony-forming units

DW dry weight

E/T essential amino acid to total amino acid ratio

EAA essential amino acid

EAAI essential amino acid index

EFSA European Food Safety Authority

EI electron impact

EU European Union

EV energy value

FAME fatty acid methyl ester

FAO Food and Agriculture Organization

FID flame ionization detection

FW fresh weight

GC gas chromatography

GC-MS gas chromatography coupled to mass spectrometry

h/H hypocholesterolemic/hypercholesterolemic ratio

HC house cricket

HCM house cricket fermented using commercial starter culture

HCP house cricket fermented using L. plantarum

IA atherogenic index

IT thrombogenic index

LA linoleic acid

LOD limit of detection

ML migratory locust

MLM migratory locust fermented using a commercial starter culture

MLP migratory locust fermented using L. plantarum

MRS De Man, Rogosa and Sharpe broth

MUFA monounsaturated fatty acid

n-3 omega-3 fatty acids

n-6 omega-6 fatty acids

NPN non-protein nitrogen

NIST National Institute of Standards and Technology

PUFA polyunsaturated fatty acid

QQQ-ICP-MS  triple quadrupole inductively coupled plasma mass spectrometer

RDI reference daily intake

SFA saturated fatty acid

SIM selected ion monitoring

spp- species

SRM standard reference material

YM yellow mealworm

YMM yellow mealworm fermented using commercial starter culture

YMP yellow mealworm fermented using L. plantarum
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Abstract: A complex microbial community gives the possibility to produce biogenic amines
in traditional fermented foods. In this study, the metabolism mechanisms of biogenic
amines during fermentation of fermented mandarin fish Chouguiyu were revealed based
on the metabolic pathways and correlation analysis. Functional genes based on KEGG
orthology related to biogenic amine metabolism were selected from the metagenome and
were used to construct the biogenic amine metabolic pathways in Chouguiyu. A total of 91
and 75 genera were related to the synthesis and degradation of biogenic amines, respec-
tively. High concentrations of cadaverine and putrescine were observed, while the other
biogenic amines were detected in relatively low concentrations. The metabolic mechanisms
of various biogenic amines were illuminated by correlation network maps between bio-
genic amines and microbial synthesis/degradation enzymes. Lactococcus, Flavobacterium,
Tessaracoccus, and Yoonia could only degrade and not produce biogenic amines. Acinetobacter
and Enterococcus possessed more abundant enzymes for degradation than synthesis. Amine
oxidase (K00276), diamine N-acetyltransferase (K00657), and gamma-glutamylputrescine
synthase (K09470) were the main biogenic amine degradation enzymes in the microbial
community. Lactococcus garvieae, Flavobacterium gelidilacus, Tessaracoccus antarcticus, Yoonia
vestfoldensis, Acinetobacter haemolyticus, and Enterococcus ureasiticus were the main microbial
species for biogenic amine degradation and could be isolated as the potential strains for
biogenic amine degradation in fermented foods.

Keywords: fermented mandarin fish; biogenic amine; synthesis; degradation; metagenome;
correlation network; food safety

1. Introduction

Biogenic amines (BAs) in foods are mainly produced by the decarboxylation of amino
acids under the action of microbial decarboxylases [1]. Excessive BAs can cause a variety
of harmful reactions, such as headaches, rashes, nausea, diarrhea, flushing, and neurotoxic-
ity [2]. BAs are easily produced in fermented foods because of the high concentrations of
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free amino acids and complex microbial community [3]. Many researchers have studied the
BA synthesis and degradation ability of microorganisms in fermented foods after isolation
and identification [4,5]. However, it is difficult to give a comprehensive understanding of
the microbial metabolism mechanism of BAs in fermented foods.

With the development of microbial analysis, high-throughput sequencing technology
can comprehensively analyze the complex microbial community in fermented foods [6,7].
Many studies have discovered BA-producing and BA-degrading microorganisms through
correlation analysis between microbial communities and BAs [8,9]. However, correlation
analysis only considers whether the abundance of the microbial community is consistent
with the change in BA content and ignores the relevant enzymes for BA metabolism
in these microorganisms. It cannot determine the core microorganisms that contribute
to the synthesis and degradation of BAs in fermented foods. Metagenomics can predict
microbial function by analysis of the whole genetic material of microbial community [10,11].
It provides an effective method to select the enzymes related to BA metabolism from
microorganisms in fermented foods [12].

Chouguiyu is a traditional fermented food made from mandarin fish in China, and
it has a unique flavor and taste. Most studies have focused on the study of changes in
free amino acids [13], volatile flavor compounds [14], and microbial community [11,15,16]
during fermentation of Chouguiyu. There are plenty of microorganisms in Chouguiyu due
to the low-salt fermentation process, which can not only generate unique flavor and taste
substances but also produce BAs. However, there is a lack of research on the changes in BAs
during fermentation of Chouguiyu. Moreover, the synthesis and degradation mechanisms
of BAs based on microbial metabolism have rarely been reported.

Therefore, in this study, metagenome sequencing was performed using an Illumina
Hiseq Xten to analyze the whole genetic material of the microbial community during
Chouguiyu fermentation. The key genes that were associated with the synthesis and degra-
dation of various BAs in the microbial community were selected after KEGG orthology
(KO) annotation. Combined with the results of BA concentrations, the metabolism mech-
anisms of different BAs during fermentation of Chouguiyu were revealed based on the
BA metabolic pathways and correlation networks between microorganisms and BAs. The
core microorganisms for BA degradation in Chouguiyu were also identified. This study
is expected to provide a comprehensive understanding of the synthesis and degradation
mechanisms of BAs in Chouguiyu, which is helpful in the isolation of functional strains for
the degradation of BAs.

2. Materials and Methods
2.1. Fermentation of Chouguiyu

Chouguiyu was made by fermenting mandarin fish coming from Guangdong, China,
(Siniperca chuatsi, av. 500 g, frozen and thawed before fermentation) at 15-20 °C for 8 days
in Anhui, China, according to previous studies [11,15,16]. Briefly, frozen mandarin fish was
thawed, gutted, and cleaned. Then, the prepared fish was soaked in brine (6% salt and
0.02% spices). Fermentation used wild microbiota (no starter cultures). Three samples of
Chouguiyu were collected on Day 1 (D1), Day 2 (D2), Day 4 (D4), Day 6 (D6), and Day 8
(D8) for further study.

2.2. Metagenome Sequencing of Microbial Community in Chouguiyu

The microorganisms in Chouguiyu were obtained after centrifugation of fermented
liquid in each sample. Shotgun metagenomics was adopted to analyze the microbial
community, as per previous studies [11,15,16]. Briefly, total genomic DNA was extracted
from microorganisms using the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA,
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USA). After the verification of DNA purity, the genomic DNA from microorganisms
was fragmented to construct the DNA library using NEXTFLEX® Rapid DNA-Seq (Bioo
Scientific, Austin, TX, USA). The DNA library was then used for paired-end sequencing
through the Illumina Hiseq Xten (Illumina Inc., San Diego, CA, USA).

2.3. Gene Assembly and Functional Annotation

Sequencing data were assembled using MEGAHIT (version 1.1.2) to obtain the contigs.
Open reading frames (ORFs) from each assembled contig were predicted using MetaGene.
CD-HIT (version 4.6.1) was used to cluster the gene sequences (90% identity and 90%
coverage). The longest gene in each class was selected as the representative sequence to
construct the non-redundant gene set. The obtained genes were aligned to the KEGG and
COG databases to obtain their annotation. The BA metabolic pathways in the microbial
community of Chouguiyu were constructed based on the KO in the KEGG pathways. The
abundance of enzymes from microbial genera was calculated based on the sum of KO
abundance related to BA metabolism. Representative sequences of non-redundant gene
catalogs were aligned to the NCBI NR database with an e-value cutoff of 1le-5 using
Diamond (version 0.8.35).

2.4. Determination of Biogenic Amines

The quantification of tryptamine, 3-phenylethylamine, putrescine, cadaverine, histamine,
tyramine, spermidine, and spermine was carried out as previously described [17] with some
modifications. Briefly, a total of 5.00 g of samples was added to centrifuge tubes with 10 mL
perchloric acid (0.4 mol/L) and was ground for 20 min at 40 Hz using a Multi-Tube Vortexer
(EFAA-HM-01, Yalin, Shanghai, China). After centrifugation at 4000 r/min for 20 min using a
high-speed tabletop refrigerated centrifuge (TDZ5-WS, Xiangyi, Changsha, Hunan, China),
the supernatant (1 mL) was mixed with 100 uL sodium hydroxide (2 mol/L) and 300 uL
saturated sodium bicarbonate. The derivative reaction was performed by adding dansyl
chloride (1 mL) into the mixture, followed by incubation in the dark at 40 °C for 45 min. The
BAs were detected using a high-performance liquid chromatograph (LC-20AD, Shimadzu,
Nakagyo-ku, Kyoto, Japan) equipped with an ultraviolet detector (SPD-M20A, Shimadzu,
Nakagyo-ku, Kyoto, Japan) on the WondaCract ODS-2 column (Shimadzu-GL, Nakagyo-ku,
Kyoto, Japan). Solvent A and solvent B were acetonitrile and ammonium acetate, respectively.
Elution program was performed as follows: 0.1 min, 55% B; 7 min, 65% B; 14 min, 70% B;
20 min, 70% B; 27 min, 90% B; 30 min, 100% B; 31 min, 100% B, 32 min, 55% B, and 37 min,
55% B with a flow rate of 0.80 mL/min. The BA contents of each sample were calculated
according to the standard curves (Table S1).

2.5. Statistical Analysis

The statistical analysis was conducted using SPSS 20.0 software (SPSS Inc., Chicago,
IL, USA) with one-way analysis of variance and multiple comparison Tukey tests. The
correlation network maps between microbial BA metabolism enzymes and BA contents
were built according to Pearson’s correlation by Cytoscape v3.9.1. Heatmaps were produced
using Excel (Microsoft Office Home and Student 2019, Redmond, WA, USA).

3. Results and Discussion
3.1. Metagenomic Analysis of Microbial Community in Chouguiyu

BAs are potential risks in Chouguiyu due to high concentrations of free amino acids
and the complex microbial community. To investigate this, we analyzed the metagenome
of the microbial community during Chouguiyu fermentation (Figure 1). According to the
taxonomic analysis of obtained genes of the metagenome, Firmicutes and Proteobacteria
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were the main phyla and their total abundance accounted for over 85% during fermentation
(Figure 1A). With increasing fermentation time, Firmicutes obviously increased while Pro-
teobacteria obviously decreased, in accordance with the results in other fermented aquatic
products [7,18], reflecting a successional pattern common to fermented fish. As shown in
Figure 1B, there were a total of 66 microbial genera (relative abundance > 0.1%). Vagococcus,
Acinetobacter, Psychrobacter, Peptostreptococcus, Enterococcus, Myroides, and Streptococcus
were the dominant genera during the fermentation of Chouguiyu. Among these genera,
Acinetobacter was the most abundant genus in the initial fermentation but was significantly
inhibited thereafter. A similar trend was also found in Myroides. With an increase in fer-
mentation time, the abundance of Vagococcus, Peptostreptococcus, and Enterococcus obviously
increased, while Psychrobacter first increased and then decreased. Vagococcus, Peptostrepto-
coccus, Psychrobacter, and Enterococcus became dominant at the end of fermentation.
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Figure 1. Metagenomic analysis of microbial community during fermentation of Chouguiyu. (A) Micro-
bial taxonomic composition at the (A) phylum and (B) genus levels. Gene annotations of metagenome
with the (C) KEGG and (D) COG databases. The (E) top 50 KO functions of the gene sequences and
the (F) KO functions related to BA metabolism.

In order to obtain gene annotations of the metagenome of the microbial community,
the gene sequences were further annotated using the KEGG and COG databases. As
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shown in Figure 1C, the KEGG pathways mainly focused on metabolism, among which
carbohydrate metabolism and amino acid metabolism had the highest abundance. As
shown in Figure 1D, except for function unknown (S), most gene sequences are annotated
as replication, recombination, and repair (L) and amino acid transport and metabolism (E).
The high abundance of genes related to amino acid metabolism provided the basis for
analyzing the metabolism process of BAs. KEGG orthology (KO) is a straight-homologous
classification system that can group genes with similar sequences and functions and use
the functions of known genes as the KO functions for cross-species annotation. All the
gene sequences of the microbial community in Chouguiyu were totally annotated with
13,968 KO functions. The top 50 KO functions are shown in Figure 1E. K01990, K02004,
K06147, and K01992 had the highest gene abundance during the fermentation of Chouguiyu.
The KO functions related to BA metabolism were further identified (Figure 1F). A total
of 16 KO functions were found in the metagenome of the microbial community. Among
these, K00797, K01476, K01480, K01581, K01582, K01590, K01593, K10536, K12251, K13746,
K13747, and K23385 were related to BA synthesis, while K00274, K00276, K00657, K00797,
K09251, K09470, K12256, K13746, and K13747 contributed to BA degradation. K00797,
K13746, and K13747 function in both synthesis and degradation pathways (Figure 2).
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Figure 2. Biogenic amine metabolic pathways of microbial community in Chouguiyu.

3.2. Enzymes Related to Biogenic Amine Metabolism in Chouguiyu Based on KO Functions

In order to fully understand the microbial metabolism mechanism and related enzymes
of BAs in Chouguiyu, the BA metabolic pathways in Chouguiyu were constructed according
to KO functions (Figure 2, Tables S2 and S3). For tryptamine metabolism, tryptamine was
produced from tryptophan by L-tryptophan decarboxylase (EC 4.1.1.28 and EC 4.1.1.105)
in K01593, while monoamine oxidase (EC 1.4.3.4) in K00274 could degrade tryptamine.
Cadaverine was mainly produced from lysine by D-lysine decarboxylase (EC 4.1.1.116)
in K23385 and lysine decarboxylase (EC 4.1.1.18) in K01582, while putrescine aminotrans-
ferase (EC 2.6.1.82) in K09251 could degrade cadaverine into 5-aminopentanal. Tyramine
was obtained from tyrosine using L-tryptophan decarboxylase (EC 4.1.1.28) in K01593
and could be degraded by monoamine oxidase (EC 1.4.3.4) in K00274 and primary-amine
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oxidase (EC 1.4.3.21) in K00276. Histamine was generated from histidine by histidine decar-
boxylase (EC 4.1.1.22) in K01590, while no histamine-degrading enzymes were identified
in Chouguiyu.

As one of the most abundant BAs, putrescine could be synthesized in a variety of ways.
Arginine was first catalyzed by arginase (EC 3.5.3.1, K01476) into ornithine, which was fur-
ther transferred into putrescine by ornithine decarboxylase (EC 4.1.1.17, K01581). This path-
way was also the main putrescine-producing pathway in fermented foods [19]. Putrescine
could also be synthesized through agmatine deiminase (EC 3.5.3.12) in K10536 and N-
carbamoylputrescine amidase (EC 3.5.1.53) in K12251 or agmatinase (EC 3.5.3.11) in K01480
using agmatine as the substrate. Meanwhile, many enzymes contributed to the degra-
dation of putrescine in Chouguiyu, including putrescine aminotransferase (EC 2.6.1.82) in
K09251 and pyruvate transaminase (EC 2.6.1.113) in K12256 for 4-aminobutanal production,
gamma-glutamylputrescine synthase (EC 6.3.1.11) in K09470 for y-L-glutamyl-putrescine
production, and diamine N-acetyltransferase (EC 2.3.1.57) in K00657 for N-acetyl-putrescine
production.

In addition, putrescine was also catalyzed into spermidine by spermidine synthase
(EC 2.5.1.16) in K00797 or was first degraded into carboxy-spermidine by carboxynorsper-
midine synthase (EC 1.5.1.43) in K13746 and transferred into spermidine by carboxynorsper-
midine decarboxylase (EC 4.1.1.96) in K13747. No spermidine-degrading enzyme, i.e.,
spermine-synthesizing enzyme, was observed in Chouguiyu.

Phenylethylamine was produced from phenylalanine by L-tryptophan decarboxylase
(EC 4.1.1.28) in K01593. The enzymes for phenylethylamine degradation were the same as
those for tyramine degradation, resulting in the production of phenylacetaldehyde.

3.3. Microbial Genus Related to Biogenic Amine Metabolism in Chouguiyu Based on KO
3.3.1. Microbial Genera for BA Synthesis

After analyzing the KO abundance, there were a total of 111 microbial genera related
to BA metabolism (Figure 3). Among these, 91 microbial genera possessed BA synthesis
ability (Figure 3A). Pseudomonas was the only microbial genus that possessed L-tryptophan
decarboxylase (K01593), which was the most important enzyme for producing tryptamine,
tyramine, and phenylethylamine. The gene abundance of Pseudomonas first increased and
then decreased to none. Similarly, previous studies found that Pseudomonas was one of the
main microorganisms to produce tryptamine [20], tyramine [5], and phenylethylamine [21].

The lysine decarboxylase in Hafnia can effectively produce cadaverine [22]. In this
study, Hafnia was the most important microbial genus for the production of D-lysine decar-
boxylase (K23385) and lysine decarboxylase (K01582) for cadaverine synthesis. In addition,
a high abundance of lysine decarboxylase (K01582) was found in Obesumbacterium, Cit-
robacter, Raoultella, Serratia, and Enterobacter, contributing to abundant cadaverine synthesis.
Similar results were found showing that the expression of the decarboxylase gene in Ser-
ratia [23], as well as Citrobacter and Enterobacter [24-26], was associated with cadaverine
production in foods. There were five microbial genera related to histamine production,
among which Morganella and Raoultella contained the most abundant histidine decarboxy-
lase (K01590). The histamine-producing ability of Morganella [27] and Raoultella [28] has
also been reported in other studies.
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Figure 3. Abundance of enzymes for the (A) synthesis and (B) degradation of biogenic amines from
the microbial community in Chouguiyu.

Putrescine was mainly produced by a two-step reaction of agmatinase (K01476) and

ornithine decarboxylase (K01581). A total of 20 microbial genera were responsible for the

production of agmatinase, and most arginase-producing genera increased along with the fer-

mentation process. Among these, Vagococcus, Kurthia, Brevibacillus, and Pelagivirga were the

main microbial genera for agmatinase production. More microbial genera (27 kinds) could

produce ornithine decarboxylase, and Psychrobacter, Citrobacter, Kluyvera, and Moraxella

were the main microbial genera. However, there were only six microbial genera that
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could produce agmatinase and ornithine decarboxylase together, including Pelagivirga,
Psychrobacter, Serratia, Kluyvera, Paracoccus, and Citrobacter. For putrescine synthesis from
agmatine, there were 38 microbial genera secreting agmatinase (K01480), among which
Muyroides, Pseudoalteromonas, Citrobacter, and Vibrio played an important role in enzyme
secretion. Most agmatinase-producing genera with high abundance decreased in the late
fermentation.

In addition, putrescine could also be produced by a two-step reaction of agmatine
deiminase (K10536) and N-carbamoylputrescine amidase (K12251) from agmatine. A total
of 31 and 11 microbial genera were responsible for the production of agmatine deiminase
and N-carbamoylputrescine amidase. Most genera with a high abundance of agmatine
deiminase production increased with the increasing fermentation time. Acinetobacter,
Psychrobacter, Lactococcus, and Vagococcus were the main microbial genera for agmatine
deiminase production, while Psychrobacter, Pseudoalteromonas, Bacteroides, and Empedobacter
were the main microbial genera for N-carbamoylputrescine amidase. Only Acinetobacter,
Psychrobacter, Aeromonas, Chryseobacterium, and Pseudomonas produced these two enzymes
together. The pathways of putrescine production are more complicated than those of
other BAs and many studies have reported that putrescine can be generated from similar
microorganisms, such as Enterobacter [29], Citrobacter [10], Proteus [24,30], Serratia [31],
Aeromonas [32], and Lactococcus [32].

A total of 20 microbial genera possessed a high abundance of spermidine synthase
(K00797) to produce spermidine, among which Pseudoalteromonas, Psychrobacter, Myroides,
Serratia, Lysobacter, Raoultella, Macrococcus, and Shewanella were the main microbial gen-
era. Spermidine was also produced by carboxynorspermidine synthase (K13746) and
carboxynorspermidine decarboxylase (K13747) from putrescine. However, only Vibrio
could produce carboxynorspermidine synthase, while there were nine microbial genera
that possessed the ability to produce carboxynorspermidine decarboxylase, such as Psy-
chrobacter, Bacteroides, and Vibrio. Similarly, Psychrobacter [33], Bacteroides [34], Serratia [35],
and Shewanella [36] showed greater capacity to produce spermidine. Spermidine was
further degraded into spermine using spermine synthase. However, there was no microbial
metabolic gene for spermine in Chouguiyu.

3.3.2. Microbial Genera for BA Degradation

Besides the abundant microorganisms for the production of BAs, many microorgan-
isms (75 microbial genera) possessed various enzymes related to the degradation of BAs in
Chouguiyu (Figure 3B). In this study, a total of 73 microbial genera possessed BA degrada-
tion ability and 19 microbial genera were potentially able to produce monoamine oxidase
(K00274) for tryptamine, tyramine, and phenylethylamine degradation, among which
Psychrobacter, Lysobacter, Primorskyibacter, Pelagivirga, and Dietzia possessed the highest
abundance and increased along with the fermentation process. Tyramine and phenylethy-
lamine could also be degraded by primary-amine oxidase (K00276). A total of 14 microbial
genera generated primary-amine oxidase. Hafnia, Acinetobacter, Kluyvera, and Raoultella
were the main microbial genera to produce the enzyme. Most genera with a high abundance
of primary-amine oxidase production decreased with the prolongation of fermentation time.
A total of 7 microbial genera played an important role in secreting putrescine aminotrans-
ferase (K09251) for cadaverine and putrescine degradation, and Hafnia, Kluyvera, Citrobacter,
Enterobacter, and Lactococcus possessed the highest abundance. Lactococcus has previously
been found to possess the enzyme activities responsible for BA degradation in cheese [37].
In addition, putrescine could be degraded by pyruvate transaminase (K12256), spermidine
synthase (K00797), carboxynorspermidine synthase (K13746), gamma-glutamylputrescine
synthase (K09470), and diamine N-acetyltransferase (K00657). Pyruvate transaminase was
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produced from 13 microbial genera, such as Pelagivirga, Acinetobacter, Sulfitobacter, and
Aeromonas. The microbial genera for putrescine degradation using spermidine synthase
and carboxynorspermidine synthase were the same as those for spermidine synthesis.
There were nine genera that produced gamma-glutamylputrescine synthase, among which
Acinetobacter, Serratia, Hafnia, Citrobacter, and Raoultelln were the main genera. More gen-
era (32 kinds) had the ability to produce diamine N-acetyltransferase, and Vagococcus,
Enterococcus, Myroides, and Lactococcus were the main genera with high abundance. It
was reported that Enterococcus’s multicopper oxidases could degrade phenylethylamine,
putrescine, histamine, and tyramine [25]. Interestingly, some microbial genera possessed
various enzymes for the degradation of various BAs in Chouguiyu, such as Acinetobacter,
Aeromonas, Arthrobacter, Hafnia, Lysobacter, Raoultella, and Pseudomonas. Similar results were
found showing that Arthrobacter was widely used to produce various amine oxidases for
phenylethylamine, tyramine, and histamine degradation [38].

Interestingly, huge differences in microbial composition were found using total genes
of the metagenome (Figure 1B) and genes related to BA metabolism (Figure 3). It was more
scientific to analyze the mechanism of BA production and degradation based on functional
gene abundance.

3.4. Change in Biogenic Amines During Fermentation of Chouguiyu

In order to clarify the actual influence of microbial genera on BAs of Chouguiyu, the
change rules of eight BAs in Chouguiyu at different fermentation time are shown in Figure 4.
As the fermentation time increased, tryptamine and phenylethylamine first increased and
then decreased, and all reached maximums at 2 d of 4.30 and 2.86 mg/kg, respectively.
Interestingly, the gene abundance of K01593 in Pseudomonas was low in Chouguiyu (Figure 3),
resulting in the relatively low content of these two BAs. Cadaverine, tyramine, histamine,
and putrescine markedly increased with the increasing fermentation time, while spermidine
and spermine decreased. Histamine is considered the most toxic BA in fermented foods [7].
Worldwide, the legal limit for histamine in aquatic products varies by country and product
type [39]. Among these, the minimum limit is 30 mg/kg and the United States suggests that
the histamine safe limit in aquatic products is 50 mg/kg [40]. In this study, the histamine
content reached a maximum of 15.91 mg/kg after fermentation for 8 d, indicating the safety
of Chouguiyu. And the abundance of histidine decarboxylase genes decreased in the late
fermentation, which might be an important reason for the low production of histamine.
Tyramine also shows high toxicity, and its excessive intake can cause headaches and high
blood pressure [24]. In this study, the maximal tyramine content was 25.65 mg/kg after 8 d
fermentation.

Cadaverine and putrescine, despite being non-toxic in themselves, can inhibit the
metabolic enzyme activity of histamine and tyramine (such as monoamine oxidase and
diamine oxidase), therefore enhancing the toxicity of histamine and tyramine [31]. In this
study, cadaverine and putrescine were the highest BAs in Chouguiyu at D8, reaching their
maximums of 105.73 mg/kg and 105.30 mg/kg, respectively. The smelly flavor of these
two BAs might contribute to the unique flavor of Chouguiyu. Interestingly, the abundance
of the cadaverine-producing genes in almost all microbial genera first increased and then
decreased during fermentation of Chouguiyu. There were low contents of spermidine, sper-
mine, tryptamine, and phenylethylamine in the late fermentation of Chouguiyu, especially
spermidine, which was not even detected.
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Figure 4. Change in biogenic amines during fermentation of Chouguiyu. Bars with different lowercase
letters differ at p < 0.05 by one-way analysis of variance and Tukey test.

3.5. Relationship of Biogenic Amine and Metabolic Pathway in Chouguiyu

The relationship between microorganisms and their metabolites can be clearly visual-
ized by correlation network maps [41,42]. To elucidate the microbial sources of biogenic
amines (BAs), Pearson’s correlation between microbial synthesis enzymes and BAs was ana-
lyzed within each KO (Figures 5 and S1 and Table 54). L-tryptophan decarboxylase (K01593)
from Pseudomonas was positively correlated with tryptamine and phenylethylamine, while
a negative correlation was observed with tyramine. Pseudomonas was similarly identified
as an important genus for tryptamine production in correlative analyses [43]. Cadaverine
levels were significantly positively correlated with D-lysine decarboxylase (K23385) from
Salmonella but negatively correlated with the enzyme from Hafnia. Cadaverine was sig-
nificantly positively correlated with lysine decarboxylase (K01582) from Caldisalinibacter,
Gottschalkia, Anaerosphaera, and Citrobacter but was negatively correlated with that from
Serratia, Hafnia, and Escherichia.

Salmonella, Caldisalinibacter, Gottschalkia, Anaerosphaera, and Citrobacter might play a
major role in cadaverine synthesis. Similarly, cadaverine in Dongbei Suancai (fermented
cabbage from Dongbei) was highly related to Citrobacter [9]. The change in putrescine
was significantly positively correlated with arginase (K01476) from Pelagivirga, Lysobacter,
Vagococcus, Paracoccus, and Brevibacillus, ornithine decarboxylase (K01581) from Ruege-
ria, Sedimentitalea, Paracoccus, and Pelagivirga, N-carbamoylputrescine amidase (K12251)
from Lysobacter, and agmatinase (K01480) from Pseudosulfitobacter, Pelagivirga, Sulfitobacter,
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Andpreesenia, Tissierella, and Agrococcus. The enhanced abundance of enzymes from these
genera might play an important role in putrescine production.
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Figure 5. Correlation network map between microbial synthesis enzymes and biogenic amines. The
red and blue lines, respectively, represent positive and negative correlation.

Histamine was positively correlated with histidine decarboxylase (K01590) from
Morganella and Raoultella, with Morganella—an established histamine-producing bacterium
in seafood—being particularly notable [44]. Spermidine levels were significantly positively
correlated with carboxynorspermidine decarboxylase (K13747) from Vibrio and Arcobacter
and with spermidine synthase (K00797) from Myroides, Lelliottia, and Serratia. Vibrio,
Arcobacter, Myroides, Lelliottia, and Serratia might be the major spermidine-synthesizing
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bacteria. Based on correlation analysis, Serratia was positively correlated with most of the
BAs in soybean paste [26].

For the correlation between BAs and their degradation enzymes from microorgan-
isms in Chouguiyu, Pearson’s correlation between microbial degradation enzymes and
BAs in each KO was analyzed (Figures 6 and S2 and Table S5). Tryptamine levels were
significantly positively correlated with monoamine oxidase (K00274) from Kocuria, Flavobac-
terium, and Tessaracoccus. Cadaverine was significantly positively correlated with putrescine
aminotransferase (K09251) from Lactococcus but was negatively correlated with that from
Citrobacter and Lelliottia. Declining Citrobacter and Lelliottia abundances correlated with
cadaverine accumulation, suggesting reduced degradation capacity, and the decrease in
Lactococcus was beneficial to the control of cadaverine accumulation. Tyramine levels were
significantly positively correlated with monoamine oxidase from Primorskyibacter, Lysobac-
ter, Roseovarius, Dietzia, Paracoccus, Gillisia, Tessaracoccus, Pseudorhodobacter, and Pelagivirga
and positively related with primary-amine oxidase from Brevibacterium, Agrococcus, Para-
coccus, and Psychrobacter. The increasing enzymes in these genera might contribute to the
inhibition of tyramine accumulation. Conversely, tyramine concentration was significantly
negatively correlated with monoamine oxidase from Pseudomonas and Pseudoalteromonas
and with primary-amine oxidase from Acinetobacter, Arthrobacter, Galactobacter, Kocuria, and
Hafnia, indicating their role in tyramine increase.

The change in putrescine was also significantly positively correlated with putrescine
aminotransferase (K09251) from Lactococcus, pyruvate transaminase (K12256) from Pela-
givirga, Sulfitobacter, Roseovarius, and Hoeflea, spermidine synthase (K00797) from Lysobacter,
Brevibacterium, and Dietzia, and diamine N-acetyltransferase (K00657) from Oceanobacillus,
Bacillus, Enterococcus, Salinicoccus, Jeotgalibaca, Vagococcus, and Aequorivita. These increasing
enzymes in the above genera were important for the inhibition of putrescine in Chouguiyu.
Meanwhile, putrescine was significantly negatively correlated with putrescine amino-
transferase from Citrobacter, Lelliottia, Kluyvera, and Hafnia, pyruvate transaminase from
Pseudomonas, Aeromonas, Halomonas, and Shewanella, spermidine synthase from Pseudoal-
teromonas, Shewanella, Lelliottia, Myroides, Chryseobacterium, and Comamonas, carboxynorsper-
midine synthase (K13746) from Vibrio, gamma-glutamylputrescine synthase (K09470) from
Enterobacter, Serratia, Acinetobacter, and diamine N-acetyltransferase from Vibrio, Aeromonas,
Pseudoalteromonas, Carnobacterium, Kluyvera, Myroides, Hafnia, Serratia, and Weissella. The
decreasing enzymes in these genera contributed most to the increase in putrescine during
fermentation of Chouguiyu.

The change in phenylethylamine was significantly positively correlated with monoamine
oxidase from Kocuria, Flavobacterium, and Tessaracoccus and correlated with primary-amine
oxidase from Leclercia and Paeniglutamicibacter. These microbial genera played a crucial role in
the maintenance of phenylethylamine concentration. Meanwhile, the KOs of K09251, K00657,
K00274, K12256, K09470, and K00276 were the major biological amine degradation pathways
(Figure 2).

Interestingly, microbial degraders of tryptamine, tyramine, and phenylethylamine
outnumbered producers, explaining their low concentrations. Conversely, putrescine and
cadaverine accumulated due to scarce degraders (Figure 6).
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Figure 6. Correlation network map between microbial degradation enzymes and biogenic amines.

The red and blue lines, respectively, represent positive and negative correlation.

3.6. Identification of Core Microorganisms for Biogenic Amine Degradation in Chouguiyu

In order to more clearly focus on BA-degrading microbial species, the microorganisms

associated with key degradation pathways are shown in Figure 7. In this study, the

synthesis of cadaverine by microorganisms in Chouguiyu was higher than its degradation
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process, resulting from the increasing cadaverine concentration along with fermentation
(Figure 7A). Salmonella, Gottschalkia, Caldisalinibacter, and Anaerosphaera contributed most to
the production of cadaverine, while Enterobacter and Lactococcus were the main cadaverine-
degrading microbial genera.
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Figure 7. Core microbial genera for the degradation of biogenic amines. (A) Total abundance of
functional enzymes related to biogenic amine synthesis and degradation in different microbial genera
and their correlation with biogenic amines. (B) Core microbial species with the ability to degrade
biogenic amines during the fermentation of Chouguiyu. (C) Relationship of core microbial species
and enzymes related to biogenic amine degradation.

Among the histamine-producing genera, only Morganella showed a close relationship
with histamine, and its low abundance resulted in the low content of histamine.

Pseudomonas was the only genus that was responsible for the synthesis of phenylethy-
lamine, tryptamine, and tyramine, leading to the relatively low production of these BAs in
Chouguiyu. More microbial genera were helpful in the degradation of phenylethylamine,
among which Psychrobacter, Hafnia, Lysobacter, and Acinetobacter were the main degrada-
tion bacteria of phenylethylamine, while Psychrobacter and Lysobacter contributed most to
tryptamine and tyramine degradation. Vagococcus and Psychrobacter, which possessed high
enzyme abundance, were the main putrescine synthesis microorganisms, while Vagococcus
and Enterococcus were beneficial for putrescine degradation. The high abundance of syn-
thesis enzymes in Psychrobacter, Pseudoalteromonas, Myroides, and Bacteroides was important
for spermidine synthesis, while there was no related enzyme for spermidine degradation.
Interestingly, Lactococcus, Flavobacterium, Tessaracoccus, and Yoonia possessed only the BA
degradation enzymes. Similarly to Korean jeotgal [45], Chouguiyu’s low-salt process permits
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diverse BA-producing microbes, but unlike jeotgal, it harbors unique degraders like Yoonia.
In addition, Acinetobacter and Enterococcus had a much higher abundance of degradation
enzymes than synthesis enzymes for BA metabolism.

The microbial species in the above genera for BA degradation were further explored
(Figure 7B,C). For Lactococcus, a total of four microbial species had the BA degrada-
tion enzyme genes, among which Lactococcus garvieae possessed the most abundant pu-
trescine degradation enzymes. Lactococcus lactis possessed both putrescine aminotrans-
ferase (K09251) and diamine N-acetyltransferase (K00657) for cadaverine and putrescine
degradation, while Lactococcus raffinolactis, Lactococcus piscium, and Lactococcus garvieae only
possessed diamine N-acetyltransferase for putrescine degradation. Flavobacterium gelidila-
cus, Tessaracoccus antarcticus, and Yoonia vestfoldensis were the only species that possessed
monoamine oxidase (K00274) for tryptamine, tyrosine, and phenylalanine degradation in
Flavobacterium, Tessaracoccus, and Yoonia, respectively. For Acinetobacter, a total of 19 mi-
crobial species possessed plenty of BA degradation genes, and they were observed to
have a variety of putrescine, tyrosine, and phenylalanine degradation enzymes, includ-
ing pyruvate transaminase (K12256), gamma-glutamylputrescine synthase (K09470), and
primary-amine oxidase (K00276). Among these species, Acinetobacter haemolyticus possessed
the highest enzyme activity for tyrosine and phenylalanine degradation. For Enterococcus,
there were six microbial species that had putrescine degradation enzymes, i.e., diamine
N-acetyltransferase. Enterococcus ureasiticus possessed more abundant enzymes than the
other microbial species in Enterococcus.

It can be concluded that Lactococcus garvieae, Flavobacterium gelidilacus, Tessaracoccus
antarcticus, Yoonia vestfoldensis, Acinetobacter haemolyticus, and Enterococcus ureasiticus were
the main microbial species for BA degradation during the fermentation of Chouguiyu, which
could be isolated as the potential functional strains for the degradation of BAs in fermented
foods. According to the above results, the degradation of undesirable BAs in Chouguiyu
could be reduced and isolated strains could be applied in fermented foods like fish sauce
or cheese to reduce BA risks.

4. Conclusions

Based on KO analysis, there were 91 BA-synthesizing microbial genera, among which
Psychrobacter, Vagococcus, Pseudoalteromonas, Hafnia, Citrobacter, and Myroides were the main
genera, especially for putrescine synthesis. Seventy-five genera possessed degradation
enzymes, primarily Acinetobacter, Psychrobacter, Vagococcus, Pseudoalteromonas, Enterococcus,
Muyroides, and Hafnia, especially for putrescine. After determination of BAs, high con-
centrations of cadaverine and putrescine were observed in Chouguiyu, while histamine
and tyramine exhibited relatively low concentrations, and these four BAs increased with
the increasing fermentation time, similar to KO analysis. The correlation networks re-
vealed Lactococcus, Flavobacterium, Tessaracoccus, and Yoonia as non-producers but potential
BA degraders. Acinetobacter and Enterococcus possessed more abundant degradation en-
zymes than synthesis enzymes. Amine oxidase from Acinetobacter, as well as diamine
N-acetyltransferase from Enterococcus and Lactococcus, played the main role in biogenic
amine degradation in Chouguiyu. Lactococcus garvieae, Flavobacterium gelidilacus, Tessaracoc-
cus antarcticus, Yoonia vestfoldensis, Acinetobacter haemolyticus, and Enterococcus ureasiticus
were the main microbial species for BA degradation and could be isolated as the potential
functional strains for the degradation of BAs in fermented foods.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods14162863/s1, Table S1: Standard curves of different biogenic
amine; Figure S1: Correlation heatmap between microbial synthesis enzymes and biogenic amines
in each KO; Figure S2: Correlation heatmap between microbial degradation enzymes and biogenic

118



Foods 2025, 14, 2863

amines in each KO. Table S2: Enzymes and relative abundance of reads involved in biogenic amine
production in Chouguiyu; Table S3: Enzymes and relative abundance of reads involved in biogenic
amine degradation in Chouguiyu; Table S4: Correlations and p-value between synthesis genus and
biogenic amine in Chouguiyu. Table S5: Correlations and p-value between degradation genus and
biogenic amine in Chouguiyu.
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Abstract: Background: Obesity-associated liver dysfunction is a key feature of metabolic
syndrome. Marine by-products, such as fish oils, offer promising dietary interventions. In
this study, we aimed to assess the anti-obesity and hepatoprotective effects of herring—saury
by-product-derived fermented fish oil—Gwamegi oil (GmO)—and the same oil fermented
with Lactobacillus brevis KCCM13538P (GmOLD) in a high-fat-diet (HFD)-induced obese
mouse model. Methods: GmO was extracted and fermented. Anti-obesity and hepato-
protective effects were assessed using in vitro and in vivo studies. For the in vivo study,
female C57BL/6] mice were fed an HFD supplemented with lard (control), GmO, or
GmOLDb for 60 days. Metabolic and liver function parameters were assessed. Results:
In 3T3-L1 adipocytes, GmOLDb significantly reduced lipid accumulation and intracellular
triglyceride (TG) levels compared with GmO. In HFD-fed mice, GmOLD significantly re-
duced body weight gain, ovarian fat mass, serum TG, low-density lipoprotein cholesterol,
leptin concentration, atherogenic indices, and cardiac risk factor ratio. Furthermore, it
reduced liver damage indicators, including alanine aminotransferase, aspartate amino-
transferase, and total bilirubin levels. Conclusions: Fermenting herring—saury oil with
L. brevis KCCM13538P enhanced its anti-obesity and hepatoprotective effects in HFD-fed
mice. GmOLDb shows strong potential as a functional dietary lipid for preventing and
managing metabolic disorders.

Keywords: fermented fish oil; Lactobacillus brevis; high-fat diet; obesity; liver function

1. Introduction

Obesity is a major global health concern that significantly increases the risk of
metabolic complications, including type 2 diabetes, non-alcoholic fatty liver disease
(NAFLD), cardiovascular disease, and certain cancers. It results from a complex inter-
play of factors, including a sustained energy imbalance, reduced physical activity, and
dysregulated lipid and glucose metabolism. The widespread adoption of Western-style
diets, characterized by an excessive intake of saturated fats, refined carbohydrates, and
ultra-processed foods, has further exacerbated the global prevalence of obesity and its
associated complications [1,2]. High-fat diets (HFDs) are widely used in experimental
models to replicate the key features of human obesity, such as visceral adiposity, hepatic
steatosis, dyslipidemia, and chronic low-grade inflammation [3-5].

Foods 2025, 14, 2862 https://doi.org/10.3390/foods14162862
122



Foods 2025, 14, 2862

Marine-derived oils, particularly those rich in omega-3 polyunsaturated fatty acids
(w-3 PUFAs), have gained increasing attention for their anti-obesity and hepatoprotective
properties [6,7]. Herring (Clupea pallasii) and saury (Cololabis saira) are two underutilized
fish species rich in bioactive lipids, particularly eicosapentaenoic acid (EPA) and docosahex-
aenoic acid (DHA). These long-chain w-3 PUFAs support lipid metabolism, reduce systemic
inflammation, and enhance hepatic function [8-10]. In addition to w-3 PUFAs, marine
oils from herring and saury contain physiologically relevant levels of fat-soluble vitamins,
including vitamins A, D, E, and K, which may aid immune regulation, lipid metabolism,
and vascular health [11-13]. Among these, vitamin K2 variants such as menaquinone-4
(MK-4) and menaquinone-7 (MK-7) are notable for their high bioavailability and metabolic
functions [14-16]. Gwamegi is a traditional Korean seafood product made by semi-drying
herring or saury using cold sea winds during winter months. This artisanal preservation
method, primarily practiced in coastal areas such as Pohang, enhances flavor and nutri-
tional value while maintaining a soft, chewy texture. Gwamegi is widely consumed in
Korea; however, it is relatively unfamiliar in global markets and scientific literature. In
this study, oil extracted from surplus herring and saury raw materials—before their use in
traditional Gwamegi production—is referred to as Gwamegi oil (GmO).

The functional efficacy of marine oils can be further enhanced through microbial fer-
mentation using probiotic strains, such as Lactobacillus brevis [17,18]. Fermentation enhances
the oxidative stability and bioavailability of unsaturated fatty acids (USFAs) and gener-
ates secondary metabolites with anti-inflammatory and lipid-lowering activities [19,20].
L. brevis, a lactic acid bacterium commonly identified in fermented foods, has demonstrated
beneficial properties, including antioxidant, anti-obesity, and hepatoprotective effects [21].
Specifically, L. brevis possesses esterase and lipase genes that are enzymatically active under
fermentation conditions, enabling the hydrolysis of triglycerides and esterified lipids [22].
In this study, we developed a probiotic fermentation system using a blend of herring and
saury by-product oils inoculated with L. brevis KCCM13538P, supplemented with 0.1%
yeast extract as a minimal nitrogen source to maintain microbial viability. In this study,
we aimed to evaluate the anti-obesity and hepatoprotective effects of Gwamegi oil (GmO)
and its fermented form (GmOLD) in in vitro and in vivo models of metabolic dysfunction.
We hypothesized that fermentation with L. brevis KCCM13538P would enhance the func-
tional efficacy of fish oil by increasing w-3 PUFA bioavailability and generating additional
bioactive metabolites [23,24]. To test this hypothesis, we assessed lipid accumulation,
serum lipid profiles, liver function markers, and histopathological changes in HFD-induced
obese mice.

2. Materials and Methods
2.1. Preparation of GmO and GmOLDb

GmO was prepared by mixing the by-products of herring (C. pallasii) and saury
(C. saira) at a 1:9 ratio, reflecting the relative availability of raw materials during production,
as saury by-products were more abundant. Future studies will compare various blending
ratios to evaluate their effects on the physicochemical properties and biological activities
of the resulting oils. The raw materials, sourced from Hyun-Dae Feed Co., Ltd. (Pohang,
Gyeongsangbuk-do, Republic of Korea), were thermally treated at 95 °C for 5 min to
separate lipids from solid residues. Subsequently, the mixture was centrifuged (3000x g,
10 min) to obtain the oil fraction. The collected o0il (GmO) was filtered using a separatory
funnel to remove any insoluble particles, and stored at 4 °C for short-term use or at —20 °C
for long-term storage. Prior to the experiments, GmO was equilibrated at room temperature
for 1 h to ensure complete liquefaction. For fermentation, GmO supplemented with 0.1%
yeast extract (BD Difco™, Sparks, MD, USA) was sterilized at 121 °C for 15 min to eliminate
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potential microbial contaminants. L. brevis KCCM13538P was used as the fermenting strain.
A preculture was prepared by inoculating 1% (v/v) L. brevis KCCM13538P into de Man,
Rogosa, and Sharpe broth (BD Difco™, Sparks, MD, USA), and incubating at 30 °C for 24 h.
The resulting bacterial suspension was adjusted to an optical density of 1.0 (108 CFU/mL)
at 600 nm (ODgp), and 1.0% (v/v) of this suspension was inoculated into the sterilized
GmO. Fermentation was conducted under stationary conditions at 30 °C for 24 h, achieving
a viable cell count of approximately 10'° to 10'* CFU/mL. The fermented oil, designated
as GmOLDb, was subsequently stored at —20 °C.

2.2. Fatty Acid and Fat-Soluble Vitamin Analysis

Fatty acid composition was determined using gas chromatography (GC) after deriva-
tization to fatty acid methyl esters (FAMEs; Sigma-Aldrich, St. Louis, MO, USA) following
the method described by Ichihara et al. [25], with minor modifications. Lipids were
methylated with 14% boron trifluoride (Sigma-Aldrich, St. Louis, MO, USA) in methanol
(Sigma-Aldrich, St. Louis, MO, USA), followed by extraction with hexane (Sigma-Aldrich,
MO, USA). The resulting FAMEs were analyzed using a GC system (Agilent 7890A; Agilent
Technologies, Santa Clara, CA, USA) equipped with a flame ionization detector and capil-
lary column (HP-88; 100 m x 0.25 mm, 0.20 um film thickness). The injector and detector
temperatures were set at 250 °C, and the oven temperature was programmed to increase
from 140 °C (held for 5 min) to 240 °C at a rate of 4 °C/min. Helium was used as the carrier
gas at a flow rate of 1.0 mL/min. Individual fatty acids were identified by comparing
retention times with those of authentic standards. Quantitative data were expressed as the
mean = standard deviation (SD), excluding trace or unidentified peaks.

Fat-soluble vitamins (A, D, E, and K2) were extracted using a liquid-liquid extraction
method and analyzed by high-performance liquid chromatography (HPLC), following
the previously described methods [26,27], with slight modifications. Oil samples were
saponified with ethanolic potassium hydroxide and extracted using n-hexane. The extracted
vitamins were analyzed using an HPLC system (Waters Alliance €2695; Waters Corp.,
Milford, MA, USA) equipped with a photodiode array detector. Separation was performed
on a C18 reverse-phase column (250 x 4.6 mm, 5 um). The mobile phase consisted of
methanol and water (95:5, v/v) at a flow rate of 1.0 mL/min. Detection wavelengths
were 325, 265, 290, and 248 nm for vitamins A, D, E, and K2, respectively. Vitamin A was
expressed as retinol equivalents (RE), vitamin D and K2 (MK-4 and MK-7) as micrograms
(1g), and vitamin E as alpha-tocopherol equivalents (x-TE). The vitamin content was
normalized to 100 g of oil.

2.3. T3-L1 Cell Culture and Adipogenic Differentiation

Murine 3T3-L1 preadipocytes (American Type Culture Collection CL-173; Manassas,
VA, USA) were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Grand
Island, NY, USA) supplemented with 10% (v/v) bovine calf serum (HyClone, Logan, UT,
USA) and 1% (v/v) penicillin—streptomycin (Gibco, Grand Island, NY, USA) at 37 °C in
a humidified atmosphere containing 5% CO,. Upon reaching confluence (designated
as day 0), adipogenic differentiation was induced by treating the cells for 48 h with a
standard MDI induction cocktail containing 0.5 mM 3-isobutyl-1-methylxanthine (Sigma-
Aldrich, St. Louis, MO, USA), 1 uM dexamethasone (Sigma-Aldrich, St. Louis, MO, USA),
and 10 pg/mL insulin (Sigma-Aldrich, St. Louis, MO, USA) in DMEM supplemented
with 10% (v/v) fetal bovine serum (FBS; Gibco, Grand Island, NY, USA), as described
by Zebisch et al. [28], with minor modifications. As insulin was already included in the
MDI cocktail to induce adipogenesis, it was not used separately as a positive control
during the differentiation assay. After 48 h (day 2), the medium was replaced with DMEM
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containing 10% (v/v) FBS and 10 pg/mL insulin, and the cells were further incubated for
six days with media changes every two days. Test samples, including GmO and GmOLDb
(fermented with L. brevis KCCM13538P), were administered at concentrations ranging
from 10 to 300 pg/mL throughout the differentiation period (day 0 to day 8). Control
cells were treated with vehicle dimethyl sulfoxide (DMSO) under similar differentiation
conditions. Adipocyte differentiation and lipid accumulation were assessed on day 8, as
described by Gregoire et al. [29].

2.4. Cell Viability and Lipid Accumulation Assays

Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Abcam, Cambridge, UK). Then, 3T3-L1 preadipocytes were seeded in
96-well plates and treated with various concentrations (10-300 pg/mL) of GmO or GmOLDb
for 24 h. Subsequently, 20 uL of MTT solution (5 mg/mL in phosphate-buffered saline
[PBS]; Sigma-Aldrich) was added to each well and incubated at 37 °C for 4 h. The resulting
formazan crystals were solubilized in 150 puL of DMSO, and absorbance was measured at
570 nm using a microplate reader (BioTek Instruments, Winooski, VT, USA), as described
previously [30]. Lipid accumulation was assessed using Oil Red O staining (Sigma-Aldrich)
on day 8 of differentiation. Cells were washed with PBS, fixed with 10% (v/v) formalin for
30 min, and stained for 1 h at room temperature using a filtered Oil Red O solution (0.5% in
isopropanol, diluted 3:2 [v/v] with distilled water). After thorough washing with distilled
water, the stained intracellular lipids were visualized. For quantification, the retained
dye was eluted with 100% isopropanol, and absorbance was measured at 520 nm using a
microplate reader, as described by Ramirez-Zacarias et al. [31]. Intracellular triglyceride
(TG) content was determined using a commercial Triglyceride Quantification Assay Kit
(Abcam), following the manufacturer’s protocol. Absorbance was recorded at 570 nm and
normalized to the total protein content that was measured using the bicinchoninic acid
assay (Thermo Fisher Scientific, Waltham, MA, USA), following the method described by
Smith et al. [32].

2.5. Animal Study Design

Thirty-two female C57BL/6 mice (5-weeks-old) were obtained from Daehan Bio Link
Co., Ltd. (Eumseong, Republic of Korea) and housed under standard laboratory conditions
(22 £2°C, 55 £ 10% humidity, and 12 h light/dark cycle) with ad libitum access to food and
water. After one week of acclimatization, the mice were randomly divided into four groups
(n = 8 per group) as follows: ND: normal diet (AIN-76A), HFD_L: HFD containing 45%
lard (AIN-76A modified), HFD_GmO: HFD containing 45% GmO, and HFD_GmOLb:
HEFD containing45 % GmOLD (fermented with L. brevis KCCM13538P). All diets were
prepared based on the AIN-76A formulation (DooYeol Biotech, Seoul, Republic of Korea)
and provided ad libitum for 60 days, adhering to the American Institute of Nutrition
guidelines [33]. The HFD was formulated to provide 45% of total energy from fat. In
the GmO and GmOLDb groups, 45% (w/w) of the total dietary fat was replaced with
either non-fermented or fermented GmO, replacing an equivalent amount of lard. Body
weight and food intake were monitored weekly. At the end of the experiment, mice were
fasted overnight, anesthetized with isoflurane (Sigma-Aldrich, St. Louis, MO, USA), and
euthanized by cardiac exsanguination. Blood samples were collected via cardiac puncture,
and the serum was separated by centrifugation (3000 rpm, 15 min, 4 °C). Liver, adipose,
and other relevant tissues were excised, weighed, and either snap-frozen in liquid nitrogen
or fixed in 10% (v/v) neutral-buffered formalin for histological and molecular analyses.
No explicit inclusion or exclusion criteria were set a priori. All animals completed the
study and were included in the analysis, as no signs of illness unrelated to the intervention
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were observed. The sample size (n = 8 per group) was determined based on conventional
standards in similar preclinical models; no formal power calculation was performed.
Animals were randomly assigned to groups; however, no specific measures were taken to
control for potential confounders such as cage position or treatment order. Group allocation
and outcome assessments were not blinded. We acknowledge that the absence of blinding
and a formal power calculation is a limitation of this study, and we will incorporate these
elements in future experimental designs to enhance rigor and reproducibility. All animal
procedures were approved by the Institutional Animal Care and Use Committee (IACUC)
of Dongguk University (approval no. IACUC-2024-04; approval date: 25 April 2024).

2.6. Serum Biochemical Analysis

At the end of the experimental period, blood was collected via cardiac puncture under
anesthesia and allowed to clot at room temperature for 30 min. Serum was separated by
centrifugation (3000 rpm, 15 min, 4 °C) and stored at —80 °C. Serum levels of TG, total
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), alanine aminotransferase (ALT), and aspartate aminotransferase (AST)
were measured using commercial enzymatic colorimetric assay kits (Asan Pharmaceutical
Co., Ltd., Seoul, Republic of Korea), following the manufacturer’s protocol. Serum samples
were mixed with specific enzyme reagents in 96-well microplates, and the resulting colori-
metric reactions were quantified using a microplate reader (BioTek Instruments, Winooski,
VT, USA) at the appropriate wavelengths (550 nm for TG and 500 nm for cholesterol). Serum
leptin concentrations were determined using mouse-specific enzyme-linked immunosor-
bent assay kits (R&D Systems, Minneapolis, MN, USA). Assays were performed following
the manufacturer’s protocol. OD was measured at 450 nm, and the concentrations were
determined using standard curves prepared with known concentrations of recombinant
mouse leptin. All measurements were performed in triplicate and are expressed as the
mean =+ SD. Inter- and intra-assay variability was maintained within 10%.

2.7. Statistical Analysis

Statistical analyses were performed using SPSS software (version 20.0; SPSS Inc.,
Chicago, IL, USA). Data are presented as the mean =+ standard deviation (SD). Normality
was assessed using the Shapiro-Wilk test. A one-way analysis of variance (ANOVA), fol-
lowed by Tukey’s honest significant difference (HSD) test, was used to determine statistical
significance, which was set at p < 0.05. The sample size (n = 8 per group) was based on
precedent in similar preclinical studies; no formal power analysis was conducted.

3. Results
3.1. Fatty Acid Composition of GmO and GmOLb

The fatty acid compositions of GmO and GmOLD are presented in Table 1. Fermen-
tation with L. brevis KCCM13538P resulted in a modest reduction in total saturated fatty
acids (SFAs) and a corresponding increase in USFAs, particularly w-3 PUFAs. Notably, the
levels of EPA (C20:5 w-3) and DHA (C22:6 w-3) were slightly elevated in GmOLDb than
in GmO. However, independent t-test analysis revealed that these differences were not
statistically significant (p > 0.05). Fatty acid data were analyzed using independent t-tests
to compare the means between the GmO and GmOLD groups. Statistical analyses were
conducted using SPSS software (version 20.0; SPSS Inc., Chicago, IL, USA), and results
are expressed as mean + SD (n = 3). These long-chain w-3 PUFAs are well known for
their anti-inflammatory, lipid-lowering, and cardiometabolic benefits [34-37]. Thus, the
compositional changes suggest a potential fermentation-induced enhancement; however,
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further studies with larger sample sizes and targeted enzymatic assays are needed to
confirm the functional relevance.

Table 1. Fatty acid composition of GmO and GmOLb.

Fatty Acid (g/100 g) Lipid Number GmO GmOLb Type
SFA (Saturated Fatty Acid)
Myristic acid C14:0 4.28 +0.21 4.33 +0.22
Pentadecanoic acid C15:0 0.37 +0.02 0.37 £0.03
Palmitic acid C16:0 13.03 + 0.65 12.32 + 0.62
Heptadecanoic acid C17:0 0.31 £ 0.02 0.35 £ 0.02
Stearic acid C18:0 2.74 +0.14 2.6 +0.13
Arachidic acid C20:0 0.23 + 0.01 0.21 £ 0.01
Eicosanoic acid C20:0 3.33£+£0.17 3.37 £0.17
Heneicosylic acid C21:0 0.07 £0.01 0.07 £0.01
Behenic acid C22:0 0.08 = 0.03 0.08 = 0.03
Total SFAs (g/100 g) 2444 + 0.72 23.7 £ 0.69
USFA (Unsaturated Fatty Acid)
Myristoleic acid C14:2 0.07 £ 0.01 0.0 7+ 0.02 MUFA (w-5)
Palmitoleic acid Cl6:1 6.71 + 0.34 6.92 + 0.35 MUFA (w-7)
Oleic acid C18:1 19.2 +0.96 20.03 +1.02 MUFA (w-9)
Linoleic acid C18:2 2.74 +0.14 2.79 +0.14 PUFA (w-6)
a-Linolenic acid C18:3 1.33 £ 0.07 1.39 £ 0.07 PUFA (w-3)
v-Linolenic acid C18:3 0.01 £+ 0.00 0.15 £+ 0.01 PUFA (w-6)
Elaidic acid C18:1 0.16 + 0.01 0.74 + 0.04 Trans-MUFA (w-9)
Linolelaidic acid C18:2 0 0.15 + 0.02 Trans-PUFA (w-6)
Eicosadienoic acid C20:2n-6 0.28 +£0.01 0.16 £0.21 PUFA (w-6)
Eicosatetraenoic acid C20:4 0.12 £ 0.01 0.09 + 0.02 PUFA (w-3)
Eicosatrienoic acid C20:3n-3 0.15 £+ 0.01 0.13 £ 0.01 PUFA (w-3)
Arachidonic acid C20:4 0.61 + 0.03 0.64 £+ 0.02 PUFA (w-6)
Eicosapentaenoic acid (EPA) C20:5 7.56 +0.38 7.66 = 0.38 PUFA (w-3)
Erucic acid C22:1 0.54 + 0.03 0.48 +0.02 MUFA (w-9)
Docosapentaenoic acid C22:5 0.59 +0.03 0.62 +0.03 PUFA (w-3)
Docosahexaenoic acid (DHA) C22:6 8.92 + 0.45 9.13 + 0.46 PUFA (w-3)
Nervonic acid C24:1 0.44 + 0.02 0.51 £ 0.03 MUFA (w-9)
Total USFAs (g /100 g) 4943 +1.19 51.66 + 1.26

GmO: Gwamegi o0il, GmOLDb: fermented Gwamegi oil, and MUFA: monounsaturated fatty acid. Values are
expressed as the mean + standard deviation (estimated). Statistical comparisons were not performed. Data
represent the sum of quantified fatty acids detected using gas chromatography; trace-level and unidentified fatty
acids are not included.

While previous research has reported lipase and esterase activities in L. brevis [22],
its substrate specificity toward esterified w-3 PUFAs remains unclear. Since enzymatic
activity was not directly quantified in this study, the observed increase in w-3 content may
instead reflect enhanced oxidative stability or bioavailability post-fermentation. Future
investigations using both targeted enzymatic assays and untargeted metabolomics are
needed to clarify the underlying biochemical mechanisms.

3.2. Contents of Fat-Soluble Vitamins

Fat-soluble vitamins (A, D, E, and K2) play crucial roles in antioxidant defense, bone
metabolism, and overall metabolic regulation [38—40]. Because of the lipophilic nature of
marine oils, fermentation may affect the stability, transformation, or biosynthesis of these
vitamins through microbial enzymatic pathways, such as esterification, dehydrogenation,
or decarboxylation [41,42]. In this study, we assessed the effect of L. brevis KCCM13538P fer-
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mentation on the fat-soluble vitamin content of GmO to assess the potential for nutritional
enhancement through microbial bioprocessing. The concentrations of fat-soluble vitamins
in non-fermented GmO and GmOLDb are summarized in Table 2. Fermentation significantly
altered the vitamin profile, specifically enhancing the bioactive compound levels. The
vitamin A content, expressed as RE, increased from 6999.41 £ 34.99 g /100 g in GmO to
7579.27 £ 37.89 pg/100 g in GmOLD. This may be attributed to the microbial-mediated
conversion of provitamin A carotenoids ([3-carotene) to retinoid forms or the increased
stability of pre-existing retinoids during fermentation [43]. Furthermore, the vitamin D con-
tent increased significantly, from 56.91 =+ 0.28 pg/100 g in GmO to 67.95 = 0.34 ug/100 g
in GmOLD. This result is nutritionally significant because of the crucial role of vita-
min D in calcium homeostasis, immune regulation, and metabolic health [44]. Lac-
tic acid bacteria affect vitamin D metabolism and protect against its degradation in
lipid-rich matrices [45]. A significant increase in vitamin E («-TE) was observed,
from 1070 =+ 6.85 pg to 4780 £ 23.91 ug/100 g, after fermentation. Due to its role as a major
lipid-phase antioxidant, this increased tocopherol level may contribute to enhanced oxida-
tive stability and bioactivity of the fermented oil [46], possibly enhancing its shelf-life and
physiological functions. For vitamin K2, both MK-4 (from 42.19 + 3.26 to 64.13 + 3.07 pg)
and MK-7 (from 19.28 4 1.48 to 46.56 & 1.82 ug/100 g) contents were significantly in-
creased in GmOLDb. These forms of vitamin K2 are associated with bone health, vascular
calcification prevention, and anti-inflammatory effects [47,48]. The observed enrichment
indicates that L. brevis may harbor metabolic pathways for MK biosynthesis or facilitate
conversion from dietary phylloquinone during fermentation [49]. In summary, these results
indicate that microbial fermentation of GmO preserves and significantly enhances its nutri-
tional profile, specifically in terms of bioactive fat-soluble vitamins. The increased levels
of vitamins A, D, E, and K2 may synergistically contribute to the observed anti-obesity
and hepatoprotective effects of GmOLD, potentially through antioxidant activity, lipid
metabolism regulation, and systemic metabolic support.

Table 2. Contents of fat-soluble vitamins in GmO and GmOLDb.

Vitamin Abbreviation Unit (/100 g) GmO GmOLDb

N . 6999.41 £ 7579.27 £
Vitamin A Vit A pg RE 3499 3789
Vitamin D Vit D ug 56.91 £+ 0.28 67.95 £+ 0.34
Vitamin E Vit E ng o-TE 1070 £ 6.85 4780 £ 23.91

. MK-4 ug 42.19 + 3.26 64.13 £ 3.07
Vitamin K2

MK-7 ug 19.28 +1.48 46.56 = 1.82

GmO: Gwamegi oil and GmOLb: fermented Gwamegi oil. Values are expressed as the mean =+ standard deviation
per 100 g of sample. The experiments were conducted in triplicate. Vitamin A is expressed as retinol equivalents
(RE); vitamin D as micrograms (ug); vitamin E as alpha-tocopherol equivalents (x-TE); and vitamin K2 as
menaquinone-4 (MK-4) and menaquinone-7 (MK-7), both in pg.

3.3. Effects on Lipid Accumulation in 3T3-L1 Adipocytes

To assess the anti-obesity potential of GmO and GmOLDb, their effects on lipid accumu-
lation were assessed during 3T3-L1 adipocyte differentiation. As illustrated in Figure 1A,
treatment with GmO and GmOLDb at concentrations up to 300 pg/mL did not exhibit
significant cytotoxicity in 3T3-L1 preadipocytes, as determined by the MTT assay. These
results confirm the biocompatibility of both oils and support their suitability for further
adipogenic studies. Oil Red O staining (Figure 1B) revealed significant intracellular lipid
accumulation in the control group. In contrast, both GmO- and GmOLb-treated groups
exhibited visibly reduced lipid droplet formation. Quantitative analysis of Oil Red O
absorbance (Figure 1C) demonstrated a dose-dependent inhibition of lipid accumulation
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by GmO and GmOLDb. Although GmO exhibited slightly lower lipid accumulation than
that of GmOLD at 200 pg/mL, GmOLD exerted superior anti-lipogenic effects at most con-
centrations. Notably, at 200 pg/mL, GmOLD reduced lipid content by approximately 45%
compared to that of the control group (p < 0.01), indicating enhanced efficacy through
fermentation. Additionally, intracellular TG levels were significantly reduced in both
GmO- and GmOLb-treated adipocytes (Figure 1D), further supporting their lipid-lowering
capacity. GmOLD exhibited significant TG-lowering effects than that of GmO at all tested
concentrations except 50 png/mL, indicating enhanced bioactivity through fermentation.
The superior anti-adipogenic effect of GmOLb may be attributed to its high levels of
w-3 PUFAs (EPA and DHA) and fat-soluble vitamins (A, D, E, and K2) (Tables 1 and 2).
These components regulate adipogenesis and lipid metabolism by modulating peroxisome
proliferator-activated receptor gamma (PPARY) signaling, reducing oxidative stress, and
enhancing mitochondrial function [50-52]. In summary, these findings indicate that lactic
acid bacterial fermentation of marine oils, such as GmO, may enhance their efficacy in
reducing adipocyte lipid accumulation. GmOLD is a promising candidate as a functional
food or nutraceutical for targeting obesity and related metabolic disorders.
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Figure 1. Effects of GmO and GmOLD on lipid accumulation in 3T3-L1 adipocytes. (A) Cell viability of
3T3-L1 preadipocytes treated with GmO or GmOLD at concentrations ranging from 10 to 300 pg/mL
for 24 h, assessed by the MTT assay. (B) Representative images of Oil Red O staining to visualize in-
tracellular lipid accumulation during adipocyte differentiation in response to GmO or GmO_Lb treat-
ment. (C) Quantitative analysis of intracellular lipid content based on the absorbance measurements
of eluted Oil Red O dye from stained adipocytes. (D) Intracellular TG content in differentiated 3T3-L1
adipocytes treated with GmO or GmO_Lb. All data are presented as the mean =+ standard deviation
(n = 3). Statistical significance is indicated as * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. control group.
GmO, Gwamegi oil; GmOLDb, Gwamegi oil fermented with L. brevis KCCM 13538P; TG, triglyceride;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

3.4. Effects on Body Weight Gain and Adiposity in HF D-Fed Mice

To assess the anti-obesity effects of GmO and GmOLDb, we measured body weight
gain, cumulative feed intake, and visceral adiposity in an HFD-induced obesity mouse
model (Figure 2A). Gm-O exhibited the highest feed intake among the HFD-fed groups;
however, differences in body weight were observed between the treatment groups, indicat-
ing that variations in weight gain were not attributable to differences in feed consumption
(Figure 2B). As anticipated, the HFD_L group exhibited significantly higher body weight
gain than that of the ND group (Figure 2C). Both GmO- and GmOLb-supplemented HFD
attenuated weight gain, with GmOLb producing a more significant suppression. Ovary

129



Foods 2025, 14, 2862

fat pad mass was significantly increased in the HFD_L group than that in the ND group
(p < 0.001). However, both the HFD_GmO and HFD_GmOLb groups exhibited significant
reductions (p < 0.05), with no difference between them (Figure 2D). These findings indicate
that GmO alleviates HFD-induced visceral fat accumulation and that fermentation with
L. brevis augments the anti-obesity efficacy of the extract.
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Figure 2. Effects of GmO and GmOLDb on body weight gain and adipose tissue accumulation in
HFD-fed mice. (A) Experimental design. Five-week-old female mice (n = 32) were assigned to
four groups (n = 8 each): ND (normal diet), HFD_L (HFD with 45% lard), HFD_GmO (HFD with
45% Gwamegi o0il), and HFD_GmOLb (HFD with 45% L. brevis-fermented Gwamegi oil). After a
1-week acclimation, diets were administered for 60 days. (B) Cumulative feed intake during the
60-day period. (C) Body weight alterations during the feeding period. (D) Ovary fat pad weight
at sacrifice. Data are presented as the mean =+ standard deviation (n = 8). Statistical significance:
# p <0.01 and ¥ p < 0.001 vs. ND; * p < 0.05, ** p < 0.01, and *** p < 0.001 vs. HFD_L. ND, normal
diet; HFD, high-fat diet; GmO, Gwamegi oil; GmOLb, Gwamegi oil fermented with L. brevis KCCM
13538P.

Fatty acid composition analysis revealed that both GmO and GmOLDb contained signifi-
cantly higher levels of PUFAs, specifically EPA and DHA (Table 1). Following fermentation
with L. brevis, GmOLD exhibited a slight increase in overall w-3 PUFAs, whereas w-6 PUFA lev-
els also increased modestly, resulting in only a minor enhancement in the w-3/w-6 PUFA ratio
(from approximately 5.10 to 5.05). Despite this subtle shift, the increased absolute concentrations
of w-3 PUFAs—recognized for their anti-adipogenic and lipid-oxidizing effects—contributed
to the favorable lipid profile of GmOLD. Notably, fermentation significantly reduced the SFA
content in GmOLDb. The co-occurrence of high PUFA and reduced SFA levels enhances mito-
chondrial 3-oxidation and suppresses adipogenesis, processes associated with reduced adipose
tissue mass [53,54]. These compositional alterations likely highlight the reduced fat accumu-
lation observed in the GmOLDb-treated group. In addition, fermentation was associated with
increased levels of bioactive lipid components, including medium-chain triglycerides (MCTs)
and conjugated linoleic acid (CLA). MCTs rapidly undergo hepatic 3-oxidation and facilitate
energy expenditure through thermogenesis [55], whereas CLA modulates lipid metabolism by
activating PPARy and uncoupling protein 1 in the adipose tissue [56,57]. Moreover, GmOLDb
exhibited increased levels of fat-soluble vitamins, including MK-4, MK-7, A, D, and E (Table 2).
These micronutrients play crucial roles in enhancing insulin sensitivity, antioxidant defense,
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and metabolic regulation [58-60]. Specifically, MK-4 enhances insulin secretion and supports
glucose homeostasis in both preclinical and clinical studies [61].

In summary, these findings indicate that GmOLD exhibits superior anti-obesity effects
than that of unfermented GmO, likely because of compositional enhancements achieved
through microbial fermentation. The altered fatty acid profile, increased levels of MCTs
and CLA, and enrichment of functional lipid micronutrients highlight the potential of lactic
acid bacteria-mediated fermentation as an effective strategy for enhancing the metabolic
benefits of marine-derived oils.

3.5. Effects on Serum Lipid Profiles and Cardiovascular Risk in HFD-Fed Mice

After a 60-day intervention in HFD-fed mice, we measured serum lipid and car-
diometabolic marker levels to assess the effects of GmO and GmOLb (Figure 3). As an-
ticipated, HFD_L mice exhibited significant hyperlipidemia—TG, TC, and LDL-C, alongside
increased HDL-C—confirming diet-induced dyslipidemia (Figure 3A-D). Supplementation
with either GmO or GmOLDb significantly lowered TG and TC levels while restoring HDL-
C levels compared to HFD_L. Both the GmO and GmOLb groups exhibited a significant
effect, with TG and LDL-C levels reduced to nearly those of the ND group, and HDL-C
levels significantly increased. This indicates that GmO has a lipid-modulating efficacy. Serum
leptin, an adipose-derived hormone implicated in energy regulation and leptin resistance,
increased from approximately 4 ng/mL in ND mice to 7 ng/mL in HFD_L. Both GmO and
GmOLDb significantly reduced leptin levels (to approximately 0.57 and 0.49 ng/mL, respectively;
**p <0.001 vs. HFD_L) (Figure 3E), indicating enhanced leptin sensitivity and adiposity re-
duction. These leptin-lowering effects align with previous studies demonstrating that vitamin
K2 supplementation reduces circulating leptin levels in obese animal and clinical models [62].
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Figure 3. Effects of GmO and GmOLDb on serum lipid profiles and cardiovascular risk markers
in HFD-fed mice. (A-D) Serum levels of TG, TC, LDL-C, and HDL-C after 60 days of dietary in-
tervention. (E-G) Leptin, Al, and CRF values in each treatment group. Data are presented as the
mean =+ standard deviation (1 = 8 per group). Statistical significance: * p < 0.05 and * p < 0.01 vs. ND;
*p <0.05 *p<0.01, and ** p < 0.001 vs. HFD_L. ND, normal diet; HFD, high-fat diet; GmO,
Gwamegi oil; GmOLb, Gwamegi oil fermented with L. brevis KCCM13538P; TG, triglycerides; TC,
total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein choles-
terol; Al, atherogenic index; CRF, cardiac risk factor. Al = (TC-HDL-C)/HDL-C; CRF = TC/HDL-C.

To quantify cardiovascular risk, we calculated the atherogenic index (Al = [TC-HDL-C]/
HDL-C) and cardiac risk factor (CRF = TC/HDL-C). HFD_L mice exhibited significantly
increased Al and CRE, indicating increased cardiovascular disease (CVD) risk (Figure 3F,G).
Both GmO and GmOLDb significantly ameliorated these indices, with GmOLD yielding
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the largest reduction, indicating superior cardioprotection. This effect may stem from
the fermentation-induced enhancement of GmOLb’s fatty acid profile and fat-soluble
micronutrients (MK-4 and MK-7). Vitamin K2 activates the y-carboxylation of matrix Gla
protein (MGP), a potent inhibitor of vascular calcification. Carboxylated MGP prevents
the osteogenic transformation of vascular smooth muscle cells, thereby mitigating arterial
calcification and stiffness, i.e., primary contributors to cardiovascular morbidity [63,64].
In addition to vascular health, vitamin K2 supports metabolic regulation. Carboxylated
osteocalcin, another K2-dependent protein, enhances insulin secretion and adiponectin
expression, thereby enhancing insulin sensitivity and lipid metabolism. Consistently,
MK-7 supplementation in humans reduces fasting insulin and leptin levels, parallel to
our observations in GmOLb-supplemented mice [65,66]. Furthermore, HFD-induced
dyslipidemia contributes to leptin resistance and adiposity; however, the combination
of PUFAs and vitamin K2 in GmOLD likely exerts synergistic effects by enhancing lipid
metabolism, reducing inflammation, and supporting energy homeostasis.

3.6. Effects on Hepatic Enzyme and Bilirubin Levels in HFD-Fed Mice

To assess the hepatoprotective potential of GmO and GmOLD, the serum levels of AST,
ALT, and total bilirubin were measured after 60 days of treatment in HFD-fed mice (Figure 4).
Mice receiving HFD supplemented with HFD_L exhibited a significant increase in AST
and ALT levels than those in the ND group, indicating liver injury associated with lipid
accumulation and inflammation. A slight but significant increase in total bilirubin levels was
observed, indicating mild cholestatic impairment. In contrast, both HFD_GmO and fermented
HFD_GmOLD attenuated the increase in AST and ALT levels compared to HFD_L, indicating
reduced hepatocellular damage. Notably, the GmOLb group demonstrated a significant
reduction, with enzyme levels approaching those of the ND controls. Similarly, GmOLDb
significantly reduced total bilirubin levels, supporting enhanced hepatic function and bile
excretion. The enhanced efficacy of GmOLb may stem from fermentation-induced increases in
w-3 PUFAs (EPA and DHA) that regulate AMP-activated protein kinase and PPARox pathways
to alleviate inflammation and steatosis [67]. In addition, increased menaquinones (MK-4 and
MK-7) in GmOLDb exert anti-fibrotic and antioxidative effects by suppressing pro-inflammatory
cytokines and stabilizing mitochondrial redox balance [68,69]. These findings indicate that
GmOLDb enhances systemic lipid metabolism and confers robust protection against HFD-
induced hepatic dysfunction. Fermentation appears to synergistically enhance the bioactivity
of GmO by enriching its lipid profile and micronutrient content. In this study, we assessed how
fermentation with L. brevis KCCM13538P (GmOLDb) modifies the fatty acid and micronutrient
compositions of herring and saury oils. We also assessed the therapeutic efficacy of GmOLDb
in diet-induced obesity and metabolic dysfunction models. Through a series of in vivo and
in vitro experiments, GmOLD con sistently demonstrated potent anti-obesity, lipid-lowering,
hepatoprotective, and cardiometabolic effects. These findings highlight the potential of
lactic acid bacterial fermentation to enhance the physiological activity of marine oils, thereby
transforming them into functional foods with significant health-promoting potential.
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Figure 4. Effects of GmO and GmOLDb on hepatic enzyme and bilirubin levels in HFD-fed mice.
(A) AST, (B) ALT, and (C) total bilirubin levels after 60 days of dietary intervention. Data are ex-
pressed as the mean = standard deviation (1 = 8). Statistical significance: * p < 0.05, # p < 0.01 vs. ND.
ND, normal diet; HFD, high-fat diet; GmO, Gwamegi oil; GmOLb, Gwamegi oil fermented with L.
brevis KCCM13538P; AST, aspartate aminotransferase; ALT, serum alanine aminotransferase.

4. Discussion

The increasing global prevalence of obesity and its associated health complications,
including metabolic syndrome and liver dysfunction, underscores the need for effective
preventive and therapeutic strategies. In this study, we assessed the anti-obesity and hep-
atoprotective effects of GmO and GmOLDb, produced using L. brevis KCCM13538P. Our find-
ings revealed that microbial fermentation significantly enhances the bioactivity of fish oil,
making GmOLDb a promising candidate for treating obesity-associated metabolic disorders.

In vitro experiments using 3T3-L1 adipocytes demonstrated that GmOLDb exhibited
stronger anti-adipogenic effects than non-fermented GmO. GmOLDb significantly sup-
pressed lipid accumulation and intracellular TG content in differentiated adipocytes in a
dose-dependent manner. These findings align with those of previous studies reporting that
fermented products, particularly those involving lactic acid bacteria, inhibit adipogenesis
by modulating key pathways related to lipid synthesis and storage [26,27]. The enhanced ef-
ficacy of GmOLDb may be attributed to the enzymatic activity of L. brevis, including esterase
and lipase, which can hydrolyze complex lipids and increase the release of bioavailable
w-3 PUFAs during fermentation [22]. Microbial fermentation is thus a promising strat-
egy for enhancing the functional properties of marine-derived oils [70-72]. In this study,
although the increases in w-3 PUFAs (EPA and DHA) following L. brevis fermentation
of GmO were not statistically significant, the fermented oil (GmOLDb) exhibited superior
physiological effects in vivo. GmOLDb significantly improved serum lipid profiles, reduced
visceral adiposity, and attenuated hepatic injury markers in HFD-induced obese mice.
These findings suggest that fermentation may enhance the health benefits of fish oil not
only through changes in fatty acid composition, but also by increasing bioavailability or
generating bioactive metabolites. Further studies incorporating metabolomic profiling and
dose-response analyses are warranted to elucidate the underlying mechanisms.

Our in vivo studies confirmed the superior anti-obesity effects of GmOLb. In HFD-
induced obese mice, GmOLD significantly attenuated body weight gain and reduced
epididymal white adipose tissue mass, a crucial indicator of visceral obesity. This aligns
with studies demonstrating that w-3-rich fish oils can mitigate diet-induced obesity by
facilitating fatty acid oxidation and reducing adipogenesis [28,29]. However, the more
significant effects of GmOLD indicate that fermentation amplifies these benefits. The
enhanced efficacy of GmOLDb can be attributed to the increased bioavailability of w-3 PUFAs
or the synergistic effects of other bioactive compounds produced during fermentation,
which may affect satiety, energy expenditure, or lipid absorption [30,31].

Furthermore, GmOLD significantly enhanced serum lipid profiles in HFD-fed mice,
characterized by reduced total cholesterol, TG, and LDL-C levels, and increased HDL-C
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levels. These changes significantly reduced the Al and CREF ratio, indicating a reduced
risk of CVD. Obesity often leads to dyslipidemia owing to impaired lipid metabolism and
increased synthesis of very LDL in the liver [32]. The ability of GmOLb to normalize these
lipid parameters highlights its potential in ameliorating metabolic complications. The w-3
PUFAs in fish oils are well-known for their hypolipidemic effects, primarily by suppressing
hepatic TG synthesis and facilitating fatty acid oxidation [8]. Fermentation may further
potentiate these effects by enhancing fatty acid absorption or producing metabolites that
effectively regulate lipid metabolism. In this study, GmOLb supplementation significantly
improved serum lipid profiles in HFD-fed mice, with significant reductions in total choles-
terol, TG, and LDL-C, and a significant increase in HDL-C. These changes resulted in lower
Al and CREF values, indicating enhanced cardiovascular protection.

A significant finding was the potent hepatoprotective effect of GmOLb. HFD-induced
obesity often causes NAFLD, characterized by hepatic steatosis, inflammation, and po-
tential progression to more severe liver pathologies [33]. Our results demonstrated that
GmOLD significantly reduced the increased serum levels of ALT, AST, and total biliru-
bin and ameliorated hepatic steatosis, as confirmed by histopathological analysis. These
findings indicate that GmOLD effectively protects the liver from HFD-induced damage.
The hepatoprotective mechanism of w-3 PUFAs involves reducing hepatic lipid accumula-
tion, oxidative stress, and inflammatory responses within the liver [9,34]. The enhanced
efficacy of GmOLDb may stem from the increased bioavailability of w-3 PUFAs because of
fermentation or the production of specific anti-inflammatory or antioxidant compounds by
L. brevis. For example, certain bacterial metabolites modulate the gut microbiota, thereby
influencing liver health by affecting gut barrier integrity and reducing the translocation of
bacterial endotoxins to the liver [35]. Despite the observed improvements in adiposity and
lipid profiles, this study has some limitations. The short duration, single-dose design, and
absence of dose optimization limit conclusions regarding long-term efficacy and safety. In
addition, the inherent variability in individual responses and the use of a murine model
restrict the direct applicability of the findings to human physiology. Future studies should
incorporate extended intervention periods, dose-response analyses, and clinical validation
to substantiate the therapeutic potential of GmOLDb.

Our study demonstrates the promising effects of GmOLDb; however, certain additional
limitations warrant consideration. First, the mechanisms by which L. brevis fermentation
enhances the bioactivity of GmO remain unclear. In this study, a small amount of yeast
extract (0.1%) was added to support microbial growth and metabolic activity during lipid-
based fermentation. Fish oil served as the primary substrate; however, this auxiliary
nitrogen source may have influenced microbial metabolism and fermentation outcomes. In
addition to improving lipid composition, L. brevis fermentation may also generate short-
chain fatty acids (SCFAs), including acetate, propionate, and butyrate, through partial
metabolism of available substrates. SCFAs are known to exert anti-obesity effects by
modulating lipid metabolism, appetite regulation, and inflammation. While SCFA levels
were not measured in this study, their potential contribution to the observed metabolic
benefits cannot be excluded. Future studies should investigate the effects of different
fermentation substrates, monitor SCFA production, and perform targeted metabolomic
analyses to identify key fermentation-derived bioactives and elucidate their molecular
mechanisms of action. Second, although the in vivo model provided valuable insights,
long-term studies are needed to evaluate the sustained efficacy and safety of GmOLDb.
Finally, investigating the effects of GmOLb on gut microbiota composition may offer a more
comprehensive understanding of its metabolic impact. While w-3 PUFAs and fat-soluble
vitamins likely play a central role, additional bioactive compounds—such as SCFAs, lipid
mediators (e.g., resolvins), bioactive peptides, conjugated linoleic acids, and medium-chain
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triglycerides—may also contribute to the observed physiological benefits. These effects
may be mediated by fermentation-derived SCFAs and modified lipids, both of which have
been shown to regulate energy metabolism and inflammatory responses [70,71]. In addition
to w-3 PUFAs, fermented marine oils may be enriched with micronutrients such as vitamin
K2 (menaquinones), which are known to exert beneficial effects on lipid metabolism and
hepatic function. Menaquinone-4 (MK-4) and menaquinone-7 (MK-7), the bioactive forms
of vitamin K2, have been shown to modulate insulin signaling, suppress hepatic lipogenesis,
and reduce inflammation, thereby contributing to improved lipid profiles and reduced
hepatic steatosis [14-16]. Microbial fermentation, particularly with L. brevis, may enhance
the conversion of vitamin K1 or endogenous precursors into MK-4 and MK-7, thereby
increasing the bioavailability of these fat-soluble micronutrients. Vitamin K levels were
not quantified in this study; however, the potential enrichment of menaquinones during
fermentation represents a promising mechanistic link that may explain the improved
metabolic outcomes observed with GmOLDb. Future studies should include the targeted
quantification of MK vitamins, and investigate their synergistic interactions with w-3
PUFAs and other fermentation-derived bioactives in regulating lipid and liver metabolism.
While polyphenols and terpenes are not typically associated with fish-derived oils, these
fermentation-related metabolites warrant further investigation.

5. Conclusions

This study demonstrates that fermenting marine oils—specifically herring and
saury—with L. brevis KCCM13538P (GmOLDb) significantly enhances their nutritional and
functional profiles. Fermentation enhanced the fatty acid composition (notably increas-
ing w-3 PUFAs) and micronutrient levels (MK-4 and MK-7). In both in vivo and in vitro
models of diet-induced obesity and metabolic dysfunction, GmOLDb exhibited strong anti-
obesity, lipid-lowering, hepatoprotective, and cardiometabolic effects. These consistent
and multifaceted therapeutic effects support the conclusion that lactic acid fermentation
significantly enhances the bioactivity of marine oils. Therefore, GmOLDb is a promising
candidate as a functional food supplement with significant potential for preventing or
mitigating obesity-associated metabolic disorders and liver dysfunction. Future research
on long-term safety, human clinical efficacy, and mechanistic pathways will be essential to
fully use its nutraceutical potential.
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Abstract: The metabolic activity of fermentative microorganisms plays a critical role
in determining the flavor profile of fermented meat products. Modulating carbon and
nitrogen sources represents a promising strategy for enhancing product quality. In this
study, Debaryomyces hansenii strains isolated from dry-cured ham were assessed in a sterile
sausage model to evaluate the effects of different carbon sources (sucrose, corn starch)
and nitrogen sources (leucine, soy protein isolate) on colony growth, enzyme activity, and
physicochemical properties. These nutritional factors significantly affected the fermentation
performance of D. hansenii. Corn starch and soy protein isolate increased colony count
by 14.94% and 90%, respectively, and enhanced protease activity by 2-fold and 4.5-fold.
Both treatments maintained high lipase activity (>50 U/g). Both supplements improved
the water-holding capacity and decreased the water activity. Carbon sources reduced the
medium pH, whereas nitrogen sources contributed to the maintenance of pH stability.
A further analysis indicated that corn starch promoted the accumulation of aldehydes
and ketones, which intensified the sourness and suppressed the saltiness. In contrast,
soy protein isolate increased the abundance of free amino acids associated with umami
and sweetness, and stimulated the formation of esters, ketones, and pyrazines, thereby
enhancing flavor richness and umami intensity. Both ingredients also reduced saturated
fatty acid levels and increased the unsaturated to saturated fatty acid ratio. Soy protein
isolate exhibited a more pronounced effect on D. hansenii fermentation. This study provides
a technical reference for enhancing the flavor characteristics of fermented meat products
via the adjustment of carbon and nitrogen sources to regulate D. hansenii fermentation.

Keywords: Debaryomyces hansenii; fermented sausage; carbon and nitrogen sources;
protease activity; free amino acids; free fatty acids; volatile flavor compounds; electronic
tongue; fermentation optimization

1. Introduction

Fermented sausage is a representative of traditional fermented meat products, with
a unique flavor primarily resulting from the metabolic activities of microorganisms. In
traditional natural fermentation, the random colonization of environmental microorgan-
isms led to variability in product quality across batches. Modern fermentation technology
ensures controlled flavor and stable quality through targeted inoculation with fermentation
strains such as lactic acid bacteria, staphylococci, and yeasts [1]. Among these strains,
Debaryomyces hansenii (D. hansenii) is a promising yeast strain for enhancing the flavor
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of fermented meat products. The inoculation of D. hansenii into low-sodium fermented
sausages made from boar meat can effectively mask boar taint by generating volatile
compounds with fruity and cheesy aromas [2]. In dry-cured pork belly, inoculation with
D. hansenii has also been shown to promote muscle protein degradation, enhance amino
acid accumulation, and facilitate the formation of aldehydes, esters, alcohols, ketones, and
organic acids [3]. These flavor-enhancing effects are generally attributed to the yeast’s
growth performance, enzymatic activities, and metabolite production [4]. Accordingly,
enhancing the fermentation characteristics of D. hansenii is considered a promising strategy
for improving the sensory quality of fermented meat products.

Modern food biotechnology has improved microbial fermentation performance
through strain enhancement approaches such as directed evolution, gene editing, and adap-
tive evolution targeting tolerance to high osmotic pressure or extreme pH conditions [5].
However, long development cycles and high validation costs often limit these strategies. In
contrast, supplementing fermentation substrates with conventional carbon and nitrogen
sources offers a practical alternative with lower technical barriers and shorter implementa-
tion timelines [6]. Carbon and nitrogen sources not only serve as essential sources of energy
and nutrients for microorganisms but also regulate their metabolic pathways. Studies have
shown that the microbial utilization of these nutrients is controlled by catabolite carbon
repression (CCR) and nitrogen catabolite repression (NCR) mechanisms [7]. The CCR
mechanism enables microorganisms to preferentially utilize high-efficiency carbon sources
(e.g., glucose) while repressing the expression of genes involved in the metabolism of
secondary carbon sources (e.g., lactose and maltose), thereby improving energy utilization
efficiency. The NCR mechanism regulates nitrogen utilization by repressing the metabolic
pathways of secondary nitrogen sources (e.g., proline and urea) when preferred nitrogen
sources (e.g., ammonium ions and glutamine) are abundant, and by activating alternative
nitrogen utilization pathways under nitrogen-limited conditions [8].

Furthermore, the properties of carbon and nitrogen sources can directly affect the
physicochemical characteristics and sensory properties of fermented meat products. For
instance, corn starch, owing to its strong water-binding capacity, can improve moisture
retention and enhance the structural integrity of the final product [9]. Soy protein isolate,
characterized by its high protein content and low fat composition, is widely used to improve
water retention, reduce fat content, and facilitate the development of plant-based meat
products [10]. In addition, carbon and nitrogen sources can indirectly influence product
quality by modulating microbial metabolic pathways. For example, sucrose can increase
oxidative stress in staphylococci, thereby promoting the formation of nitrosyl myoglobin,
which enhances the color of dry-cured sausages [11]. Branched-chain amino acids (leucine,
isoleucine, and valine) can be metabolized by microorganisms into aldehydes, alcohols,
and organic acids, contributing to the malt-like and nutty aromas of fermented meat
products [12]. The type of carbon and nitrogen sources can affect the accumulation of flavor
precursors and final flavor compounds by modulating microbial metabolic pathways. For
example, xylose has been shown to promote acetoin production by Leuconostoc mesenteroides
while inhibiting diacetyl accumulation, whereas the metabolism of fructose and sucrose is
closely associated with mannitol production by L. mesenteroides [13]. The addition of soy
protein isolate and wheat gluten as nitrogen sources has been reported to increase ketone
levels in fermented fish paste, thereby enhancing cheese-like flavor characteristics [14].

Current research on D. hansenii has primarily focused on its role in enhancing the
flavor of fermented meat products, whereas studies investigating the effects of carbon and
nitrogen sources on its fermentation performance remain limited. In this study, four carbon
and nitrogen sources commonly used in fermented meat products were selected: sucrose
and corn starch as simple and complex carbon sources, and leucine and soy protein isolate

140



Foods 2025, 14, 1840

as small- and large-molecule nitrogen sources. A sterile sausage model was employed to
evaluate their effects on the growth, enzymatic activity, and physicochemical properties
of alocal D. hansenii strain. Corn starch and soy protein isolate, which demonstrated the
best overall performance, were subsequently selected for the further analysis of flavor com-
pound accumulation. The objective of this research is to explore how carbon and nitrogen
sources impact flavor formation by D. hansenii during fermented sausage production and
to offer practical strategies for optimizing fermentation through formulation design and
microbial nutrient regulation.

2. Materials and Methods
2.1. Preparation of Fermentation Agent

The D. hansenii strain used in this study was previously isolated from local dry-cured
Panxian ham by the research group and was identified via 26S rDNA sequencing (GenBank
accession number: PV249420). The strain was inoculated into Yeast Extract Peptone
Dextrose (YPD) broth and incubated at 180 rpm for 48 h. The culture was then centrifuged
at 5000 x g for 5 min at 4 °C, and the harvested cells were washed twice with sterile 0.9%
saline. The cell density was adjusted to 1 x 108 cells/mL using a hemocytometer and
stored at 4 °C until use.

2.2. Preparation of Sterile Sausage Medium

The raw materials used in this study were fresh pork back fat and hind leg meat,
obtained from Guizhou Tainong Xingwang Food Co., Ltd. (Guiyang, China). The back fat
was sterilized by autoclaving at 121 °C for 15 min. The hind leg meat was sterilized by
immersion in 75% ethanol for 10 min, followed by two rinses with sterile water and then
exposure to ultraviolet light for 10 min to minimize protein denaturation [15]. Following
sterilization, the back fat and hind leg meat were minced and blended at a 3:7 (w/w) ratio.
A sterile solution of 3.0% NaCl, 0.015% NaNO;, and 0.05% ascorbic acid (sterilized by
0.22 pm membrane filtration) was added to prepare the sausage medium. A control group
(CK) was prepared without additional carbon or nitrogen sources. Sucrose (CS) and corn
starch (CC) served as the carbon source treatments, while leucine (NL) and soy protein
isolate (NP) were used as the nitrogen source treatments. The carbon and nitrogen sources
were added at 5% (w/w) for all treatment groups, based on the studies by Prestes et al.
and Huang et al., with slight modifications [16,17]. Each group was inoculated with 2%
D. hansenii cell suspension and fermented at 28 £ 0.5 °C with 85% relative humidity for
5 days. After fermentation, the samples were designated as FCK, FCS, FCC, FNL, and FNP
for subsequent analyses.

2.3. Colony Count

Samples (5 g) from each group were homogenized with 45 mL of 0.9% sterile saline
using a YM-08X stomacher homogenizer (Shanghai Yuming Instrument Co., Ltd., Shanghai,
China) for 2 min. After appropriate serial dilutions, 100 uL of each dilution was plated
onto YPD agar plates. The plates were incubated at 28 £ 0.5 °C for 5 days, and the number
of colony-forming units per gram of sample (CFU/g) was determined.

2.4. Determination of Enzyme Activity

Protease activity was measured according to the method described by Ding et al. [14].
Samples (5 g) were mixed with 25 mL of phosphate buffer (10 mM, pH 6.8) and homog-
enized in an ice-water bath for 60 s at 5000 rpm using an XHF-D homogenizer (Ningbo
Xinzhisheng Biotechnology Co., Ltd., Ningbo, China). The homogenate was centrifuged
at 10,000x g for 20 min at 4 °C, and the supernatant was collected as the crude enzyme
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extract. Subsequently, 1 mL of the crude enzyme was mixed with 1 mL of 2% (w/v) casein
solution and incubated at 40 °C for 10 min. The reaction was terminated by adding 2 mL
of 0.4 mol/L trichloroacetic acid. After centrifuging at 10,000 g for 20 min at4 °C, 1 mL
of the resulting supernatant was mixed with 5 mL of 0.4 mol/L Na,COj3; and 1 mL of
Folin reagent. After a 20 min reaction at 40 °C, the absorbance was measured at 680 nm
using a Multiskan SkyHigh microplate reader (Thermo Fisher Scientific, Waltham, MA,
USA). A standard curve was constructed using L-tyrosine, and one unit of protease activity
(U/g) was defined as the amount of enzyme required to catalyze the production of 1 ug of
L-tyrosine per minute.

Lipase activity was determined using the GO902F Lipase Activity Assay Kit (Suzhou
Greys Biotechnology Co., Ltd., Suzhou, China) according to the manufacturer’s instructions.
One unit (U/g) of lipase activity was defined as the amount of enzyme required to catalyze
the production of 1 nmol of p-nitrophenol per minute.

2.5. Determination of Physicochemical Properties

The pH value of each sample was measured directly using a Testo 205 portable
pH meter (Testo Inc., Lenzkirch, Germany), which was calibrated with standard buffer
solutions (pH 4.01 and 7.01) before use. Water activity was measured using an SFY-30
water activity meter (Shanghai Guanya Precision Instruments Co., Ltd., Shanghai, China)
after equilibrating 5 g of sample at 25 °C for 8 min. For the water-holding capacity
(WHC) analysis, the sample (G1) was wrapped in three layers of filter paper, placed in a
50 mL centrifuge tube, and centrifuged at 4 °C and 5000 g for 20 min. The sample was
then quickly removed and weighed to obtain mass G, and WHC (%) was calculated as
WHC (%) = (G2/G1) x 100. Color parameters including lightness (L*), redness (a*), and
yellowness (b*) were measured using an NH350 portable colorimeter (Shenzhen Sanenshi
Technology Co., Ltd., Shenzhen, China).

2.6. Free Amino Acids

Free amino acids were determined according to the method of Xi et al., with minor
modifications [18]. Each 2 g sample was homogenized with ultrapure water and allowed
to stand for 24 h. The resulting supernatant was then mixed with an equal volume of 5%
(w/v) sulfosalicylic acid solution to precipitate proteins. After centrifugation at 6000x g
for 10 min, the supernatant was collected and concentrated using a rotary evaporator. The
residue was dissolved in 1 mL of sodium citrate buffer and filtered through a 0.45 pm mem-
brane filter. The filtrate was analyzed using a Biochrom30+ amino acid analyzer (Biochrom
Ltd., Cambridge, UK) equipped with a post-column ninhydrin detector. Quantification
was performed using the external standard method with a mixed standard solution of
16 amino acids (Sigma-Aldrich, St. Louis, MO, USA). Information on the purity and CAS
numbers of the amino acid standards is summarized in Supplementary Table S1.

2.7. Free Fatty Acids

Free fatty acid levels were determined according to the method of Lin et al., with slight
modifications [19]. Each 100 mg sample was mixed with 4 mL of chloroform, vortexed for
30 s, and centrifuged at 3500 < g for 15 min at room temperature. The lower organic phase
was collected, and the extraction was repeated twice using 2 mL of dichloromethane each
time. The combined organic extracts were dried under a gentle stream of nitrogen with
mild heating (~35 °C). Derivatization was then carried out by adding 2 mL of methylation
reagent, vortexing for 30 s, and incubating in a water bath at 80 °C for 2 h. The container
was loosely covered with gauze to minimize gas loss. After cooling to room temperature,
2 mL of n-hexane and 1 mL of water were added and thoroughly vortexed. The mixture
was centrifuged at 2000x g for 5 min, and the upper organic phase was collected and
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evaporated under a gentle stream of nitrogen with mild heating. An appropriate volume of
iso-octane was added based on the sample concentration, vortexed, and left to stand. The
final solution was filtered through a 0.22 um PTFE syringe filter before being transferred
to a sample vial for analysis. Quantification was performed using the external standard
method with a mixed standard solution containing 36 fatty acids (Sigma-Aldrich, St. Louis,
MO, USA).

A chromatographic analysis was performed using an Agilent 6890 gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA) equipped with a CP-Sil 88 capillary column
(100 m x 0.25 mm x 0.25 pm). A 1 uL sample was injected with a split ratio of 10:1, and
helium was used as the carrier gas at a constant flow rate of 1.0 mL/min. The initial oven
temperature was set at 100 °C and held for 5 min, then increased at a rate of 4 °C/min
to 240 °C, and held at 240 °C for 15 min. Mass spectrometric analysis was conducted
using an Agilent 5977 mass spectrometer (Agilent Technologies, Santa Clara, CA, USA)
equipped with an electron ionization (EI) source and operated using the MassHunter
Workstation software package. The analysis was conducted in selected ion monitoring
(SIM) mode, with the ion source temperature set at 260 °C, quadrupole temperature
at 150 °C, ionization voltage at 70 eV, and scan rate at 57.7 cycles per second. In SIM
mode, only specific characteristic ions (m/z) for each target fatty acid were monitored,
all of which fall within the scan window of m/z 30 to 550. Information on the purity,
CAS numbers, monitored m/z values, and retention times of the fatty acid standards
is summarized in Supplementary Table S2. Compound identification was performed by
matching retention times and mass spectral data with those of authentic standards. Data
pre-processing—including baseline correction, peak detection, alignment, and retention time
calibration—was performed using the Quant-My-Way Agilent B.09.00 software program.

2.8. Volatile Compound

Volatile compounds were analyzed using the Pegasus GC HRT4D+ system (LECO
Corporation, St. Joseph, MI, USA). Each 5 g sample was transferred into a 20 mL headspace
autosampler vial. Solid-phase microextraction (SPME) was performed using a CTC 3-in-1
autosampler equipped with a 50/30 um CAR/PDMS/DVB fiber (Supelco, Bellefonte,
PA, USA). Extraction was performed at 60 °C for 30 min, followed by fiber conditioning
at 250 °C for 3 min and analyte desorption at 250 °C for 2 min. Data acquisition was
performed using the LECO Pegasus 4D workstation and analyzed with the integrated
ChromaTOF® 4.61.1.0 software program. Chromatographic peak widths were set to 24 s
and 0.2 s for the first and second dimensions, respectively. Peaks with a signal-to-noise
ratio (S/N) greater than 200 were automatically detected, integrated, and deconvoluted.
The linear retention index (LRI) was calculated based on the retention times of a C5—Cjs
n-alkane series and matched against the NIST 2017 and Wiley 9 databases. Compounds
with both similarity and reverse match scores > 800 were selected for final identification.

2.9. Electronic Tongue Analysis

Electronic tongue analysis was conducted according to the method of Liu et al., with
modifications [20]. Each 10 g sample was homogenized and heated in a water bath until
the core temperature reached 40 °C. Subsequently, 80 mL of water at the same temperature
was added and further mixed for 1 min. After centrifugation at 3000x g for 10 min at
4 °C, the supernatant was collected for electronic tongue testing. A SA402B taste sensing
system (Insent, Kanagawa, Japan) was used to characterize the taste profile. The system
was equipped with five lipid membrane sensors—SB2CAOQ (sourness), SB2C00 (bitterness),
SB2AE]1 (astringency), SB2AAE (umami), and SB2CTO (saltiness)—along with an Ag/AgCl
reference electrode.
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Before measurement, the taste sensors and reference electrode were activated for
24 h in a reference solution (30 mmol/L KCI + 0.3 mmol/L tartaric acid) and saturated
KCl solution, respectively, to stabilize signal responses. Measurements were conducted
at room temperature (25 £ 2 °C) following a standardized five-step procedure: cleaning,
equilibration, sample measurement, re-cleaning, and aftertaste recording. Sensors were first
cleaned with cation and anion cleaning solutions for 90 s, rinsed in two reference solutions
for 120 s each, and the baseline potential (Vr) was recorded for 30 s. The sensors were then
immersed in the sample solution to measure the sample potential (Vs, 30 s), followed by
two brief rinses in reference solution (3 s), after which the aftertaste potential (Vr/, 30 s)
was recorded. Each sample was tested in quadruplicate, with the first reading discarded
and the mean of the remaining three used to ensure signal stability and reproducibility.
Data were processed using the instrument’s dedicated software and expressed as relative
taste intensity values. A principal component analysis (PCA) was applied to identify taste
distribution patterns and visualize differences among sample groups.

2.10. Data Statistics and Analysis

All experiments were independently performed in triplicate to ensure reliability, and
the results were expressed as mean =+ standard deviation (mean & SD). Statistical analyses
were conducted using the SPSS 25.0 software package (IBM, Armonk, NY, USA), with
significance set at p < 0.05. To validate the statistical assumptions, normality was tested
using the Shapiro-Wilk test, and the homogeneity of variance was assessed using Levene’s
test. If both conditions were met, a one-way analysis of variance (ANOVA) was performed,
followed by Waller-Duncan’s multiple range test for post hoc comparisons. When the
assumptions were not satisfied, the Kruskal-Wallis nonparametric test was applied, and
pairwise comparisons were conducted based on mean ranks. A principal component
analysis (PCA) was performed using the Anaconda software program (Anaconda, Inc.,
Austin, TX, USA). Graphs were generated using Origin 2021 (OriginLab Corporation,
Northampton, MA, USA) and the Chiplot platform (https:/ /www.chiplot.online/, accessed
on 25 April 2025).

3. Results and Discussion
3.1. Effects of Different Carbon and Nitrogen Sources on D. hansenii Growth and Enzymatic Activities

The growth and metabolic characteristics of microorganisms are strongly influenced by
the type and concentration of carbon and nitrogen sources in the medium, a factor closely
related to the metabolic regulation mechanisms of the fermenting strain [21]. As shown
in Figure 1A, the supplementation of different exogenous carbon and nitrogen sources
significantly affected the proliferation of D. hansenii. Under carbon source treatment,
the FCC group (corn starch) exhibited a colony count of 1.00 x 10!° CFU/g, which was
significantly higher than that of the control group, 8.70 x 10° CFU/g (p < 0.05). This
result was likely due to the slow-release property of corn starch, which may provide a
stable energy supply to support sustained cell activity. In contrast, the FCS group (sucrose)
showed a 40.23% decrease in colony count, which may be associated with osmotic stress.
According to Clara Navarrete et al., under high-salt stress conditions, D. hansenii tends
to allocate energy to maintaining cellular homeostasis rather than promoting rapid cell
division [22]. Under nitrogen source treatment, both the FNL group (leucine) and the
FNP group (soy protein isolate) significantly increased colony counts. The FNP group
exhibited the highest colony count at 1.66 x 10! CFU/g, representing a 90.23% increase
compared to the control (p < 0.05). This enhanced proliferation may be attributed to the
higher nitrogen content (~15%) and more complex nitrogenous composition of soy protein
isolate, compared to leucine (~10.7%). Upon hydrolysis, soy protein isolate releases a broad
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spectrum of amino acids and peptides, which may more effectively support the synthesis
of nucleic acids, proteins, and cofactors essential for cell proliferation. In contrast, the FNL
group was supplemented with a single amino acid. Although leucine modestly enhanced
growth, its limited nitrogen profile may not have met the broader metabolic requirements
of the strain.
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Figure 1. Total colony count of D. hansenii (A), protease activity (B), and lipase activity (C) in
the sausage medium after 5 days of fermentation. FCK: control; FCS: sucrose; FCC: corn starch;
FNL: leucine; FNP: soy protein isolates. Different letters indicate significant differences (p < 0.05).

Protease and lipase are two crucial enzymes produced by D. hansenii during fermenta-
tion; they are involved in the hydrolysis of proteins and fats, respectively, thereby enhancing
the flavor profile of fermented meat products [23]. As shown in Figure 1B, protease activity
was significantly higher in all treatment groups compared to the control group, with the
FNP group exhibiting the highest activity at 55.38 U/g, approximately 5-fold higher than
the control and 2-fold higher than the other treatment groups (p < 0.05). These results
indicate that exogenous carbon and nitrogen supplementation enhanced the protease ac-
tivity in D. hansenii, with various sources potentially affecting the strain through distinct
nutritional pathways or physiological effects. Carbon sources can indirectly stimulate
protease synthesis by providing carbon skeletons and an efficient energy supply to sustain
high metabolic activity, while nitrogen sources can boost metabolic activity and enhance
protease expression by supplying essential nitrogen [24]. In addition, soy protein isolate,
as a high-molecular-weight protein, may serve as a substrate for extracellular proteases,
potentially enhancing protease activity through substrate—enzyme recognition [25]. The
elevated activity observed in the treatment groups may facilitate the release of amino acids
and peptides—key precursors of flavor compounds—enhancing the umami and aromatic
complexity of the final product.

Figure 1C shows that exogenous carbon and nitrogen sources did not significantly
affect the lipase activity of D. hansenii. This may be because lipase is an inducible enzyme,
and its synthesis typically depends on the presence of specific lipid substrates acting as
inducers [26]. It is possible that the carbon and nitrogen sources used in this experiment
lacked the specific components required to induce lipase expression. However, since the
lipid profile of the carbon and nitrogen sources was not measured in this experiment,
this inference remains to be validated. The D. hansenii strain used in this experiment
exhibited inherently high baseline lipase activity, and all treatment groups had lipase
activity exceeding 50 U/g.

3.2. Physicochemical Properties
3.2.1. pH, Water Activity, and Water-Holding Capacity

pH, water activity, and water-holding capacity are important indicators for evaluating
the flavor and quality of fermented meat products. They also reflect microbial regulation of
the substrate’s microenvironment through metabolism. As shown in Figure 2A, the pH
value of all treatment groups significantly decreased after fermentation (p < 0.05). Among
the groups, the carbon source treatments showed a more pronounced decrease in pH, with
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the FCS group reaching the lowest pH of 5.33. This may be due to the rapid metabolism
of sucrose by D. hansenii, producing acidic byproducts like lactic and acetic acids [27].
In contrast, the pH decrease in FCC group was slower, which can be attributed to the
gradual degradation characteristics of corn starch, a complex polysaccharide. The pH in
the nitrogen source treatment groups remained relatively stable, especially in the FNP
group, where the pH was maintained between 5.90 and 5.81. This stability may be due
to the buffering capacity of amino acids such as aspartic acid and glutamic acid, released
during the microbial metabolism of soy protein isolates. These amino acids help neutralize
some of the acidic metabolic byproducts, thereby maintaining a relatively stable pH [28].
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Figure 2. pH (A), Aw (B), and water-holding capacity (C) of the sausage medium before and after
fermentation. CK: control; CS: sucrose; CC: corn starch; NL: leucine; NP: soy protein isolates.
FCK, FCS, FCC, FNL, and ENP represent the samples after fermentation. Different letters indicate
significant differences between groups (p < 0.05).

Figure 2B,C illustrate changes in water activity and water-holding capacity of the
sausage matrix before and after fermentation. Both the FCC group (complex carbon source)
and the FNP group (complex nitrogen source) significantly reduced water activity and
increased water-holding capacity (p < 0.05). Among these, corn starch exhibited a strong
water absorption capacity, continuously adsorbing free water and forming a stable protein—
water network structure [29]. Soy protein isolates, possessing both water absorption
and gel-forming properties, released degradation products, such as small peptides and
hydrophilic amino acids, during microbial metabolism. These products further enhance
water binding and improve the structural stability of the system [30]. In contrast, the
simple carbon and nitrogen source treatment groups (FCS and FNL) showed no significant
differences in water activity or water-holding capacity compared to the control group.
This may be because neither the carbon nor the nitrogen sources were able to form stable
protein—water networks, nor did they provide the spatial structure and hydrophilic groups
required for effective water retention [31].

3.2.2. Color

Color is a key sensory indicator of the quality of fermented meat products and directly
influences consumer acceptance. Figure 3A shows the appearance of the sausage matrix
before and after fermentation, while Figure 3B, Figure 3C, and Figure 3D illustrate the
specific changes in L¥, a*, and b* values, respectively.

As shown in Figure 3B, fermentation led to a decrease in L* in the control group,
while the addition of corn starch in the FCC group effectively slowed this decline. Corn
starch, with its water absorption and expansion properties, reduced transparency and
formed a uniform structure with proteins, enhancing light scattering and reflection, thereby
maintaining a higher L* value [32]. The soy protein isolate in the FNP group, with its
inherent yellowish color, may undergo browning during fermentation, leading to lower
L* values before and after fermentation. Figure 3C shows that the a* value in the FNP
group was significantly higher than in the other groups (p < 0.05). The relatively stable
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pH observed in the FNP group may help explain the preserved color. Previous studies
have suggested that increased acidity may accelerate myoglobin oxidation and cause
discoloration [33]. Figure 3D illustrates that fermentation caused a decrease in b* values
for all groups. During fermentation, the increased NaCl concentration decreased oxygen
solubility in the system, promoting the formation of high-iron myoglobin, which led to a
decrease in b* [34]. The yellow color inherent in soy protein isolates resulted in higher b*
values in the FNP group both before and after fermentation.
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Figure 3. Appearance changes in the sausage medium before and after fermentation (A), and color
changes: L* (B), a* (C), b* (D). CK: control; CS: sucrose; CC: corn starch; NL: leucine; NP: soy protein
isolates. FCK, FCS, FCC, FNL, and FNP represent the samples after fermentation. Different letters
indicate significant differences (p < 0.05).

In summary, supplementation with exogenous carbon and nitrogen sources had vary-
ing effects on the growth characteristics, enzyme activities, and physicochemical properties
of D. hansenii in the fermented sausage model. Among the different treatments, the complex
carbon source FCC group (corn starch) and the complex nitrogen source FNP group (soy
protein isolates) exhibited the most significant improvements. Both groups significantly in-
creased the colony count and protease activity of D. hansenii, while maintaining high lipase
activity. Additionally, improvements in the color attributes and water-holding capacity
of the fermented sausage were likely due to their macromolecular structures. In contrast,
the simple carbon source FCS group (sucrose) and the simple nitrogen source FNL group
(leucine) showed fewer improvements. The subsequent section of this manuscript focuses
on the effects of corn starch and soy protein isolates on the accumulation of amino acids,
fatty acids, and volatile flavor compounds during D. hansenii fermentation.

3.3. Amino Acid Analysis

Amino acids are important flavor precursors in fermented meat products, partici-
pating in enzymatic reactions and microbial metabolic processes. They are also essential
nutrients for the human body and significantly contribute to improving the nutritional
value of the product [35]. Table 1 shows the effect of different carbon and nitrogen sources
on the amino acid profile. The total free amino acid (FAA) content in the FCC group was
258.37 mg/100 g, with no significant difference compared to the control group. This sug-
gests that although corn starch increased protease activity, the hydrolysis products did not
accumulate significantly in the substrate, which aligns with the findings of Ding et al. [14].
D. hansenii may have rapidly utilized the hydrolyzed amino acids for cell proliferation or
anabolic metabolism, leading to limited accumulation in the medium. Moreover, previous
studies suggest that glucose can induce carbon catabolite repression, potentially affecting
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microbial amino acid metabolism. Since corn starch is degraded into glucose, it is possible
that this mechanism also played a role in the current fermentation system.

Table 1. Amino acid composition and content of the fermented sausage medium with different
carbon and nitrogen sources.

FCK FCC FNP

Free Amino Acids
mg/100 g

Asp 330 +£0.70° 240 +£0.61° 6.47 +0.40 2
Glu 20.85 +1.34b 2263 +220P 34.03 +1.722
Umami FAAs 2430+ 226" 25.03 +2.07b 40.50 + 1.42 2
Thr * 7.93 +0.67 P 7.50 +£0.75b 12.53 +0.712
Ser 17.20 + 0.71 16.43 +1.80 P 3353 +0.722
Gly 6.75+ 0.35b 7.03+0.61P 1147 +£1.202
Ala 16.43 + 0.81° 15.03 + 1.87° 25.77 +2.89 2
Pro 9.50 +£ 0.72°¢ 12.13 + 0.76 © 14.70 +1.042
Sweet FAAs 59.30 4+ 1.32b 58.13 + 1.52b 98.00 + 0.66 2
Val * 19.30 + 0.85P 20.33 +1.44P 30.23 + 1.06 2
Met * 8.37 +£0.912 8.80 + 1.002 8.37 +£0.502
Ile * 14.83 £0.31° 14.60 + 1.47° 23.17 +1.212
Leu* 19.80 +£1.25P 20.37 +£0.71P 3717 £1.292
Tyr 15.80 + 0.50 P 16.33 £ 0.99 P 2537 +2.832
Phe * 24.03 +1.34P 2523 +1.92b 3473 +£1.362
His 6.77 £ 0.49 2 7.33+0.852 9.67 £2312
Lys * 2520 +2.56 P 27.03 +1.42°P 40.53 +1.042
Arg 10.87 + 1.86 P 10.07 £ 1.53P 1743 +0.612
Bitter FAAs 14557 + 1.12b 150.10 + 3.72 b 226.67 +9.182
Cys 25.07 4+ 0.06 2 25.10 + 0.56 2 2647 +£1.102
Total FAAs 255.50 4+ 3.91 P 258.37 £20.59P  391.63 +£10.722

“*” indicates essential amino acids. Different letters under the same parameter indicate significant differences

(p < 0.05).

The total free amino acid (FAA) content in the FNP group was 391.63 mg/100 g,
corresponding to a 53.28% increase compared to the control group. This increase is primarily
due to the effective degradation of soy protein isolates by D. hansenii during fermentation,
which provides a rich source of amino acids and short peptides, promoting amino acid
accumulation. Additionally, as a complex nitrogen source, soy protein isolates avoided
triggering nitrogen catabolite repression (NCR), which stimulated the strain to secrete
more proteases, enhancing protein degradation and its conversion [36]. Furthermore, when
nitrogen sources are limited, the inactivation of the TOR (target of rapamycin) signaling
pathway may promote the degradation and utilization of non-preferred nitrogen sources,
further enhancing the synthesis and accumulation of FAAs [37]. Therefore, the significant
increase in free amino acid levels in the FNP group was likely due to the combined effects
of raw material degradation, the strain’s high baseline protease activity, and nitrogen
metabolism regulation.

Amino acids not only serve as important flavor precursors but also undergo chemical
reactions to contribute to the formation of complex flavors. In the FNP group, umami
FAAs and sweet FAAs increased by 66.67% and 65.26%, respectively, likely contributing
to the enhancement of umami and sweetness in the sausage. Furthermore, in the FNP
group, the levels of all essential amino acids, except for methionine (which is naturally
deficient in soy protein isolates), were significantly increased (p < 0.05). Essential amino
acids improve the nutritional profile of food by providing the body with necessary amino
acids, promoting protein synthesis, boosting immune function, and supporting nervous
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system health [38,39]. Therefore, they play a key role in improving the health benefits of
food. Overall, the higher free amino acid levels in the FNP group suggest a stronger flavor
potential and greater nutritional value.

3.4. Fatty Acid Analysis

The extent of fat hydrolysis and the composition of fatty acids are key factors influenc-
ing both the flavor and nutritional quality of fermented meat products. In fermented meat
matrices, D. hansenii secretes lipase to catalyze fat hydrolysis, producing free fatty acids
(FFAs), which are important flavor precursors [2]. In preliminary tests, the strain used in
this study also exhibited notable lipolytic activity. Based on these findings, this section
explores the effects of exogenous carbon and nitrogen sources on the fatty acid profile in a
sausage model.

The free fatty acid content in each group after 5 days of fermentation is presented
in Table 2. The total FFA content in the FCC group (1251.13 mg/100 g) and the FNP group
(1342.92 mg/100 g) was significantly lower than that in the control group (1772.35 mg/100 g),
corresponding to decreases of 29.4% and 24.2%, respectively (p < 0.05). Despite the reduc-
tion in total FFAs, the carbon and nitrogen source treatments retained sufficient levels of
flavor precursors (>1000 mg/100 g). The fatty acid composition in all three groups was
similar, with major components including oleic acid (cis) (30%), palmitic acid (25-26%),
linoleic acid (16-17%), and stearic acid (13-14%), all of which are important precursors for
aldehyde formation, such as nonanal and hexanal. Since there was no significant difference
in lipase activity among the three groups, it suggests that the accumulation of free fatty
acids may be influenced by factors such as raw material composition, lipid metabolism
mechanisms, and the strain’s energy supply strategy.

Table 2. Fatty acid composition and content of the fermented sausage medium with different carbon

and nitrogen sources.

FCK FCC FNP

Free Fatty Acids
mg/100 g

Butyric Acid 0.21 +0.08 2 0.08 +0.01P 0.07 £0.01b
Caproic acid 0.04 +0.022 0.02 + 0.022b 0.01 £0.01°
Caprylic Acid 0.17 +0.022 0.10 + 0.06 0.11 +0.012
Capric Acid 2.39 +0.232 1.73 +£0.792 1.87 +£0.092
Undecylic acid 0.08 +0.012 0.06 + 0.03 2 0.07 +0.012
Lauric Acid 3.17 +£0.282 228+ 1.032 247 +£0.112
Tridecylic acid 0.07 £0.01° 0.05+0.02° 0.05+0.012
Myristic Acid 4236 +3.332 29.69 +1.28° 32114 1.03°
Pentadecanoic Acid 1.19 +0.092 0.80 £ 0.352 0.85+0.022
Palmitic Acid 459.87 £ 16922  327.85+7.89P 345.56 + 10.99 b
Heptadecanoic Acid 6.06 +0.60 2 401+1852 439+0.26°
Stearic Acid 256.87 + 14.02 2 175.67 + 4.62P 187.31 + 5.16P
Arachidic Acid 598 +0.522 3.75 + 0.36 P 433+021b
Heneicosanoic acid 0.13 +£0.022 0.07 +£0.03b 0.09 +£0.01P
Behenic Acid 0.39 +0.04 2 0.27 +0.07 b 0.32 +0.01 2
Tricosanoic acid 0.08+0.012 0.05+0.01b 0.06 +0.01P
Lignoceric Acid 0.22 4+ 0.042 0.14 +0.022 0.19 +0.092
Myristoleic Acid 0.50 + 0.03 2 0.35+0.202 0.35+0.052
Palmitoleic Acid 61.95 + 4.86 2 4427 +£291b 48.74 +2.17"
Margaroleic Acid 497 +1.962 322 +1.64° 3.26 +0.092
Oleic Acid (trans) 3.88+0.312 259 +1.232 2.85+0.122
Oleic Acid (cis) 53337 £22.612  376.65 + 6.25° 403.13 £ 13.20°
Gadoleic Acid 2523 +2.332 16.18 +£1.27° 17.63 £ 0.95P
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Table 2. Cont.

FCK FCC FNP
Free Fatty Acids

mg/100 g
Erucic Acid 152 +0.294 137 +£0.142 1.36 +0.022
Nervonic Acid 0.41 +£0.052 0.34 +£0.14 2P 0.23 +£0.03P
Linoleic Acid 299.71 +7.212 216.81 +7.01¢ 238.00 +£9.29 P
Linoleic Acid (trans) 0.16 + 0.012 0.11 +£0.02b 0.16 + 0.012
v-Linolenic Acid 1.16 +£0.102 0.79 +0.372 0.88 + 0.07 2
Alpha-Linolenic Acid 21.50 +2.192 15.06 + 0.94 P 16.89 + 0.92 P
Eicosadienoic Acid 20.38 +£1.352 13.04 +2.45P 1447 +0.61°
Dihomo-gamma- 2.69 4 0.192 1.82+0.68"° 2.09 4 0.03 2
Linolenic Acid
Erucic acid 152 +0292 1.37 +0.142 1.36 +0.022
Eicosatrienoic Acid 3.63 +£0.382 213 +0.85P 244 +0.28b
Arachidonic Acid 993 +0.212 8.04 +1.27b 8.81 4+ 0.152P
Eicosapentaenoic Acid 0.26 £0.022 0.18 +£0.02° 0.19 +£0.01°
Docosadienoic Acid 0.29 +£0.042 0.18 £0.08 b 0.19 +0.01 @

SFAs 779.29 + 34.73 2 546.63 + 15.60°  579.88 +17.63P
MUFAs 631.83 +£29.892 44496 +10.67° 47755+ 16.33P
PUFAs 36123 +10.922  259.54 +12.69 ¢ 285.49 + 10.64 P
UFAs 993.06 + 40.61 2 704.50 + 23.07 b 763.04 + 26.89 P
UFAs/SFAs 127 +£0.01P 1.29 + 0.02 @b 1.32 £0.012
Total FFAs 1772.35 £ 75342  1251.13 +£36.90°  1342.92 4+ 44.36°

SFAs: saturated fatty acids; MUFAs: monounsaturated fatty acids; PUFAs: polyunsaturated fatty acids;
UFAs: unsaturated fatty acids. Different letters under the same parameter indicate significant differences (p < 0.05).

The low free fatty acid levels in the FCC group may be attributable to the energy-
providing function of corn starch. The additional energy supply reduced the strain’s
reliance on fat as an energy source, thereby lowering the fat hydrolysis rate. Moreover, glu-
cose, a product of corn starch degradation, may activate the CCR mechanism in D. hansenii,
thereby inhibiting fat catabolism [40]. The reduced level of free fatty acids in the FNP group
may also result from the energy-yielding function of soy protein isolate, which could reduce
the strain’s dependence on lipid catabolism. In addition, serine—a degradation product
of soy protein—has been identified as a key precursor for phospholipid synthesis [41].
Based on the observation of the highest colony count in the FNP group, it is speculated
that lipid-derived metabolites may have been preferentially directed toward membrane
construction and biomass production, rather than accumulating in the medium.

The saturated fatty acid (SFA) content in the FCC and FNP groups decreased by
29.86% and 25.58%, respectively, compared to the control. The corresponding UFA /SFA
ratios increased to 1.29 and 1.32, respectively. Given that a high SFA intake has been
linked to increased cardiovascular risk, this compositional change may be of potential
nutritional interest [42]. High levels of free fatty acids (FFAs) are generally associated with
increased risks of lipid oxidation and rancidity [43]. The elevated FFA content observed
in the control group may therefore have implications for product shelf life and flavor
stability, although this would require further verification through TBARS and peroxide
value measurements. Overall, the addition of exogenous carbon and nitrogen sources (corn
starch and soy protein isolate) modulated the fatty acid profile of D. hansenii, potentially
improving lipid composition while preserving flavor precursor availability, and indicating
a favorable nutritional profile.
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A

3.5. Volatile Compound Analysis

Volatile compounds play a crucial role in determining the flavor characteristics and
consumer acceptance of fermented sausages. In this study, SPME-GC-MS was employed to
analyze the differences in volatile compounds among the groups, and heatmaps of their
relative contents, along with stacked bar charts for each compound category, were gener-
ated (Figure 4A,B). A total of 54 volatile compounds were detected, including 12 alcohols,
16 aldehydes, 6 acids, 5 ketones, 8 esters, 6 pyrazines, and 1 furan compound. Specifically,
45 compounds were detected in the control group, 44 in the FCC group, and 38 in the
FNP group. Significant differences in the composition of volatile flavor compounds were
observed among the groups (p < 0.05), suggesting that the addition of carbon and nitro-
gen sources significantly affected the accumulation of volatile compounds in D. hansenii-
fermented sausages.
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Figure 4. Abundance heatmap of volatile compounds (A) and stacked bar chart of relative content of
each category of volatile compounds (B). The heatmap is color-coded from red to green, with red
indicating relatively high content and green indicating relatively low content.

The relative contents of alcohols and acids were similar among the three groups, with
alcohols being the most abundant volatile compounds in each group. These compounds
accumulated in large quantities during the early stages of fermentation and served as
precursors for key flavor compounds, such as esters and aldehydes [44]. Alcohols and acids
primarily originated from yeast lipid oxidation, amino acid metabolism, and carbohydrate
metabolism, with typically high thresholds, contributing to alcoholic, grassy, acidic, and
cheesy aromas in fermented meat products [45]. The differences in alcohol content among
the treatment groups may be attributed to the metabolic regulation characteristics of
D. hansenii. In the FCC group, due to the lack of exogenous nitrogen sources, the strain
may have relied more on sugar metabolism for energy, resulting in the production of
alcohols, such as isobutanol [46]. In contrast, the high levels of FAAs in the FNP group
may have triggered the Ehrlich pathway, which could convert amino acids into higher
alcohols [47]. For instance, phenylethanol, a metabolic product of phenylalanine, was
significantly increased in the FNP group (p < 0.05), contributing to rose and honey-like
aroma characteristics.

151

[ Furans
Pyrazines
Ketones
Aldehydes
Esters
Acids
Alcohols



Foods 2025, 14, 1840

Relatively high levels of aldehydes were observed in the FCC group (27.56%) and
control group (27.33%). Aldehydes generally result from the oxidation and degradation of
unsaturated fatty acids [1]. The high free fatty acid content in the control group served as a
sufficient substrate for aldehyde accumulation. Although the free fatty acid content in the
FCC group was lower, aldehyde intermediates might still have been generated through
metabolic pathways such as sugar degradation [48]. In contrast, the aldehyde content in
the FNP group was significantly lower (4.71%) than that in the other two groups (p < 0.05).
The observed effect may be associated with the antioxidant activity of soy protein isolate
hydrolysates. According to previous studies, these hydrolysates can contribute to lipid
stabilization through mechanisms such as metal ion chelation, hydrogen donation, and free
radical scavenging [49]. It is worth noting that aldehydes have a low sensory threshold,
and even low concentrations can impart a fresh, herbal aroma to fermented meat products,
whereas higher concentrations may result in greasy or rancid odors [50].

Esters are key flavor components in fermented meat products, characterized by low
sensory thresholds and playing a crucial role in enhancing aroma. They are typically
formed through the esterification of alcohols and acids, and yeasts can also catalyze the
formation of ethyl esters via the alcohol acetyltransferase pathway, utilizing acetyl-CoA
and higher alcohols [51]. In the FCC group, the relative content of esters decreased to 7.33%,
which may be related to the CCR effect triggered by glucose, degraded from corn starch.
This effect is suggested to further inhibit metabolic pathways in D. hansenii associated with
the synthesis of higher alcohols and the expression of alcohol acetyltransferase, thereby
limiting the generation and conversion of ester precursors and reducing ester accumulation,
as reported in previous studies [7]. In contrast, the FNP group, by alleviating the NCR
effect, may have enhanced the activity of metabolic pathways related to ester synthesis,
leading to a significant increase in ester content, which reached 22.38%. The FNP group
showed the substantial accumulation of volatile compounds such as ethyl hexanoate and
ethyl benzoate, which are commonly associated with “fruity” and “floral” aromas in
previous studies.

The relative content of ketones in the FCC and FNP groups increased to 2.89% and
6.35%, respectively. Ketones, which have a low sensory threshold, contribute to fruity, floral,
and creamy aromas. They primarily originate from (3-keto acid decarboxylation, incomplete
-oxidation of free fatty acids, and amino acid degradation. Some studies have found
that carbon sources are converted into pyruvate through glycolysis, which can then be
transformed into acetyl-CoA, and under specific metabolic conditions, short-chain ketones
may be produced via an atypical pathway [52]. In the FNP group, the abundant nitrogen
source may have maintained metabolic balance in D. hansenii, reducing its dependence
on fat for energy. This increase in incomplete (3-oxidation flux could have promoted the
accumulation of medium-chain ketones, such as 2-heptanone, which have contributed to
fruity aromas [53].

The FNP group also exhibited a significant accumulation of 2-pentylfuran (2.95%),
a low-threshold compound known to contribute to plant-like aromas such as beany and
green notes. Additionally, pyrazine compounds (2.13%) were detected exclusively in the
FNP group. Pyrazines require carbohydrates as carbon source precursors and amino acids
as nitrogen source precursors [54]. The elevated FAA levels in the FNP group may have
provided sufficient substrates for non-enzymatic pyrazine synthesis, promoting the early
accumulation of pyrazines during fermentation. Pyrazines have an extremely low flavor
threshold and can contribute unique roasted and nutty aromas at low concentrations.

In summary, the FCC group generated aldehydes and ketones under conditions of
low free fatty acid levels, contributing fresh, grassy flavor characteristics to the sausages.
The relative content of esters, ketones, and pyrazines increased in the FNP group, with
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reduced aldehyde contents, leading to a complex and rich flavor profile with fruity, nutty,
and other distinctive characteristics.

3.6. Taste Characteristics of Sausage Model

Electronic tongue technology was used to further examine the impact of corn starch
and soy protein isolates on the flavor characteristics of a fermented sausage model. The
electronic tongue simulates the human tongue’s ability to perceive key taste attributes, such
as sourness, sweetness, saltiness, bitterness, and umami, offering an objective reflection of
taste differences between samples. As shown in Figure 5A, the FCC group (corn starch)
exhibited significantly increased sourness and decreased saltiness, which can be attributed
to the accumulation of organic acids produced by an active glycolysis pathway and the
lower degree of fat hydrolysis. The FNP group (soy protein isolates) exhibited a prominent
umami response, attributable to its high content of glutamic acid and flavor peptides, which
synergistically interact with ester compounds to enhance the overall flavor. As shown in
Figure 5B, a principal component analysis (PCA) explained 87.46% of the total variance,
effectively distinguishing the taste distribution characteristics among the different treatment
groups. PC1 (71.80%) primarily differentiates between carbon source and nitrogen source
treatments, while PC2 (15.66%) reflects differences in fermentation levels. The FNP and FCC
groups were positioned on either side of the control group in the PCA space, suggesting that
carbon and nitrogen sources may induce distinct taste clustering patterns through different
metabolic regulation mechanisms. When combined with analyses of FAAs, free fatty
acids, and volatile flavors, it can be inferred that the enhanced sourness in the FCC group
was related to the acidic byproducts from active sugar metabolism, while the decreased
saltiness was likely due to lower fat hydrolysis and limited salt-soluble protein degradation.
An electronic tongue analysis indicated enhanced umami and taste richness in the FNP
group, which may be associated with the accumulation of short peptides and FAAs, as well
as abundant esters, pyrazines, and furans.
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Figure 5. Taste characteristics of fermented sausage model, including bar chart of the electronic
tongue (A), PCA plot of the electronic tongue (B), and correlation heatmap with major amino acids,
fatty acids, and volatile compounds (C). Red indicates a positive correlation, blue indicates a negative
correlation, and white indicates no correlation. Different letters under the same parameter indicate
significant differences (p < 0.05); asterisks indicate significance levels: * p < 0.05, ** p < 0.01.
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To further explore the relationship between flavor compounds and sensory taste at-
tributes, a Spearman correlation analysis was performed to construct a correlation heatmap
between 44 major volatile and non-volatile flavor compounds and 8 electronic tongue
sensory characteristics (Figure 5C). The results showed that compounds such as isoamyl
alcohol, 3-hydroxy-2-butanone, isobutyric acid, and ethyl isoamyl ester were positively
correlated with umami, richness, and saltiness, suggesting their role in enhancing these
taste attributes. Phenylethanol, 2-heptanone, and the umami amino acid glutamic acid
also significantly contributed to the umami characteristic. Additionally, while free fatty
acids enhance saltiness, they may also impart bitterness and a bitter aftertaste. Compounds
such as 1-octen-3-one, hexanal, and octanal were positively correlated with astringency,
bitterness, and sourness, indicating that these compounds could contribute to unpleasant
sensory experiences at high concentrations.

In summary, the analysis of both the electronic tongue data and flavor compounds
revealed a significant association between key metabolites and taste attributes. The FCC
group exhibited a fresh, acidic taste with reduced saltiness, while the FNP group exhibited
prominent umami and richness.

4. Conclusions

This study initially assessed the effects of simple and complex carbon and nitrogen
sources on the fermentation characteristics of local D. hansenii. The results demonstrated
that the complex carbon and nitrogen sources, including corn starch and soy protein isolates,
were particularly effective. Both sources exhibited good water retention properties. Corn
starch, serving as a slow-release carbon source, maintained a stable energy supply, boosting
colony counts, protease activity, and product brightness. Soy protein isolates, providing a
stable nitrogen source and alleviating the NCR effect, led to enhanced growth and protease
secretion in D. hansenii. A further analysis revealed that corn starch accumulated aldehydes
and ketones, contributing fresh flavor characteristics. Soy protein isolates, through raw
material degradation, the synergistic action of D. hansenii’s high protease activity, and
nitrogen metabolism regulation, increased the total free amino acid content, particularly en-
hancing umami and sweetness components. It also enriched esters, ketones, and pyrazines,
while reducing aldehydes, resulting in a more intense and complex aroma profile. No-
tably, both carbon and nitrogen sources optimized the fatty acid profile, contributing to
the improved nutritional value of the final product. In summary, supplementation with
different exogenous carbon and nitrogen sources can regulate the fermentation character-
istics of D. hansenii through distinct metabolic pathways, producing differentiated effects
in promoting growth and enzyme activity, improving physicochemical properties, and
optimizing flavor compound accumulation. The rational selection of carbon and nitrogen
sources provides technical support for improving the quality and flavor of fermented
sausages, as well as for achieving controlled flavor regulation in fermented meat products.
In future studies, the fermentation characteristics of the strain can be further optimized by
combining carbon and nitrogen sources and adjusting the carbon-to-nitrogen ratio.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/foods14111840/s1, Table S1. Free Amino Acid Standard Information;
Table S2. Free Fatty Acid Standard Information; Table S3. Volatile compound composition and
content of fermented sausage culture medium with different carbon and nitrogen sources; Figure S1.
Representative chromatograms of free fatty acids in fermented samples from different treatment
groups: A, Standard sample; B, control (FCK); C, corn starch (FCC); D, soy protein isolate (FNP).
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Abstract: To improve the quality and functional properties of yogurts, a multi-starters
co-fermentation system was used during yogurt preparation. In this work, Weissella cibaria
G232 (added at 0%, 3%, 5%, and 7%) was involved as a co-fermenter with a traditional
starter (Lactobacillus delbrueckii subsp. bulgaricus G119 and Streptococcus thermophilus Q019).
The results showed that W. cibaria G232 co-fermentation could shorten the fermentation
time and significantly enhance the viable counts of yogurt (p < 0.05). Moreover, the incor-
poration of W. cibaria G232 improved the water holding ability, viscosity, and texture of
yogurt. Notably, the highest levels of firmness, consistency, and cohesiveness of yogurt
were observed at the 5% addition level of W. cibaria G232. Furthermore, co-fermentation
with W. cibaria G232 significantly enhanced the antioxidant activity of yogurt, as evidenced
by increased free radical scavenging capacity and ferric ion reducing antioxidant power
(FRAP) value. The intelligent sensory technology and Gas Chromatography-lon Mobility
Spectrometry (GC-IMS) indicated that co-fermentation with W. cibaria G232 and a tra-
ditional starter notably altered the accumulation of aldehydes, ketones, and alcohols in
yogurt. These findings suggest that co-fermentation of W. cibaria G232 with a traditional
starter present the potential for the quality and functionality improvement of yogurt and
also lay the foundation for the application of W. cibaria G232.

Keywords: Weissella cibaria; co-fermentation; yogurt; antioxidant; aromatic profile

1. Introduction

Yogurt is a semi-solid fermented product produced by fermenting cow’s milk with a
starter culture consisting of Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bul-
garicus [1]. Yogurt, known for its distinctive flavor and nutritional benefits, offers multiple
health advantages, including maintaining the balance of intestinal microbiota, improving
the intestinal barrier, scavenging free radicals, and increasing the body’s resistance to
disease [2]. Other benefits are also associated with the consumption of yogurt, such as
stimulating peristaltic movements [3], promoting the colonization of the gastrointestinal
tract by beneficial microorganisms [4], improving the digestibility of nutrients, and reliev-
ing irritable bowel syndrome [5]. However, the quality of plain yogurt could alter during
fermentation, storage, and transportation, mainly due to whey separation, low bacterial
viability, poor viscosity, and rough texture, which negatively impact the properties of the
yogurt [4]. Starter cultures are the key ingredients for the production of yogurt. To address
the aforementioned issues, researchers have used probiotic co-fermentation with tradi-
tional starters to improve yogurt quality. For example, fermentation by Lactiplantibacillus
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plantarum MTCC 25432 and 25433 could enhance the rheological, texture, and antimicrobial
properties of yogurt [6]. Lactiplantibacillus plantarum ZFM55 fermentation also distributed a
desirable flavor profile of yogurt; at the same time, the water holding capacity, cohesiveness,
and viscosity of yogurt improved [7]. Lactobacillus fermentum HY01, as an adjunct starter,
increased the abundance of volatile flavor compounds in yak yogurt, and 36 volatile sub-
stances, including aldehydes, esters, and alcohols, were detected by GC-MS [8]. Although
Lactiplantibacillus plantarum has been extensively utilized as an adjunct starter culture in
yogurt production, persistent acid production during refrigerated storage and mismatched
acidification rates with the primary starter cultures may compromise the acid stability and
textural properties of the final product. The development of compatible synergistic starter
cultures is urgently needed to overcome key challenges in dairy fermentation.

Weissella spp. are facultatively anaerobic, Gram-positive, chemoorganotrophs bac-
teria that do not form spores or produce lactic acid via the hexose-monophosphate and
phosphoketolase pathways [9]. The genus Weissella belongs to the family Leuconostocaceae,
and has been frequently found in human and animal intestines, saliva, and traditional
fermented foods, such as pickles, sourdough, and cheese [10,11], suggesting it is a lactic
acid bacterial genus with Generally Recognized as Safe status [12]. As natural emulsifying
stabilizers in yogurt fermentation, exopolysaccharides (EPS) produced by Weissella spp. ef-
fectively enhance milk gel texture and reduce syneresis. Notably, EPS from W. cibaria SP213
exhibits enhanced interfacial activity under acidic conditions (pH 3), making it particularly
suitable for fermented dairy products like yogurt. This EPS contains abundant functional
groups (e.g., carboxyl groups), conferring strong hydrophilicity and superior interfacial
stabilization [13]. Furthermore, in mixed-culture fermentations, Weissella spp. contribute to
flavor complexity through heterofermentative metabolism. For instance, Sichuan pickles
co-inoculated with Lactiplantibacillus plantarum LP067 and W. cibaria WC018 showed accel-
erated acetic and lactic acid production, along with increased volatile flavor compounds
(e.g., esters, aldehydes, and ketones) [14]. Due to their prevalence in fermented foods and
putative probiotic properties, Weissella species are promising starter cultures and potential
probiotics. However, their application in yogurt production remains underexplored.

Given the functional potential of Weissella spp. in fermented foods—particularly
their EPS-producing capacity and flavor-modulating properties—this study investigated
the potential of using W. cibaria G232 as an adjunct culture to enhance yogurt quality.
Building on our laboratory’s prior discovery of its strong EPS production, we systematically
evaluated the effects of co-culturing W. cibaria G232 with traditional starters (Lactobacillus
delbrueckii subsp. bulgaricus G119 and Streptococcus thermophilus Q019) on three critical
parameters: physicochemical properties, antioxidant activities, and aromatic profile. To
objectively characterize aroma variations, we employed intelligent sensory techniques
coupled with gas chromatography-ion mobility spectrometry (GC-IMS). The findings offer
novel insights into industrial application of W. cibaria G232 in fermented dairy production.

2. Materials and Methods
2.1. Preparation of Strains

Weissella cibaria G232 was isolated from traditional Sichuan fermented pickles. Lacto-
bacillus delbrueckii subsp. bulgaricus G119 and Streptococcus thermophilus Q019 were obtained
from commercial yogurt and identified via 16S rRNA sequencing. All strains were cryop-
reserved at —80 °C in 50% (v/v) glycerol until use. Prior to experimentation, the cultures
were revived by two successive subcultures in de Man, Rogosa, and Sharpe (MRS) broth
under aerobic conditions at 30 °C for 24 h.
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2.2. Yogurt Fermentation

Initial preliminary experiments confirmed vigorous growth of W. cibaria G232, L. bul-
garicus G119, and S. thermophilus Q019 on the MRS medium. Based on these findings, the
three strains were inoculated into 10 mL of fresh MRS broth and incubated at 30 °C for
24 h. Cells were harvested through centrifugation (7200x g, 30 min, 4 °C, Centrifuge 5920
R, Eppendorf, Hamburg, Germany). Pelleted cells were PBS-washed twice and standard-
ized to 5 x 10° CFU/mL for subsequent yogurt fermentation. Yogurt fermentation was
performed according to Figure 1: sterilized milk inoculated with 5% (v/v) starter culture
was incubated at 42 °C. The control group (YC) contained conventional starter cultures
(L. bulgaricus G119 and S. thermophilus Q019, 1:1 ratio). Moreover, yogurt samples were
co-inoculated with a traditional starter and a different ratio of W. cibaria G232 (3%, Y1,
5%, Y2, and 7%, Y3) while maintaining total inoculum volume at 5% (v/v), as detailed in
Table 1. Fermentation was terminated when the pH decreased below 4.5, after which the
coagulated product was immediately refrigerated at 4 °C overnight.

Fermentation process of yogurt

Reconstituted 12 % (w/v) skim milk powder and 7 % sucrose in distilled water

Heated to Homogenization at 15 Heated to 90 °C
60 °C for 30 min and 35 Mpa for 5 min

The strains were inoculated into the milk according to Table 1 and cultured at 42 °C until set

Refrigerated at 4 °C as starters

Cell population in the cultures reached at 5x1076 CFU/mL
Inoculated at 5 % (v/v) and cultured at 42 °C until pH less than 4.5

Transferred to the 4 °C regrigerator and cooked overnight

Figure 1. Fermentation process of yogurt.

Table 1. Combinations of strains.

Group Different Proportional Combinations
YC L. bulgaricus G119: S. thermophilus Q019 is 1:1
Y1 YC + W. cibaria G232 (3%)

Y2 YC + W. cibaria G232 (5%)
Y3 YC + W. cibaria G232 (7%)

2.3. Physicochemical Characteristics of Yogurt
2.3.1. Determination of pH and Titratable Acidity (TA)

The pH of yogurt was measured hourly during the fermentation with a digital pH
meter (DGB-402A, Inesa, Shanghai, China). TA of yogurt was determined by titration
with sodium hydroxide (NaOH). Specifically, 10 g of yogurt was accurately weighed into
tapered bottles and mixed with 20 mL of distilled water. The mixture was titrated with
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0.1 mol/L NaOH in the presence of phenolphthalein as an indicator. The TA was calculated

using Equation (1). Vx € % 100
x C x

Titratable acidity = 01

@

where C is the concentration of the NaOH standard solution (0.1 mol/L), V is the volume
of NaOH (mL), and m is the quantity of the yogurt sample (g).

2.3.2. Determination of Viable Counts

Samples (1 mL) were diluted with 9 mL of normal saline. Serial dilutions were plated
onto an MRS agar medium and cultured at 37 °C for 48 h. Colonies were counted on the
plate, each containing 30 to 300 colonies.

2.3.3. Determination of Water-Holding Capacity (WHC)

A total of 10 g of yogurt sample was weighed into a 15 mL centrifuge tube and
centrifuged at 5000 g at 4 °C for 20 min. The supernatant was collected for antioxidant
capacity analysis. WHC was calculated following Equation (2).

W
HC = — 1 2
WHC Wox 00 (2)

where W is the weight of precipitation after centrifugation, and Wy is the weight of the sample.

2.3.4. Determination of Rheological Property

According to the method by Fan et al. [15], the rheological properties of the samples
were determined using the HR-1 rheometer (TA-WATERS Ltd., New Castle, DE, USA). The
apparent viscosity of the yogurts was measured at 25 °C, with a fixed frequency of 1 HZ
and a share rate increasing from 0.1 s~! to 100 s~!, followed by a decrease from 100 s~ !
t0 0.1 s~1. Modulus (G) and loss modulus (G”) were measured at 25 °C under a constant
strain fixed at 0.5%; the frequency of scanning ranged from 0.1 to 10 HZ in the shear mode.

2.3.5. Texture Analysis

Hardness, consistency, and cohesiveness of yogurt were measured using a texture
analyzer (TA. XT Plus, Stable Micro System, Godalming, Surrey, UK). A cake probe of
35 mm was selected with a test distance of 10 mm and a trigger point of 10.0 g. The pre-test
speed was 6 mm/s, and the test speed was 2 mm/s [16]. The yogurt was tested immediately
after the removal from the refrigerator, and the temperature in the testing environment was
maintained at 25 °C.

2.4. Determination of Yogurt's Antioxidant Activity

A total of 10 g of the yogurt sample was weighed into 15 mL centrifuge tube and
centrifuged at 5000x g, at 4 °C, for 20 min. The supernatant was mixed with 15 mL of
acidified methanol (containing 0.05 mL of hydrochloric acid), thoroughly vortexed, and
incubated at —20 °C for 1 h to ensure complete protein precipitation, then centrifuged at
5000% g and 4 °C for 10 min.

2.4.1. Determination of ABTS Free Radical Scavenging Ability

The ABTS solution was mixed with 7 mM of 2, 2-azino-bis-(3-ethylbenzo-thiazoline-6-
sulfonic acid) diammonium salt and 2.45 mM of potassium persulfate, reacted in darkness
overnight. The solution was diluted with 80% ethanol to achieve an absorbance of 0.7 + 0.02
at 734 nm and stocked until use. Then, 50 pL of the sample was mixed with 1 mL of the
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diluent ABTS solution and incubated at 25 °C for 30 min in darkness. The absorbance at
734 nm was recorded [17] and the results were calculated following Equation (3).

Scavenging activity (%) = [1 — (A2 — Al)/A0] x 100 3)

where AQ is blank and represents the absorbance of ABTS and ethanol, A1 is control and
represents the absorbance of supernatant and ethanol, and A2 represents the absorbance of
ABTS and supernatant.

2.4.2. Determination of DPPH Free Radical Scavenging Ability

DPPH (2,2-diphenyl-1-picrylhydrazyl) solution (0.05 mmol/L) was prepared in an-
hydrous ethanol and stored in light-protected amber vials at 4 °C. For radical scavenging
assays, 400 uL test samples were combined with 600 pL DPPH solution (final volume
1 mL) and incubated in darkness at 25 °C for 30 min [17]. Absorbance measurements were
conducted at 517 nm (TU-1901 spectrophotometer, Persee General Instrument Co., Ltd.,
Beijing, China), with anhydrous ethanol serving as the blank control. Radical scavenging
activity (%) was calculated according to Equation (4).

Scavenging activity (%) = [1 — (B2 — B1)/B0] x 100 (4)

BO as blank represents the absorbance of DPPH and ethanol, B1 as control represents
the absorbance of supernatant and ethanol, and B2 represents the absorbance of DPPH
and supernatant.

2.4.3. Ferrous lon Chelating Ability (FRAP)

Fresh FRAP reagent was mixed with 300 mM acetate buffer, 40 mM 2,4,6-Tripyridyl-s-
Triazine (TPTZ) solution, and 20 Mm ferric chloride solution in a volume ratio of 10:1:1.
The reaction system consisted of 0.4 mL of the sample and 0.6 mL of the FRAP reagent,
incubated in the dark at 37 °C for 10 min. The absorbance of mixture was recorded at
593 nm. FeSO4-7H,0 solutions were used to graph standard curve, and the ferric-reducing
ability of the yogurt was expressed as mmol/mL of Fe?* [18].

2.5. Determination of Yogurt’s Sensory Properties by Intelligent Technology
2.5.1. Electronic Nose and Tongue Analysis

A commercial electronic nose system (FOX 4000, Alpha MOS, Toulouse, France)
equipped with 18 sensor chambers, an injection system, a mass flow controller, and a
microcontroller acquisition board, was used to measure the different yogurt samples. The
information detected by each sensor is presented in Table 2 [19]. A total of 3 mL of the
yogurt sample was put into a 10 mL headspace bottle, then incubated at 40 °C for 5 min and
injected into system immediately. The measurement process was maintained for 120 s. Each
sample was observed five times. E-tongue System (Astree tongue, Alpha MOS, Toulouse,
France) was equipped with 7 different taste sensors, including sourness (AHS), saltiness
(CTS), umami (NMS), sweetness (ANS), bitterness (SCS), and two reference electrodes (PKS
and CPS). Mixed with 150 mL yogurt sample and 200 mL deionized water, and filtered
under normal pressure, the filtrate was collected for electronic tongue analysis [20]. The
collection time was set to 120 s, cleaning time to 30 s, and the stirring speed to 60 rpm. Each
sample was analyzed five times.
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Table 2. Performance description of the E-nose sensors.

Sensors Performance Description
LY2/LG Sensitive to oxidizing gas
LY2/G Sensitive to ammonia, carbon monoxide
LY2/AA Sensitive to ethanol
LY2/Gh Sensitive to ammonia/organic amines
LY2/gCT1 Sensitive to hydrogen sulfide
LY2/gCT Sensitive to propane/butane
T30/1 Sensitive to organic solvents
P10/1 Sensitive to hydrocarbons
P10/2 Sensitive to methane
P40/1 Sensitive to fluorine
T70/2 Sensitive to aromatic compounds
PA/2 Sensitive to ethanol, ammonia/organic amines
P30/1 Sensitive to polar compounds (ethanol)
P40/2 Sensitive to heteroatom/chloride/aldehydes
P30/2 Sensitive to alcohol
T40/2 Sensitive to aldehydes
T40/1 Sensitive to chlorinated compounds
TA/2 Sensitive to air quality

2.5.2. GC-IMS Analysis

The GC-IMS instrument (Flavorspec, G.A.S. Instrument, Munich, Germany) was
equipped with an automatic sampling system (CTC Analytics AG, Zwingen, Switzerland)
and MXT-WAX capillary column. Accurately weighed 2.0 g sample into a headspace
bottle and incubated at 60 °C for 15 min. Then, 500 pL of the headspace sample was
injected at 65 °C using a heated syringe, with 99.99% nitrogen as the carrier gas. The
injector temperature was maintained at 60 °C, and the GC program flow was set as follows:
2 mL/min for 2 min; 20 mL/min for 8 min; 130 mL/min for 10 min. The headspace
samples were eluted and separated at 60 °C [21]. N-ketone (C4-C9) was used as external
reference material to calculate the retention index (RI) of volatile compounds. The retention
index (RI) and ions’ drift time were compared with the standard in the GC-IMS database
for identification.

2.6. Statistical Analysis

Data means were calculated from triplicate samples. Significant differences were
determined by one-way ANOVA followed by Duncan’s multiple comparison test. Non-
parametric correlations between variables were assessed using Spearman’s rank correlation
analysis, with correlation coefficients and p-values calculated via IBM SPSS Statistics 27.0
(SPSS Inc., Chicago, IL, USA). PCA and clustering heatmap visualizations were generated
using Origin 2022 (OriginLab, Northampton, MA, USA). All statistical analyses, including
ANOVA, post hoc tests, and Spearman correlation, were conducted using SPSS.

3. Results
3.1. Changes in Acidity of Yogurt During Fermentation

Figure 2 exhibited the changes in pH and TA values of different groups. Before
fermentation, the pH of milk was 6.5. In the first 4 h during fermentation, the acidity of
yogurt drops dramatically, which corresponds to a significant increase in TA values. After
that, the acidity levels among the four groups showed little variation. At 6 h, both Y2 and
Y3 groups reached the end point, and their pH values were 4.47 and 4.36, respectively—
lower than those of the control groups (4.59). Compared to the control group, 5% and 7%
W. cibaria G232 addition reduced the fermentation time from 7 h to 6 h.
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Figure 2. Changes in the pH and titratable acidity during fermentation. (Note: YC: L. bulgaricus G119:
S. thermophilus Q019 (1:1); Y1: YC + 3% W. cibaria G232; Y2: YC + 5% W. cibaria G232; Y3: YC + 7%
W. cibaria G232.).

3.2. Changes in Viable Counts and WHC of Yogurt During Fermentation

The changes in viable counts and water holding capacity of the fermented milk are
shown in Figures 3A and 3B, respectively. With the incremental elevation in the propor-
tion of W. cibaria G232, the viable counts in the yogurt increased significantly (p < 0.05),
demonstrating a dose-dependent relationship with the proportion of W. cibaria G232. The
experimental group Y3 demonstrated a marked increase from 8.41 log CFU/mL in the
control group (YC) to 8.63 log CFU/mL (p < 0.05). Concurrently, water holding capacity
(WHC) exhibited a concentration-dependent enhancement pattern, rising from 57.35% in
YC to 67.38% in Y2 (p < 0.05). Although WHC experienced a marginal reduction to 65.72%
at the maximal supplementation level (7% G232), this value remained significantly elevated
compared to the control (p < 0.05). The enhanced WHC values indicated a compact tissue
state and improved the retention of aromas. These findings collectively demonstrate that
W. cibaria G232 functions as an effective co-starter culture, simultaneously enhancing both
microbial viability and water holding capability in yogurt fermentation systems.
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Figure 3. Changes in the viable counts (A) and water holding capability (B) in different yogurt groups.
(Note: YC: L. bulgaricus G119: S. thermophilus Q019 (1:1); Y1: YC + 3% W. cibaria G232; Y2: YC + 5%
W. cibaria G232; Y3: YC + 7% W. cibaria G232. Averages labeled with different lowercase letters
indicate a significant difference (p < 0.05).).
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3.3. Rheological Properties of Yogurt

The shear stability of yogurt was assessed in Figure 4A,B. The apparent viscosity of
all yogurt showed the same change trends and decreased with the increasing of shear rate
during the scan, until it finally stabilized. The apparent viscosity of yogurt co-fermented
with W. cibaria G232 and traditional starter was higher than control group YC; the highest
apparent viscosity was observed in Y2. However, when the addition of W. cibaria G232
reached 7% (Y3), the effect on the viscosity of yogurt is not obvious.
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Figure 4. Changes in apparent viscosity (A), the viscous modulus G” and elastic modulus G’ (B)
of yogurts supplemented with different proportions of W. cibaria G232. (Note: YC: L. bulgaricus
G119: S. thermophilus Q019 (1:1); Y1: YC + 3% W. cibaria G232; Y2: YC + 5% W. cibaria G232; Y3: YC + 7%
W. cibaria G232).

G’ (elastic module) and G” (viscous module) of the four groups of yogurts showed
the same variation trends during test processing. G’ > G on all frequency indicated that
yogurt has solid-like characteristics; both indicators increased gradually when frequency
increased from 0.1 to 100 Hz. On the lower frequency (0.1-10 Hz), G’ and G” increased
slowly; however, the higher frequency (>10 Hz) also increased the rise rate of G’ and G”.
Furthermore, the value of G’ and G” of yogurt with W. cibaria G232 (Y1, Y2 and Y3) was
higher than control group YC. When the addition of W. cibaria G232 was 5%, the highest
values of G" and G” were observed in the Y2 group.

3.4. Texture Change in Yogurt

Texture properties of yogurt are shown in Table 3. Firmness serves as an indicator of
coagulation quality and resistance to deformation, and cohesiveness serves as an index
to characterize the structural integrity and smoothness of yogurt. The most favorable
textural properties were observed at a 5% addition of W. cibaria G232 (Y2), with the yogurt
exhibiting the highest levels of firmness, consistency and cohesiveness. When the addition
of G232 reached 7%, the three indicators of texture showed varying degrees of decline;
however, the three groups Y1, Y2, and Y3 still showed improvement compared to the
control group YC. Table 3 showed that the yogurt co-fermented with W. cibaria G232 had
comprehensive advantages in firmness, consistency, and cohesiveness compared to the
control group, indicating that W. cibaria G232 could greatly improve the texture and quality
of the yogurt.

165

Elastic modulus (Pa)



Foods 2025, 14, 1607

Table 3. Texture changes in yogurt supplemented with different proportions of G232.

Parameters YC Y1 Y2 Y3

Firmness (g) 212.85 + 4.87°¢ 236.16 +£7.31° 259.12 + 4.44 2 24591 +3.82b
Consistency (g-s)  936.02 + 15269 177828 +-13.84P  1986.75 £ 18.13%  1324.94 £ 8.16¢
Cohesiveness (g)  —56.06 +3.94>  —4695+4.732> 404144822 —50.18 +£7.222P

Note: YC: L. bulgaricus G119: S. thermophilus Q019 (1:1); Y1: YC + 3% W. cibaria G232; Y2: YC + 5% W. cibaria G232;

Y3: YC + 7% W. cibaria G232. The data are presented as average values = SD (n = 3). Averages featuring varying
lowercase letters within the same row show a notable difference (p < 0.05).

3.5. Antioxidant Activity Change in Yogurt

The addition of W. cibaria G232 significantly enhanced the antioxidant activity of
yogurt, which also demonstrated a dose-dependent relationship with W. cibaria G232 in
Figure 5. When the addition of W. cibaria G232 was at 7%, the highest antioxidant activity
of yogurt was observed. Compared to the control group, the ABTS radical scavenging
ability significantly increased from 33.54 4 3.26% to 45.74 & 1.03% (p < 0.01), and the
value of DPPH radical scavenging ability increased from 44.37 + 3.69% to 57.08 + 6.48%
(p <0.01). Additionally, the FRAP value of yogurt significantly increased from 0.44 £ 0.09 to
1.13 £ 0.10 mM at the 7% addition of G232 (p < 0.001), showing a remarkable improvement
in antioxidant activity compared to control group YC (p < 0.001).
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Figure 5. Antioxidant activity of yogurt with different proportions of W. cibaria G232. (Note: (A) is
the ABTS scavenging ability; (B) is the DPPH scavenging ability; (C) is the total antioxidant with
ferric-reducing antioxidant power; where * stands for p < 0.05, ** stands for p < 0.01, *** stands for
p <0.001. YC: L. bulgaricus G119: S. thermophilus Q019 (1:1); Y1: YC + 3% W. cibaria G232; Y2: YC + 5%
W. cibaria G232; Y3: YC + 7% W. cibaria G232.).

3.6. E-Tongue and E-Nose Analysis of Yogurt

The electronic tongue analyzer was equipped with seven sensors. Sensors of PKS,
ANS, and SCS showed significant responses when analyzing the four different groups of
yogurts. Figure 6A presents the results of PCA, which was based on the response values
of different sensors. The horizontal axis represents the contribution rate of PC1 (82.0%),
meanwhile the vertical axis represents the contribution rate of PC2 (13.7%). The cumulative
contribution rate of the two principal components reached 95.7%, indicating an effective
dimensionality reduction while preserving essential sample characteristics. As shown in
the graphic, the two principal components retained the main characteristics of the samples,
with the horizontal axis (PC1) contributing more significantly than the vertical axis (PC2).
The position of the YC sample was further along the PC1 axis compared to the other groups,
suggesting statistically significant organoleptic differentiation in taste profile parameters.

The electronic nose analyzer was equipped with 18 different odor sensors to identify
the flavor profile of fermented milks. Figure 6B shows that the results of PCA, YC, Y1, Y2,
and Y3 were distinguished well by the E-nose, indicating that fermentation generated the
distinct, characteristic, gas flavor profile. The contribution rate of horizontal axis (PC1)
interpreted 81.9% of the data information, while the vertical axis (PC2) accounted for 12.1%.
From a horizontal coordinate perspective, YC was more distant from the other samples,
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which indicates that YC differs greatly from the other samples in terms of PC1. In addition,
Y1 and Y2 were closer together, indicating similar odor compositions. According to the
loading diagram, the sensors of P10/1 and T70/2 contributed more significant values to
the PCA. These results demonstrate that the sensory characteristics of the yogurt can be
effectively differentiated using the E-nose and E-tongue. In the E-nose sensor response
profiles, Sensors LY2 /LG and P30/2 exhibited the highest loadings on PC1, suggesting that
the volatile organic compounds detected by these sensors are strongly associated with the
floral and delicate aromatic profile of fermented yogurt.
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Figure 6. PCA model and loading plot based on the response data of E-tongue (A) and E-nose (B)
of different yogurt groups. (Note: YC: L. bulgaricus G119: S. thermophilus Q019 (1:1); Y1: YC + 3%
W. cibaria G232; Y2: YC + 5% W. cibaria G232; Y3: YC + 7% W. cibaria G232.).

3.7. Volatile Aroma Compound Analysis of Yogurt (GC-IMS)

The volatile metabolic profiles of fermented yogurts with different concentration of
W. cibaria G232 were analyzed using GC-IMS. Figure 7A shows the 3D visualization plot
where the transverse axis represents the ion migration time, the longitudinal axis represents
the gas chromatography retention time, and the vertical axis refers to the intensity of the

signal peak.
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6-Methyl-5-hepten-2-one
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Drift time/ms LY Ethanol YC Y3 Y1

Figure 7. Observation results of GC-IMS on fermented yogurts with different proportions of W. cibaria
G232. (Note: (A) is the three-dimensional representation; (B) is the bird’s-eye view representation,
with spectra from the control group employed as a reference and the corresponding spectra from
yogurt fermented with W. cibaria G232 represented as differences from the control group YC; (C) is
the representation of ion migration spectra, where the ions are numbered and then listed as gallery
plots, in which the color was brighter, the content was higher; (D) is the clustering map of yogurts
with different proportions of W. cibaria G232 metabolites. YC: L. bulgaricus G119: S. thermophilus Q019
(1:1); Y1: YC + 3% W. cibaria G232; Y2: YC + 5% W. cibaria G232; Y3: YC + 7% W. cibaria G232.).

In the 3D topographic map, the visualization patterns of different samples were similar,
but the peak heights of different compounds varied slightly. When yogurt was fermented
without the W. cibaria G232 used as the spectral background, the other samples exhibited
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distinct red and blue spots in the spectrogram (Figure 7B). The red spots represented higher
concentration of volatile aroma compounds compared to the control group YC, while
the blue spots represented lower concentrations. Compared to the control group YC, the
yogurt supplemented with W. cibaria G232 showed increased diversity and abundance
of volatile aroma substances, indicating that W. cibaria G232 facilitated the formation and
accumulation of volatile aroma compounds.

Figure 7C showed the fingerprint of the volatile aroma substances in fermented
yogurt, which exhibited the influence of the different W. cibaria G232 concentrations on
these compounds. A total of twenty-two aroma compounds were detected in the four
different yogurt groups, including six aldehydes, seven ketones, two alcohols, one acid,
two esters, and four other aroma substances. As shown in Table 4, compared to control
group YC, the content of acetone, 2-heptanone, 2-butanone, 2,3-butanedione, ethyl acetate,
butyraldehyde, and other substance increased significantly in yogurt co-fermented with
W. cibaria G232 and traditional starter cultures (p < 0.05). On the contrary, the content of
nonanal and ethanol, which were the main aroma substances in the control group YC,
significantly decreased (p < 0.05). The results showed that with the addition of different
concentrations of W. cibaria G232, the content of the volatile aroma gradually increased, and
when the concentration of W. cibaria G232 reached 7%, the content of the aroma substances

reached maximum.

Table 4. Molecules’ peak areas (mean =+ sd) characterized by GC-IMS in fermented yogurt.

Vglatile Flavor Recg?siry Molecule YC Y1 Y2 Y3
ompounds Numb Formula
umber
Acetic acid-M C64197 CH,0,  4.25x 103 +£4.79 x 1022 3.96 x 103 + 6.94 x 1022 3.50 x 103 +4.40 x 1022 4.27 x 10° +2.43 x 1022
Acetic acid-D C64197 CoH 0, 3.85 x 102 +1.04 x 1022 3.12 x 102 +1.06 x 1022 2.50 x 102 +43.022 3.44 % 10? 4+ 40.662
Nonanal C12419% CoHis0  3.81 x 103 +£2.34 x 1022 2.54 x 10% +1.81 x 102P 2.84 x 10° £ 3.20 x 102P 2,58 x 10° +49.62°
2,5-Dimethylpyrazine ~ C123320  C4HsN, 9.17 x 10? +51.61° 1.03 x 103 4 1.32 x 102P 9.24 x 102 + 66.22° 1.29 x 10° £ 58322
2-Octanone CI11137  CgHyiO  9.25 x 103 +£9.17 x 1022 8.89 x 10° + 1.56 x 1022 892 x 10° £7.39 x 1022 1.04 x 10* +3.02 x 1022
2-Methylpyrazine C109080  CsH¢N, 874 x 103 +3.31 x 1022 8.78 x 10° 4+ 3.46 x 1022 8.12 x 10° +2.91 x 1022 831 x 10° +47.332
Octanal C124130 CsHiO 851 x 102 +1.33 x 1022 8.29 x 10% +1.37 x 1022 8.04 x 102 +95.032 8.63 x 102 4+ 27.262
2-Nonanone 821556 CoHy50 1.11 x 103 4 36.43 2 1.05 x 103 4+ 98.29° 1.33 x 103 £ 1.26 x 1022 1.27 x 103 420432
Acetone C67641 C3HsO 4.01 x 10? £20.15¢ 454 x 102 +37.53b¢ 490 x 102 +22.22P 548 x 102 4 15.082
2-Heptanone-M C110430 C7H140 1.16 x 10° £98.33° 1.38 x 10° & x 141 x 1022 1.33 x 10° £ 1.22 x 102" 1.51 x 10° £20.522
2-Heptanone-D C110430 C;H,0 275 x 102 +34.11° 3.63 x 10? +59.44 2 3.34 x 10? +38.18 % 421 x 10? £9.482
3-Carene-M C13466789  CioHis  5.09 x 102 £ 1.06 x 1022 5.94 x 10% +1.74 x 1022 713 x 102 + 1.64 x 1022 8.08 x 102 + 1.44 x 1022
3-Carene-D C13466789  CyoHyg 1.81 x 102 £43.732 2.18 x 102 £ 68.892 2.88 x 10? +90.042 3.24 x 10% +82.34°
o-Terpinene C99865 CioHie 1.40 x 102 4 19.07° 1.67 x 102 + 46.86 2.16 x 10° +50.74 % 2.56 x 102 +53.922
2-Butanone-M C78933 C4Hs0 9.56 x 10% +91.59°¢ 1.79 x 10% £ 1.76 x 102 2.21 x 103 4 1.45 x 1022 2.09 x 10% +24.04°
2-Butanone-D 78933 C4H;O 5.21 x 10% +21.61°¢ 552 x 10? +51.26° 5.97 x 10 4 26.89 2 578 x 10? +11.932
Ethanol C64175 C,H,O 2.79 x 103 +13.182 247 x 10° +7.23° 241 x 103 £28.16°¢ 251 x 10° +14.21°
2,3-Butanedione C431038  C4HeO, 1.98 x 10> £+ 80.30°¢ 3.50 x 103 4 1.18 x 102P 3.50 x 10° + 3.04 x 102P 420 % 103 +98.202
Ethyl Acetate C141786  C4H;0, 1.00 x 102 + 6.51° 2.50 x 102 4 85.552 2.10 x 102 4 36.092 3.02 x 10? +£7.572
Butyraldehyde-M C123728 C4HsO 2.10 x 102 +11.29° 3.60 x 102 +39.972 224 x 102 +£1691° 3.78 x 10% +£7.812
Butyraldehyde-D C123728 C4Hs0 81.01+7.85° 2.30 x 102 +:47.812 131 x 102 £5.61° 2.57 x 10? +£5.512
2-Furanmethanol 98000 CsHeO, 153 x 10% £1.09 x 102¢  1.74 x 103 +2.23 x 102b¢ 1.86 x 10> £91.15° 2.38 x 10% +6.592
Benzaldehyde C100527 C;H,O 221 x 10% +58.582 1.94 x 102 +16.222 2,09 x 102 +10.152 226 x 102 +£8.722
(E)-2-Hexenal C6728263  CeHyO 2.04 x 10% £ 11.26° 2.38 x 102 +17.682 2.08 x 10° £+ 10.04® 245 x 10% 5512
Isovalerelsctzgf/im“hyl C556241  CeHiO2 1.80 x 102 23,572 2.68 x 102 + 97.63 231 x 102 + 48.19° 321 x 10> £61.19°
Isovalerégécr{% methyl - cos6041  CoHRO, 70.98 £ 3.09° 90.02 +24.14° 76.94 % 10° +7.79° 89.10 £12.06°
3-Octanone C106683 CsHy60 1.36 x 10> +11.262> 1.51 x 10? +3.682P 1.67 x 10% +17.142 1.44 x 10? £0.66°°
6-Methyl-5-hepten-2- 593 CsHy40 2.58 x 10 + 12.64° 2.71 x 10? +20.57° 2,60 x 10? + 446" 3.16 x 103 £ 18.042

one

Note: The data are presented as average values &= SD (n = 3). Averages featuring varying lowercase letters within
the same row show a notable difference (p < 0.05). YC: L. bulgaricus G119: S. thermophilus Q019 (1:1); Y1: YC + 3%
W. cibaria G232; Y2: YC + 5% W. cibaria G232; Y3: YC + 7% W. cibaria G232.

The volatile aroma substances in yogurt are primarily produced through the degra-
dation of milk fat and bioconversion by lactic acid bacteria. The heat map was generated
based on the relative contents of volatile aroma substances in the four different yogurt
groups, and cluster analysis was also performed in Figure 7D. The yogurt samples were
divided into two clusters based on their volatile aroma profiles. YC formed one cluster and
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Y1, Y2, and Y3 were gathered in other clusters. The heatmap visually represents the differ-
ences in volatile aroma substance profiles between YC and the other groups. Variations in
the contents of different aroma substances contributed to the distinct aroma differences in
YC and Y3, which aligns with the results of the PCA obtained from the E-nose analysis.

3.8. Correlation Between E-Nose and GC-IMS

As illustrated in Figure 8, the sensors LY2/LG, P10/2, and LY2/AA, associated with
coffee, fruity, and special aromas, exhibited a significant positive correlation with volatile
compounds of 2-heptanone, x-terpinene, 2-butanone, 2,3-butanedione, and ethyl acetate
(p < 0.01). These compounds were present in higher concentration in yogurts co-fermented
with W. cibaria G232. On the contrary, sensors LY2/gCT, PA /2 showed a significant positive
correlation with nonanal, while sensors p40/1 was correlated with ethanol. Nonanal and
ethanol were found in greater quantities in control group fermented without W. cibaria G232
(YC). This finding indicates that both E-nose and GC-IMS are effective in distinguishing
aroma compounds in fermented milk at different levels. Moreover, the yogurt co-fermented
with W. cibaria G232 exhibited a greater richness in aroma substances, highlighting its
dominance in aroma profile development.
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Figure 8. Spearman’s correlation heatmap of the significantly altered volatile compound levels
and the E-nose sensor responses. (Colors represent the correlation coefficients, with red and blue
indicating positive and negative correlation, respectively. Asterisks * and ** stand for significance at
p <0.05 and p < 0.01, respectively).

4. Discussion

Fermented dairy products are widely consumed around the world, with LAB play-
ing a crucial role in the fermentation of milk. Previous studies have highlighted several
advantages of Weissella as a fermenting agent [22], such as reducing fermentation time
and inhibiting the growth of pathogenic microorganisms through acid production [23].
Additionally, Weissella has been shown to improve the quality and flavor of fermented
products by breaking down proteins, lactose, and fats [24]. Although Weissella spp. are
recognized as excellent probiotics with significant potential in food fermentation, their
application in yogurt production remains underexplored, and previous studies mainly
focused on their effects on yogurt texture, rheological properties, and bacterial viability.
In this study, gas chromatography-ion mobility spectrometry (GC-IMS) and intelligent
sensory technologies (E-nose and E-tongue) were employed to systematically investigate
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the dynamic changes in volatile aroma compounds during yogurt fermentation with W.
cibaria G232. Furthermore, the impact of co-fermentation with W. cibaria G232 on the antiox-
idant properties of yogurt was comprehensively evaluated. This research emphasizes three
critical aspects (physicochemical properties, antioxidant activity, and aromatic profiles) of
yogurt quality enhancement, providing valuable theoretical insights and experimental data
to support the application of W. cibaria G232 as a co-starter in yogurt production.

Coagulation time and acidification rate of yogurt is significantly influenced by pH
and titratable acidity (TA) values. In this study, the addition of 5%—7% W. cibaria G232 (Y2
and Y3) shortened the fermentation time from 7 h to 6 h compared to the control group
YC. The reduction was attributed to the accelerated acidification process, driven by the
synergistic interaction between W. cibaria G232 and the traditional starters (L. bulgaricus
G119 and S. thermophilus Q019). Weissella cibaria, as a typical heterofermentative bacterium,
produces lactic acid, CO,, and acetate via the hexose monophosphate and phosphoketolase
pathways [25]. L. bulgaricus and S. thermophilus are homofermentative lactic acid bacteria;
however, the available literature indicates that the coexistence of homo- and hetero-lactic
bacteria can accelerate the fermentation process [13]. Notably, the pH decline was most pro-
nounced during the first four hours of fermentation; after that, the acidity levels among the
four groups showed little variation. This phenomenon may be due to the promoting effect
of W. cibaria G232 on the growth environment of Streptococcus thermophilus Q019. During
the initial stage of fermentation, the rapid growth and acid production by S. thermophilus
significantly shortened the fermentation time. These results align with the findings of
Zou et al. [24], who observed that co-fermentation with W. confusa SW1 reduced the curd
time of yogurt and promoted the growth of S. thermophilus ST51. Moreover, synergistic
effects on glycolysis and lactate production may further enhance the fermentation process.

Water-holding capacity and rheological and texture properties are determined by the
network arrangement structure of yogurt and influenced by the manufacturing process [26].
In this study, co-fermentation of traditional starters with W. cibaria G232 promoted protein
aggregation in milk, resulting in higher WHC and apparent viscosity in the yogurt. Ata
5% addition level of W. cibaria G232, both the elastic modulus (G’) and viscous modulus
(G") reached their maximum, indicating optimal stability and smoothness of the yogurt.
In addition, the co-fermentation of traditional starters with W. cibaria G232 improved the
hardness, consistency, and cohesiveness of the yogurt to varying degrees. These quality
enhancements may be attributed to the exopolysaccharides (EPS) produced by W. cibaria
G232 during fermentation. Our previous studies have shown that W. cibaria G232 has a
strong ability to produce extracellular polysaccharides (EPS). Also, the literature showed
that the Weissella species, including W. cibaria, W. confusa, and W. hellenica, are well-known
EPS producers [27]. The hydroxyl and negatively charged groups in the side chains of EPS
can bind water molecules, thereby reducing whey separation and enhancing the stability
of yogurt [28]. Moreover, the interaction between EPS and casein (CAS) via intermolecular
hydrogen bonding and electrostatic and hydrophobic contacts enhances the charge density
and electrostatic potential of molecules. This improves the viscidity and elasticity of the
fermented system [29], which is consistent with the findings of our study.

Even though the positive effects of EPS on fermented products are well-documented,
excessive EPS in a yogurt fermentation system can strengthen the steric barrier [30], re-
ducing electrostatic interactions between particles and potentially weakening the stability
of the fermented system. The finding is also consistent with our results. The addition
of W. cibaria G232 at a concentration of 5% resulted in optimal fermentation outcomes,
including improved texture and rheological properties, whereas a concentration of 7%
was less effective, likely due to the steric hindrance caused by excessive EPS production.
Antioxidant potential (AP) is one of the most important nutritional properties of yogurt,
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as it not only extends the shelf life but also helps to prevent oxidative damage. ABTS
and DPPH are widely used to evaluate free radical scavenging capacity due to their rapid,
simple, and cost-effective feature. FRAP assay measures the reducing power of antioxidants
by quantifying the reduction in the Fe3*-TPTZ complex to Fe?*-TPTZ, resulting in strong
absorption at specific wavelengths [31]. Our results reveal that mixed fermentation signifi-
cantly enhanced the antioxidant activity of yogurt (p < 0.05) in a dose-dependent manner,
with respect to the concentration of W. cibaria G232. Weissella spp. are well known for
their antioxidant properties, particularly from the exopolysaccharides (EPS) they produce.
These EPS hydrolyze in acidic environments, exposing active hemiacetal hydroxyl groups
that transfer electrons to free radicals, facilitating the conversion of free radicals into stable
compounds and reducing oxidative damage [32]. Moreover, the antioxidant capacity of fer-
mented products also closely relates to the viable cell counts. Simionescu and Petrovici [33]
demonstrated that the antioxidant activity in fermented media increased with the number
of CFU/mL of W. confusa PP29, which is consistent with our results. The addition of W.
cibaria G232 at 7% resulted in the highest viable cell count (8.63 log CFU/mL) among the
four groups, accompanied by the highest ABTS and DPPH radical scavenging activities
and ferric-reducing antioxidant power, which can be attributed to the synergistic effects of
various antioxidant components, including casein, peptides, antioxidant enzymes [34].
E-nose and GC-IMS were employed to distinguish and analyze the aromatic profiles
of fermented yogurt from two different dimensions. Previous studies have shown that
the E-nose, equipped with a variety of odor sensors, enables it to effectively extract and
reflect the overall information of flavor compounds [35]. In comparison, GC-IMS allows for
both qualitative and quantitative analysis of volatile flavor compounds, providing more
precise and detailed results. To obtain comprehensive flavor information, we combined
both techniques in this study. The generation of volatile compounds in yogurt is highly
dependent on the strains used during fermentation. According to previous studies, mixed
fermentation tends to be more conducive to the production and accumulation of aroma
substances due to the synergistic interactions between different microbial species [8,36].
The aroma of fermented dairy products is mainly derived from microbial transformation
and chemical reactions, including glycolysis, proteolysis, and lipolysis [37]. The aromatic
profile of yogurt is the result of the combined effects of various aroma compounds, includ-
ing alcohols, acids, aldehydes, ketones, and esters. However, not all the aroma compounds
in yogurt play a decisive role. In our study, the content of ethanol and nonanal in yogurt
co-fermented with W. cibaria G232 significantly decreased compared to the control group
(p < 0.05). Conversely, the content of ketones, including acetone, 2-heptanone, 2-butanone,
and 2- and 3-butanedione was significantly elevated (p < 0.05). Ethanol probably provides
a complementary flavor to yogurt accrued through decomposition of glucose and amino
acids [38]. Nonanal is characterized by a sweet, floral, citrus, and fatty aroma [39]. Both
compounds were more abundant in the control group and served as primary aroma com-
pounds in yogurt. In this study, the concentrations of six ketone compounds in yogurt
increased variably after co-fermentation. Ketones, primarily formed through the oxidation
of free fatty acids and the degradation of amino acids, can directly influence the aroma
of fermented dairy products [40]. 2,3-butanedione, an important aroma compound, is
produced during the fermentation of citrate in milk. The increase in 2,3-butanedione en-
hanced the rate of citrate metabolism and contributed to a buttery flavor [41]. Additionally,
2-heptanone can help mitigate the pungent flavor in yogurt [42]. Other compounds such
as acetone and butanedione considerably provide a pleasant floral, fruity, and creamy
flavor [43]. The incorporation of W. cibaria G232 potentially augmented the metabolic
pathways associated with fatty acids and amino acids, culminating in the biosynthesis of
a substantial quantity of ketones, which contributed notably to positive aromatic profiles
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such as fruity, sweet, milky, and creamy-cheesy aromas, thereby imparting the complexity
and balance of the flavor profile. Moreover, six different aldehyde aroma compounds
were also detected. Butyraldehyde, which offers a cocoa-like flavor, showed significantly
increased accumulation in the co-fermentation yogurt compared to the control group
(p < 0.05). Hexanal and heptanal, which provide grassy aromas [44], were present in low
concentrations across the fermentation groups without significant differences (p > 0.05).
Although each flavor compound constitutes a recognizable aroma, the flavor of yogurt is
determined by the balanced mixture of key volatile compounds. The synergistic effects
of multiple volatile flavor compounds contribute to the production of superior yogurt
products. Yogurt fermented with traditional strains contained higher levels of nonanal
and ethanol, contributing to a rich and balanced oily flavor. In contrast, the co-fermented
yogurt with W. cibaria G232 increased the concentration of 2,3-butanedione, enhancing
the buttery flavor. Additionally, the accumulation of acetone, butanone, and ethyl acetate
enhanced the complexity of the aroma profile, with distinct layers of fruity, creamy, and
cocoa notes. The differences in the concentrations of typical volatile compounds were
consistent with the results obtained from the E-nose analysis. There was a significant
improvement in the aroma of yogurt co-fermented with W. cibaria G232, as evidenced by
both intelligent sensory techniques and GC-IMS. These findings highlight the potential of
mixed fermentation to enhance the aroma profile of yogurt through the synergistic effects
of microbial metabolism.

5. Conclusions

In conclusion, this study investigated the effects of co-fermentation using W. cibaria
G232 and traditional starter. The results demonstrate that W. cibaria G232 exhibits a positive
effect on the physicochemical properties, antioxidant capacities, and volatile profiles of
fermented milk. Co-fermentation with W. cibaria G232 resulted in a shorter fermentation
duration, which was attributed to the synergistic acidification by Weissella spp. Further-
more, W. cibaria G232 and traditional starter enhanced the vitality of the strains through
species interactions. The metabolites produced by W. cibaria G232 enhanced stability of
yogurt, contributing to improvements in water-holding capacity, rheological properties,
and texture. Antioxidant potential of yogurt was significantly enhanced by co-fermentation,
showing a dose-dependent relationship with the concentration of W. cibaria G232. Intel-
ligent sensory technology combined with GC-IMS revealed that compared to the control
group, co-fermentation with W. cibaria G232 notably altered the accumulation of crucial
aroma compounds, including aldehydes, ketones, and alcohols in the fermented milk.
Optimized at 5% W. cibaria G232 supplementation, the yogurt exhibited superior quality
through balanced physicochemical properties, enhanced antioxidant capacity, and refined
aromatic profiles. Excessive supplementation (7%) triggered EPS overproduction, desta-
bilizing casein gels and compromising structural integrity. Overall, the results support
the quality improvement of yogurt with the addition of W. cibaria G232. However, the
specific mechanism underlying the molecular mechanisms of interspecies interactions be-
tween W. cibaria G232 and traditional starters—particularly through multi-omic approaches
(e.g., metabolomics and proteomics) to map cross-species metabolic networks associated
with this enhancement—remain to be further explored.
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Abstract: Microbial foods include microbial biomass, naturally fermented foods, and het-
erologously synthesized food ingredients derived from microbial fermentation. Terpenoids,
using isoprene as the basic structure, possess various skeletons and functional groups. They
exhibit diverse physicochemical properties and physiological activities, such as unique
flavor, anti-bacterial, anti-oxidant, anti-cancer, and hypolipemic, making them extensively
used in the food industry, such as flavor, fragrance, preservatives, dietary supplements,
and medicinal health food. Compared to traditional strategies like direct extraction from
natural species and chemical synthesis, microbial cell factories for edible terpenoids have
higher titers and yields. They can utilize low-cost raw materials and are easily scaling-up,
representing a novel green and sustainable production mode. In this review, we briefly
introduce the synthetic pathway of terpenoids and the applications of microbial cell facto-
ries producing edible terpenoids. Secondly, we highlight several typical and non-typical
microbial chassis in edible terpenoid-producing cell factories. In addition, we reviewed
the recent advances of representative terpenoid microbial cell factories with a gram-scale
titer in food flavor, food preservation, nutritional enhancers, and medicinal health foods.
Finally, we predict the future directions of microbial cell factories for edible terpenoids and
their commercialization process.

Keywords: microbial foods; cell factories; terpenoids; biosynthesis; fermentation

1. Introduction

Terpenoids, natural products formed by the head-to-tail linkage of isoprene units, are
widely found in organisms, including plants, animals, microorganisms, and marine life.
These compounds function as critical secondary metabolites within living organisms. The
diversity in their skeleton structures and functional groups confers a broad spectrum of
biological activities and physicochemical properties to these compounds, ranging from
simple monoterpenes to complex polyterpenes (Figure 1). Terpenoids have substantial
application prospects and market demand in fields such as medicine, food, and daily
chemicals [1-3]. Particularly in the food industry, terpenoid compounds have diverse
applications [4]. For example, limonene and menthol are employed as edible fragrances
due to their unique flavors and tastes. Carnosic acid and x-pinene exhibit potential as food
preservatives owing to their antioxidative and antibacterial properties. Retinol and vitamin
K are frequently used as nutritional enhancers in the food industry due to their roles in
vision, hemagglutination, and bone metabolism. Ganoderma triterpenoids and sclareol are
widely used as medicinal health food for their capabilities in hypolipemic and antitumor
activities. With the increasing attention to food safety, terpenoids are increasingly applied
in the food industry due to their natural origin [5]. Hence, natural terpenoids hold immense
potential for application.

Foods 2025, 14, 673 https://doi.org/10.3390/foods14040673
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Figure 1. Chemical structures of some terpenoids.

However, the low content and uneven distribution of terpenoids in natural plants
require the use of complex extraction and separation techniques, resulting in higher ex-
traction costs. Furthermore, their synthesis and accumulation are influenced by various
environmental factors such as geographical location and season, making it challenging
to produce on a large scale continuously. While chemical synthesis of terpenoids offers
scalability, it is encumbered with high raw material costs, intricate processes, and issues
related to chiral recognition and stereoselectivity [6]. Microbial cell factories represent an
innovative production approach that employs synthetic biology techniques to integrate key
enzyme genes of the target biosynthetic pathway into heterologous hosts, such as Escherichia
coli and Saccharomyces cerevisiae. It allows for the direct and efficient production of valuable
natural or non-natural chemicals through microbial fermentation, such as amino acids,
organic acids, fatty acid derivatives, polyketides, terpenoid compounds, and so on [7]. This
production approach has advantages such as a broad spectrum of raw materials, environ-
mentally friendly processing, stereospecific products with high yield potential, and stable
year-round production to meet market demands, irrespective of seasons or regions. Phaffia
rhodozyma naturally produces astaxanthin. Through chemical and ultraviolet radiation,
the resulting strain P. rhodozyma CBS 6938 achieved an astaxanthin yield 50 times higher
than the wild type, thereby reaching commercial levels of production [8]. Meadows et al.
redesigned the central carbon metabolism to improve the carbon efficiency and cofactor
balance in an engineered farnesene-producing S. cerevisiae. The titer of farnesene reached
130 g/L, achieving industrial production [9]. Therefore, the production of edible terpenes
using microbial cell factories has become a hot topic in current research [10].

The biosynthetic pathway of terpenoids is a complex and sophisticated process, in-
cluding precursor synthesis, skeleton synthesis, and subsequent modification steps [11]
(Figure 2). There are two isoprenoid precursor biosynthetic pathways in nature: the meval-
onate pathway (MVA pathway), which utilizes acetyl-CoA in the cytoplasm as the starting
substrate, and the methylerythritol 4-phosphate pathway (MEP pathway), which uses
3-phosphoglycerate and pyruvate in plastids as the starting substrates (Figure 2a) [12,13].
Through these two pathways, isopentenyl pyrophosphate (IPP) and its isomer dimethy-
lallyl pyrophosphate (DMAPP), which are the basic building blocks of terpenoids, can
be synthesized. They condensed in a head-to-tail manner to form monoterpenes (Cyp),
sesquiterpenes (Cy5), diterpenes (Cyg), sesterterpenes (Cyp), triterpenes (Cs), and tetrater-
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penes (Cy) (Figure 2b). Subsequently, the bioactive terpenoid compounds can be produced
by a series of modification processes, including cyclization, redox reactions, methylation,
acylation, and glycosylation (Figure 2c).
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Figure 2. Biosynthetic pathway of terpenoids. (a) Natural and non-natural upstream pathways
for the Cs unit precursors isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP).
Mevalonate pathway (MVA pathway) in yeast and animal cells utilizes acetyl-CoA (Ac-CoA) as the
starting substrate, while methylerythritol 4-phosphate pathway (MEP pathway) in gram-negative
bacteria and eukaryotic organelles uses 3-phosphoglycerate (G3P) and pyruvate as the starting
substrates. In the non-natural isopentenol utilization pathway (IUP), IPP and DMAPP can be
synthesized by sequential phosphorylation steps using isopentenol isomers isoprenol and prenol
as precursors. (b) Carbon-chain elongation pathway. IPP and DMAPP are condensed to form
Cj0, Ci5, Cp, and other longer terpenoid precursors for monoterpenes, sesquiterpenes, diterpenes,
sesterterpenes, triterpenes, and tetraterpenes. (c) The biosynthesis of stevioside is presented as an
example to demonstrate terpenoid synthesis. Cs building blocks condensed to form GGPP as the
precursor of diterpenes, then terpene synthases or cyclases helped to form the terpene skeleton,
followed by the modification step, such as oxidation and glycosylation.

Designing and constructing cell factories for high-value terpenoids by utilizing
metabolic engineering and synthetic biology strategy, combined with fermentation process
control, is gradually demonstrating its unique advantages and potential. Microorganisms
serve as key executors in biosynthetic reactions, and their growth physiological charac-
teristics directly influence production efficiency and commercial potential. In this review,
we highlight several prokaryotic and eukaryotic microorganisms suitable as chassis for
generating edible terpenoids, along with their applications. Subsequently, we present a
comprehensive review of the most recent advancements in cell factories for terpenoids
utilized in food flavor, preservation, nutritional enhancement, and healthcare. Finally,
we provide insights into the prospective directions and challenges associated with the
commercial production of edible terpenoids based on microbial cell factories.
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2. Microbial Chassis as Cell Factories for Edible Terpenoids

Traditionally, terpenoids are extracted from various sources, including plants, animals,
microorganisms, and marine organisms [14,15]. However, due to the complex mixture of
compounds present in cells, these extracts often contain a diverse array of components.
When these extracts or essential oils are used directly as food additives, they may introduce
non-target components, potentially leading to unexpected flavors or functions. For instance,
steviol glycosides (SGs) extracted from Stevia rebaudiana are rich in stevioside, which gives
SGs a bitter taste. Furthermore, the yield of active substances obtained from natural
materials is often low, failing to meet the high demand. Therefore, chemists continually
strive to develop chemical synthesis routes based on terpenoid structures. However,
chemical synthesis often fails to fully replicate the intricate configuration of the active
ingredients. For example, 3-carotene synthesized by chemical methods exhibits an all-trans
configuration, which differs from its natural counterpart, and high-dose intake indicates
carcinogenic activity [16].

Microorganisms, noted for their rapid reproduction rate, short growth cycle, easily
controlled cultivation conditions, mature fermentation processes, and independence from
geographical climate influences, have been employed in the synthesis of a variety of
compounds. In fact, some microorganisms in nature are capable of producing nutritious
and healthy microbial foods via fermentation. However, the variety of terpenoids in wild
strains is restricted and insufficient to satisfy diverse human needs. Advancement of omics
research has led to the identification of terpenoid pathways and key synthesis enzymes,
including cyclases, from various sources and functions. This has provided convenient
conditions for the heterologous synthesis of terpenoids [17], thus bringing the microbial
synthesis of natural terpenoids into public awareness. Over recent decades, scientists have
successfully integrated terpenoid synthesis pathways into both typical and non-typical
microbial chassis, achieving the biosynthesis of an array of terpenoids through synthetic
biology strategies [18,19].

In 2003, Keasling and colleagues introduced the yeast MVA pathway and amorpha-
4,11-diene synthase into E. coli, leading to the synthesis of sesquiterpene olefin precursor to
artemisinin, namely amorphadiene [20]. A decade later, the cytochrome b5 cDNA sequence
and dehydrogenase gene were introduced into yeast, resulting in a high-yield engineered
strain for producing artemisinic acid, a precursor of artemisinin. This patented technology
was subsequently employed by Sanofi to produce tens of tons of artemisinic acid annually.
When combined with chemical methods, this achievement becomes a significant milestone
in the successful application of synthetic biology [21]. In terms of isoprene, Martos assessed
various factors, including materials, energy efficiency, economic feasibility, and land use,
and revealed that the E. coli cell factory is economically viable compared to conventional
petrochemical alternatives [22].

2.1. Prokaryotic Microorganisms

Prokaryotic microbial cells, characterized by their simple cellular structures, rapid
reproduction, robustness, ease of genetic manipulation, and metabolic regulation, are
frequently used in the construction of cell factories. Most prokaryotic microorganisms,
including gram-negative bacteria and cyanobacteria, possess an endogenous MEP pathway
capable of producing IPP and DMAPP [13]. A stoichiometric and redox balance analy-
sis reveals that the MEP pathway exhibits high carbon efficiency. For each molecule of
IPP produced, the pathway consumed 1.196 molecules of glucose, representing a carbon
consumption 14% higher than the MVA pathway [23]. Consequently, prokaryotic microor-
ganisms are extensively employed for the synthesis of terpenoid compounds (Table 1).
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Table 1. Production of terpenoids in prokaryotic cell factories.

Organism. Chemicals Strategy Yield Reference
Escherichia coli Lycopene ?r/‘lélrl:azlee:hzuéz?gzeg )églsr;(;?le;an;gmeermg (MAGE) of twenty endogenous genes to 9mg/g DCW [24]
Taxadiene Multivariate-modular approach to metabolic-pathway engineering. 125g/L [23]
Lycopene Reconstitution of MVA Pathway. 40mg/L
(I)  Screening of different geranyl diphosphate synthetase (GGPS) and geraniol
synthetase (GES);
Geraniol (2)  Screening of E. coli hosts; 2124 g/L [25]
(3)  Using truncated leader peptides as fusion tags to improve geraniol
production.
(1)  Introducing an alcohol acyltransferase;
Geraniol (2)  Usinganother E. coli expressing acetyl esterase, which hydrolyzes geranyl 13.19g/L [26]
acetate to geraniol.
(1)  Usingalinalool dehydratase isomerase (LDI);
Myrcene (2)  Aerobic-anaerobic two-stage fermentation. 125g/L (27]
(1) Screening for germacrene A synthase;
(2)  RBSengineering of cyanobacteria-derived terpene synthase (NS);
(3)  Fusion expression of IspA and NS; _
g?éﬁ?;gige A (4)  Rewriting the native central carbon metabolism of acetyl-coA and pyruvate; Befrl;:;r;fé;eé isg %é L /L [28]
(5)  High-throughput screening of NS using lycopene color as an indicator; 8 i
(6)  Overexpressing two membrane transporters, TolC and MsbA, to pump
compounds extracellularly.
(1) Fusing the carotenoid cleavage dioxygenase 1 (CCD1) with thioredoxin
_ (TrxA);
oclonone (2)  Applying directed evolution of CCD1; 700 mg/L (29]
(3)  Over-expressing the alkyl hydroperoxide reductase (ahpC/F).
(1) Identifying an enoate reductase (DBR1) gene that could transform (3-ionone
Dihydro-3- to dihydro-f3-ionone;
ionone (2)  Constructed a cell-free synthesis system containing CCD1, DBR1, and 13.34mg/L [30]
glucose dehydrogenase (GDH).
Dihydro-B- (I)  Integrating the de novo {3-ionone biosynthesis pathway into E. coli;
ion(z,ne 2) Constructing the DBR1 module in S. cerevisiae; 27 mg/L [31]
3) Coculturing E. coliand S. cerevisiae.
Corynebacterium (1)  Cloning of the novel carotenoid gene cluster to C. glutamicum; }
glutamicum Sesquarterpene (2)  HPLC analysis of the extracted pigment. (32]
(1)  Constructing a basal lycopene-producing strain;
. (2)  Identifying a bi-functional OluLCY;
3 Integrating a heterologous MVA pathway;
«-Carotene s oah log A pathway 1.054g/L [33]
4 Utilizing a multi-copy integration method to integrate OluLCY.
lizing Iti-copy integ hod grate OluLC
; (1) Precursor pathway engineering;
. timization of the fusion enzyme CrtZ~W; mg
foantin B Opimsatonothe sonnspmeCz-W w1 o
diglucoside (3)  Balancing of terminal CrtZ and CrtW expression; 27mg/L
4 itional expression of a glycosyltransferase, CrtX.
8 ) Additional exp f a glycosyltransferase, CrtX
(I)  Enhancing the supply of precursor FPP and its conversion to DPP;
(2)  Enhancing the supply of aromatic precursor pHBA by knocking out the
side-product synthesis pathway and replacing the key synthetic enzyme with
Coenzyme Qio a mutant that eliminates feedback inhibition; (351
3 ssembling the precursor-enhancing pathway, the 10-HB condensation
) A bling the p h g pathway, th HB cond
pathway, and subsequent modification pathways in one host.
h d sub: dif th h
(I)  Designing pyruvate and malonyl-CoA-responsive genetic circuits;
Menaquinone-7 (2)  Remodeling the MEP and MVA metabolism by using the 4672 mg/L
Bacillus subtilis (Vitamin K2-7), two-input-multi-output (TIMO) circuit-assisted framework; S8 [36]
. - 1.9-fold increase
{3-Carotene (3)  Introducing AND gate to regulate heptamyl diphosphate synthase to
biosynthesize MK-7 and 3-carotene.
(1) Fusing GFP at the N-terminus of amorphadiene synthetase (ADS) to increase
. the efficiency of translation;
Amorphadiene (2) Overexpressing all MEP pathway genes together with ispA gene; 416 mg/mL (371
(3)  Optimizing the medium.
Synechococcus . . . .
clongatus PCC 7942 1,8-Cineole Expressing codon-optimized cineole synthase (CnsA). 105.6 ug/g WCW [38]
f)yc”écé“ggg““s P- Pinene Overexpression of Abies grandis PS (AgPS). 1525 mg/L [39]
(1)  Knocking out squalene synthase and squalene hopane cyclase coding genes
Synechocystis sp. for the FPP branch pathway;
PCC 6803 Valencene (2)  Knocking down the key enzyme CrtE in the GGPP derivative pathway; 19 mg/g DCW [40]
(3)  FusingIspA and valencene synthase (CnVS) for co-expression.
2.1.1. E. coli

E. coli, possessing a well-defined genetic background and comprehensive genetic
manipulation techniques, serves as a model prokaryotic microorganism. Presently, diverse
strategies have been employed to enhance the titer of terpenoids in E. coli [41].
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In 2009, Church et al. optimized and combined the RBS of 20 endogenous genes in
E. coli to enhance the flux of the DXP pathway and achieved a 5-fold increase in lycopene
production [24]. The multivariate-modular approach to metabolic-pathway engineering
strategy was used to optimize the endogenous MEP pathway for IPP synthesis and the
heterologous pathway for taxadiene synthesis, achieving a 15,000-fold increase in taxadiene
production [23]. Nevertheless, dependence solely on the endogenous MEP pathway re-
mains suboptimal. A study reported that by reconstituting five genes in the MVA pathway
and the idi gene in E. coli, a three-fold increase in lycopene titer was realized [42]. In recent
years, several naturally occurring plant-derived terpenoids have also been biosynthesized
in E. coli.

In Li’s lab, they screened for an active geranyl diphosphate synthetase (GGPS) and
fused a truncated leader peptide to promote the soluble expression of geraniol synthetase
(GES). The geraniol titer of engineered E. coli increased to 2.12 g/L [25]. In order to
alleviate the toxicity of the end product, they introduced an alcohol acyltransferase to
esterify geraniol to geranyl acetate, and then they used another E. coli expressing acetyl
esterase, which hydrolyzes geranyl acetate to geraniol. By fed-batch fermentation in a
10 L bioreactor, the titer of geraniol was reached to 13.19 g/L [26]. Further, they recruited
a truncated linalool dehydratase isomerase (LDI) to isomerize geraniol to linalool and
achieve de novo biosynthesis of myrcene at 1.25 g/L by using aerobic-anaerobic two-stage
fermentation [27]. In order to efficiently produce plant-derived sesquiterpenes [3-elemene
in E. coli, Bai and his colleagues systematically designed the metabolic pathway. They
screened for a germacrene A synthase (NS), which could transform farnesyl pyrophosphate
(FPP) to p-elemene via germacrene A, engineered the RBS of NS, and linked NS with
farnesyl diphosphate synthase (IspA). After rewriting the native central carbon metabolism
of acetyl-CoA and pyruvate and overexpressing two membrane transporters, TolC and
MsbA, to pump compounds extracellularly, they achieved the highest reported titer of
3.52 g/L of B-elemene and 2.13 g/L of germacrene A [28].

E. coli cell factories can not only elongate carbon chains but also cleave carbon chains.
As we know, carotenoid cleavage dioxygenases (CCDs) could catalyze the cleavage and
oxidation of o-carotene or e-carotene to form ionone. Huang et al. used an evolved
thioredoxin-CCD1 fusion protein in a lycopene-producing strain to synthesize x-ionone.
However, they found that the by-product H,O, of CCD1 will break down the precursor
lycopene. So, they overexpressed the alkyl hydroperoxide reductase (ahpC/F) to reduce
oxidative stress. As a result, they achieved 700 mg/L «-ionone in a 5 L bioreactor [29]. For
dihydro-3-ionone, Zhao and his colleagues identified an enoate reductase (DBR1) gene
from Artemisia annua, which can transform p-ionone to dihydro-p-ionone. Then, they
constructed a cell-free system containing CCD1, DBR1, and glucose dehydrogenase (GDH)
for dihydro-3-ionone production. The molar conversion was 85.8% [30]. Furthermore,
they constructed a de nove (3-ionone biosynthesis platform in E. coli. When co-cultured
with S. cerevisiae harboring DBR1, the final yield of dihydro-{3-ionone was achieved at
27 mg/L [31].

2.1.2. Corynebacterium glutamicum

C. glutamicum, well-known for rapid growth, broad substrate spectrum, and resistance
to bacteriophage infections, and can be cultivated on a large scale, is generally regarded as
a safe (GRAS) organism [43,44]. Therefore, it is often used in the food industry, particularly
in the large-scale production of amino acids [45]. With the improvement of genetic manipu-
lation techniques, its production spectrum has expanded, and it is often developed into a
cellular factory for terpenoids.
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C. glutamicum contains glycosylated Csy carotenoids decapreoxanthin, which is a
yellow pigment. It indicated that C. glutamicum has an abundance of FPP and GGPP pre-
cursors. In order to extend the ability to synthesize other carotenoids, Choi et al. integrated
their newly identified gene cluster crtNaNcM from Planococcus martimus into the C. glutam-
icum genome. Various novel C35 carotenoids were detected in the cells. It indicates that C.
glutamicum can serve as a promising carotenoid cell factory [32]. Li et al. knocked out the
key genes involved in the native Csy carotenoid synthesis, ranging from crtE to crtYe, and
strengthened the expression of CrtE/B/I to increase the lycopene level. Additionally, they
discovered a bifunctional enzyme, OluLCY, exhibiting the highest e-cyclase activity and
the lowest 3-cyclase activity, and performed multi-copy integration of oluLCY to the host.
By further strengthening the MVA pathway to increase the supply of IPP, they obtained a
strain with an «-carotene titer of 1.054 g/L. It was the first report of a-carotene synthesis
in C. glutamicum [33]. Henke and co-workers assembled lycopene 3-cyclase, 3-carotene
hydroxylase, and {3-carotene ketolase in a lycopene-producing C. glutamicum platform to
produce astaxanthin via 3-carotene. By optimizing and balancing the expression of CrtZ
and CrtW, an astaxanthin titer of 103 mg/L was achieved in a 2 L fed-batch bioprocess. Fur-
thermore, the pathway was expanded towards astaxanthin-(3-d-diglucoside biosynthesis
by additional expression of a glycosyltransferase CrtX [34].

C. glutamicum is a non-ubiquinone-containing bacterium. To produce Coenzyme
Qq0, Burgardt et al. increased the supply of precursor FPP and decaprenyl diphosphate
(DPP) by expressing FPP synthase (IspA) and DPP synthase (DdsA). Then, they knocked
out the side-product synthesis pathway and replaced the key synthetic enzyme with a
mutant that eliminates feedback inhibition, thereby increasing the flux into the shikimic
acid pathway to synthesize pHBA. After they enhanced the precursor supply pathway, the
10 HB condensation pathway, and subsequent modification pathways into C. glutamicum,
the resultant strain UBI413 was shown to synthesize CoQqq [35].

2.1.3. Bacillus subtilis

B. subtilis, a model strain of gram-positive bacteria, possesses clear genetic information.
It can be easily manipulated genetically and shows a strong ability to utilize inexpensive
substrates. Since it has a fast growth rate and robust expression and secretion capabilities,
it is extensively used in the production of chemicals and protein products. In addition,
it has an endogenous MEP synthesis pathway and is considered GRAS [46]. Thus, itis a
potential chassis for edible terpenoids.

The introduction of heterologous MVA pathways in bacteria presents an effective
strategy for enhancing IPP supply. However, the static regulatory strategies may po-
tentially impact the titer and yield of the cell factories because of the accumulation of
toxic intermediates and metabolic imbalances. To address this, researchers have devised
a dynamic regulation strategy aimed at balancing the metabolic flux between the MEP
and MVA pathways in B. subtilis. In this research, a series of genetic circuits activated
by pyruvate and inhibited by malonyl-CoA were designed to respond to intracellular
levels of pyruvate and malonyl-CoA, and an AND gate was used to balance the flux of the
MEP and MVA pathways to reshape the IPP synthesis pathway. In the strain, BS17-P20
synthesizing menaquinone-7 (MK-7, Vitamin K2-7) with dynamically regulated central
metabolic pathways, IPP synthesis pathways, and terpenoid synthesis pathways, the level
of IPP was increased by 4-fold, and the MK-7 titer reached 467.2 mg/L. This dynamic
cascade regulation system is also applicable to the biosynthesis of 3-carotene; the titer of
carotenoids and lycopene in the engineered bacteria BS17-P13 increased by 1.9 and 10 times,
respectively [36]. In another case, all the genes in the MEP pathway were integrated on a
plasmid to increase the flux of the MEP pathway. The precursor FPP supply was increased
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by enhancing the expression of IspA. Then, GFP was fused to the N-terminus of the amor-
phadiene synthase (ADS) to improve its translation efficiency. These metabolic strategies
combined with medium optimization enabled Bacillus subtilis to synthesize amorphadiene
with a yield of 416 mg/L [37].

2.1.4. Cyanobacteria

Cyanobacteria are a kind of photosynthetic autotrophic microorganism that can grow
using sunlight and trace minerals without an additional carbon source. Due to their
endogenous MEP pathway, cyanobacteria have been recognized as novel promising hosts
as a large-scale platform for light-driven terpenoid biosynthesis [47,48].

There are three model cyanobacteria, Synechococcus elongatus PCC 7942, Synechococcus
sp. PCC 7002, and Synechocystis sp. PCC 6803 [38]. Scientists compared the potential
of two models, S. PCC 7002 and S. PCC 7942, in producing terpenes. They expressed
the corresponding terpene synthase by the same strong promoter in the plasmid into the
two hosts and measured their terpene yield. It was found that different chassis have
different product spectrums. It is suggested that the choice of host is a crucial step when
designing and constructing synthesizing terpene cell factories [49]. Using S. PCC 7942
as the host, it only requires the expression of codon-optimized cineole synthase (CnsA)
to directly convert intracellular GPP into 1,8-cineole [38]. Similarly, when the gene of
pinene synthase originated from Abies grandis (AgPS) was integrated into the chromosome,
the pinene titer of S. PCC 7002 was achieved at 1.525 mg/L under the condition of CO,
aeration and continuous illumination [39]. In S. PCC 6803, Dietsch et al. knocked out
squalene synthase and squalene hopene cyclase coding sequences for the FPP branch
pathway to avoid squalene by-products. Furthermore, they knocked down the key gene
crtE in the GGPP derivative pathway and introduced a heterologous FPP synthase (IspA)
to increase the supply of precursor FPP. In order to further improve the conversion rate,
they fused IspA and valencene synthase (CnVS) for co-expression. The resulting strain
produced 19 mg/g DCW of valencene [40]. Unlike other work producing terpenoids
using traditional enzyme engineering and pathway engineering strategies, Rodrigues and
co-workers focused on optimizing cultivation conditions in the isoprene production in
cyanobacteria. They found that the yield of isoprene increased under violet light and
elevated temperature. This provides a new strategy for other cyanobacteria-based cell
factories to produce terpenoids [50].

2.2. Eukaryotic Microorganisms

In eukaryotic microorganisms, the MVA pathway is used to synthesize terpenoid
precursors IPP and DMAPP. Compared with prokaryotic microorganisms, the structure
of eukaryotic chassis is more complex, providing a necessary place for compartmental-
ized metabolic regulation and facilitating the expression of transmembrane proteins. The
post-translational modification capabilities in eukaryotic cells are beneficial for the correct
expression and function of enzymes derived from plants and other eukaryotic cells. In
addition, eukaryotic microorganisms have strong adaptability and tolerance to environmen-
tal conditions, making them more stable and efficient in specific industrial environments
(Table 2).
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Table 2. Production of terpenoids in eukaryotic cell factories.

Organism Chemicals Strategy Yield Reference

(1) Screening for heterologous (3-myrcene synthase (MS) and truncated expression of MS;
(2)  Rationally designing and obtaining a high-activity mutant tQiMSP>N;

f:::;;gg em yees {3-Myrcene (3)  Reverse fusing of tQiIMSP>**N and ERG20"Y; 142.64 mg/L [51]
4) Deletion of the YPLO62W gene and replacing yeast endogenous ERG20 with ERG20";
(5)  Afed-batch fermentation in a 5 L bioreactor.
(1)  Identifying a high-efficient (-)-bornyl diphosphate synthase (BbTPS3);
(-)-Borneol (2)  Codon-optimizing and N-terminus truncated expressing of BbTPS3; 148.59 mg/L [52]
(3)  Afed-batch fermentation in a 5 L Bioreactor.
(1)  Integration of the 3-carotene dioxygenase (BLH) gene into a 3-carotene-producing
strain;
Retinol (2)  Increasing the supply of precursor 3-carotene and cofactor NADPH; 2479¢g/L [53]
3) Introducing two reductases, Env9 and YbbO, in order to reduce retinal to retinol;
(4)  Addingbutylated hydroxytoluene (BHT) to inhibit retinol oxidation.
(1)  Fuse-expressing SmCPS-SmKSL and BTS1-ERG207C;
?2) Expressing the related modifying enzymes CYP76AK6, CYP76H24, and CYP76AH1;
Carnosic acid 3) fCu;g;:lS—)e'xpressing cytochrome P450 reductase (CPR) and NADPH-cytochrome B5 7518 mg/L [54]
(4)  Enhancing the supply of NADPH and heme;
(5)  Activating the transcription of proteins folding-related genes in the ER.
(1) Introducing IUP pathway by expressing CHK and IPK;
Yarrowia lipolytica ~ Lycopene (2)  Over-expressing ACC1 and DGA1 to promote lipid accumulation; 42g/L [55]
(3)  Feeding exogenous palmitic acid to accumulate acetyl-CoA from (3-oxidation.
(1) Expressing the truncated plant-derived geraniol synthase (tCrGES);
Geraniol 2) Integrating ERG10, HMGS, tHMG1, and IDI into the chromosome; 1g/L [56]
(3)  Processing parameters optimization.
(1)  Overexpressing tHMG1 and ERG20;
2) Co-expressing the key enzymes tSsLPPS and SsSCS of sclareol synthesis pathway;
Sclareol (3)  Introducing PaGgpps and SsGgpps to simultaneously utilize IPP, DMAPP, and FPPto ;5 g g/L 157]
increase GGPP supply; ’
(4)  Assembling tSsLPPS and SsSCS into multi-enzyme complexes using protein scaffold
peptide tags RIAD and RIDD to facilitate substrate trafficking.
(1) Knocking out Ku70 and co-expressing RAD52 and RAD59 to facilitate homologous
recombination;
Squalene (2)  Enhancing the MVA pathway flux; 35g/L [58]
(3)  Increasing the supply of acetyl-CoA and NADPH;
(4)  Weakening the pathway for squalene degradation to ergosterol.
(1)  Promoter engineering and rDNA-mediated multi-round iterative transformations of
B-Tonone carotenoid cleavage dioxygenase (OfCCD1); ~ 59]
(2) Co-expressing the key enzymes for xylose metabolism, xylose reductase (SsXR), xylitol
dehydrogenase (SsXDH), and endogenous xylulose kinase (XK).
(1) Screening for 3-farnesene synthase (AaFS) and fusion-expressing ERG20-AaFS;
Ogataea (2)  Restoring the fatty acyl-CoA synthetase (FAA1) encoding gene in M16 and generating
polymorpha 3-Farnesene M16F, which blocks the accumulation of FFA; 14.7g/L [60]
(3)  Enhancing the flux of the MVA pathway and the supply of precursor acetyl-CoA;
(4) Fed-batch fermentation using methanol as a carbon source.
(1) Evaluating different germacrene A synthase in O. polymorpha;
(2)  Modulating MVA pathway;
(3)  Enhancing the pentose phosphate pathway (PPP) to increase the supply of cofactor
NADPH;
{3-Elemene (4)  Fusion expressing phosphoketolase (PK) and phosphotransacetylase (PTA) to 47g/L [61]
synthesize more precursor acetyl-CoA;
(5 Downregulating the competitive pathway by fusing a degradation peptide CLN2"FST
to ERGY;
6) Fed-batch fermentation.
(1) Fusion-expressing protein ERG20-(PT)4P-GAS;
- . (2)  Overexpressing MVA biosynthesis pathway genes (i.e., IDI1, tHMG1, and ACS);
Pichia pastoris Germacrene A (3)  Introducing acetyl-CoA synthetase gene ACS to enhance the supply of acetyl-CoA; 19g/L [62]
(4)  Optimizing the nitrogen source in YPD.
)

Integrating oc-santalene synthase expression cassette TEF1p-SAS-AOXI1t into the
genome of STE-0;

Santalene (2)  Overexpressing MVA pathway key enzymes and acetyl-CoA synthase; 21.5g/L [63]
(3)  Increasing the copy number of SAS;
(4)  Optimizing the medium and fed-batch fermentation.
(1) Overexpressing CrtE, CrtB, and Crtl to construct a lycopene synthetic pathway;
(2)  Overexpressing the endogenous HMGR and HMGS;
Lycopene (3)  Overexpressing IDI1 from E. coli and increasing the copy of endogenous GGPPS gene; 07148/L [64]
(4) Fed-batch fermentation.
1) Selecting the optimal x-farnesene synthase (MdAFS);
(2)  Strengthening the MVA biosynthetic pathway and acetyl-CoA supply pathway;
o-Farnesene 3) Introducing the IUP pathway into the peroxisome of P. pastoris; 2.56g/L [65]

(4)  Constructing dual-regulation strain;
(5) Oleic acid and sorbitol co-feeding.

Dammarenediol- ~ Self-assembly of squalene epoxidase (ERG1) and dammarenediol synthase (P¢gDDS) by using

I the PDZ domain and its corresponding ligand (PDZlig). 010mg/gDCW  [66]
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Table 2. Cont.

Organism Chemicals Strategy Yield Reference
Rhodosporidium et i (1)  Using ga}ir_wma irradiation mutagenesis to obtain a strain with a high yield of 126 me /1L 671
; staxanthin astaxanthin; -2bmg
foruloides (2) Using response surface methodology to optimize the large-scale culture conditions.
(1)  Using carotenoid-deficient R. toruloides as the host to block competing pathways;
(2)  Increasing the flux of MVA pathway;
Limonene (3)  Introducing an orthogonal limonene synthesis pathway based on neryl pyrophosphate ~ 393.5mg/L [68]
NPP) by fusion expressing neryl pyrophosphate synthase and limonene synthase
Sl NPPSyl CItLS1 F BRenipyopRose Y g
t! -Clt .
(1) Verifying the peroxisomal targeting signals (PTSs) via fluorescence microscopy
. analysis;
Limonene 2) Targeting MVA and limonene biosynthetic pathways to peroxisomes; 1.05g/L [69]
getng Y’ P ystop!
(3) Dual metabolic regulation of the synthetic pathway in the cytoplasm and peroxisome.
(1) Selected ent-kaurene synthase from Gibberella fujikuroi (GfKS);
- (2)  Balancing the expression level of GGPP synthase (GGPPS) and KS;
ent-Kaurene 3) Scaling up the cultivation to a 2 L bioreactor in a medium containing 75% corn stover 14g/L (701
hyd ;g ; &
ydrolysate.
Amorphadiene (1)  Expressing the codon-optimized bisabolene synthase (BIS) and amorphadiene 36mg/L, -
Bisabolene synt_hase .(ADS); 680 mg/L (71]
2) Testing different carbon sources.
(1) Integrating a second BIS expression cassette;
(2) Transcriptomics and proteomics analysis in the «-bisabolene producing strains;
«-Bisabolene (3)  Balancing the expression levels of the two terminal enzymes: GPPS and 1,8-cineole 26g/L [72]
1,8-Cineole synthase to synthesize 1,8-cineole; 14g/L
(4)  Regulating MVA pathway;
(5)  Optimizing the medium and fermentation process.

2.2.1. S. cerevisiae

S. cerevisiae is a GRAS species with a clear genetic background and metabolic pathway,
efficient tools for gene manipulation, and metabolic regulation, making it the most popular
chassis in microbial cell factories. It has been used for the production of monoterpenes,
diterpenes, triterpenes, and even more complex terpenoids, such as menthol, sclareol,
squalene, and so on [73-75].

Shu et al. identified a 3-myrcene synthase (MS) tQiMS from six plant-derived sources
that can induce S. cerevisiae to produce myrcene. Combined with rational design, reverse
fusion with ERG20WW, and peroxisome localization, a 3-myrcene titer of 142.64 mg/L
was obtained in a 5 L bioreactor [51]. Ma et al. discovered a (-)-bornyl diphosphate
synthase BbTPS3 based on transcriptome. With further codon optimization and fusion
expression with ERG20FOWNI27W 3 (1) borneol titer of 148.59 mg/L in a 5 L bioreactor was
achieved [52]. In the case of retinol, Hu et al. integrated the 3-carotene dioxygenase (BLH)
gene into the previously constructed 3-carotene engineering strain to constitute a complete
vitamin A synthesis pathway. They further increased the supply of precursor 3-carotene
and cofactor NADPH through metabolic engineering. Additionally, two reductases, Env9
and YbbO, were introduced into the strain to further enhance retinol production. To reduce
the oxidation of the produced retinol, butylated hydroxytoluene (BHT) antioxidant was
added during high-density fermentation, ultimately yielding 2479.34 mg/L of retinol [53].
For the more complex phenolic tricyclic diterpene carnosic acid (CA), scientists not only
overexpressed SmCPS and SmKSL to provide the terpene skeleton miltiradiene but also
expressed the related modifying enzymes CYP76AK6, CYP76H24, and CYP76AHI1 to
synthesize carnosic acid. In order to promote electron transportation and release oxidative
stress, they expressed cytochrome P450 reductase and NADPH-cytochrome B5 fusion
protein (SmCPR~t285pCytb5) and ScCTT1 catalase. Finally, by enhancing the supply of
NADPH and heme and activating the transcription of proteins folding-related genes in
the endoplasmic reticulum, they obtained the best strain, WCA11, with a CA titer of
75.18 mg /L [54].

The natural isoprenoid biosynthesis pathway is often limited by low carbon and
energy efficiency. Researchers have designed a novel pathway, namely the isopentenol
utilization pathway (IUP), in E. coli, which can generate DMAPP and IPP through sequential
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phosphorylation of isoprenol or prenol (Figure 2a) [76]. It was reported that the advantage
of the IUP is its minimal cofactor requirement, where only two molecules of ATP are
needed to synthesize one molecule of IPP. However, it was found that isopentenol in the
IUP pathway inhibits the respiration of S. cerevisiae. In order to overcome this problem, Li
et al. designed an IU pathway-dependent (IUPD) strain with growth-coupled production.
By utilizing the auxotroph phenotype towards isoprenol, they developed a growth-coupled
high-throughput screening method and identified two kinase mutants with higher activity,
SmDAGKS¥A/LIZAA and AHTPKS270P/A272R | The resultant strains with strengthened TUP
pathways had higher fluxes of IPP/DMAPP, producing more squalene, limonene, and
carotenoids [77].

2.2.2. Yarrowia lipolytica

In order to avoid the overflow of carbon metabolism and generation of by-product
ethanol, scientists have focused their attention on Crabtree-negative species. Y. lipolytica,
as a model strain of oleaginous yeasts, is Crabtree-negative and GRAS [78]. It possesses
high levels of the tricarboxylic acid (TCA) cycle and the pentose phosphate (PP) pathway.
Through these two pathways, a large amount of acetyl-CoA, ATP, and NADPH can be
accumulated, making it a promising and superior chassis for terpenoid compounds [79].

The level of precursors IPP and DMAPP determines the yield of subsequent metabo-
lites. To increase the precursor level, key enzymes CHK and IPK in the IUP pathway were
introduced into Y. lipolytica, resulting in a 15.7-fold increase in IPP and DMAPP. By overex-
pressing ACC1 and DGA1 to promote lipid accumulation, the intracellular hydrophobicity
was modulated, thereby increasing the storage capacity for lycopene. With exogenous
palmitic acid supplementation, the degradation blocks acetyl-CoA from 3-oxidation further
enhanced the natural MVA pathway. The final lycopene titer was 4.2 g/L in 3 L batch
bioreactors [55]. This indicates that the hydrophobic environment of oleaginous yeast
is beneficial for the accumulation of terpenoids. In geraniol production, Agrawal et al.
expressed the truncated plant-derived geraniol synthase (tCrGES) in Y. lipolytica and then
integrated ERG10, HMGS, tHMGI, and IDI into the chromosome to enhance precursor
GPP supply. The resulting strain S5 produced geraniol with a titer of 1 g/L shake-flask
fermentation [56]. Sun et al. co-expressed the key enzymes tSsLPPs and SsSCS of sclareol
synthesis pathway in Y. lipolytica with tHMG1 and ERG20 overexpression, enabling the host
to synthesize sclareol. They further designed a two-layer GGPP accumulation pathway,
introducing PaGGPPS and SsGGPPS to simultaneously utilize IPP, DMAPP, and FPP to
increase GGPP supply. Then, by using protein scaffold peptide tags RIAD and RIDD, they
assembled tSsLPPS and SsSCS into multi-enzyme complexes to facilitate substrate transport
and reduce the production of by-products geranylgeraniol (GGOH) and labdendiol (LOH).
The engineered strain produced sclareol as much as 12.9 g/L [57]. To facilitate genetic
modification in Y. lipolytica, Xu and co-workers knocked out the non-homologous end
joining protein Ku70 and co-expressed the key homologous recombination proteins RAD52
and RAD59, achieving a homologous recombination efficiency of 68% without affecting the
growth. They also systematically reshaped metabolism by enhancing MVA pathway flux,
increasing the supply of acetyl-CoA and NADPH, and weakening the pathway for squalene
degradation to ergosterol. In a 5 L fed-batch fermentation, the engineered strain achieved a
squalene titer of 35 g/L [58]. In another case, Shi et al. transformed a carotenoid cleavage
dioxygenase (OfCCD1) with a strong multi-round promoter iteratively into Y. lipolytica to
construct a 3-ionone-producing strain. Then, they further broaden the substrate range by
overexpressing the key enzymes for xylose metabolism, xylose reductase (SsXR), xylitol
dehydrogenase (SsXDH), and endogenous xylulose kinase (XK). The final engineered strain
could synthesize 3-ionone using lignocellulosic hydrolysate as the carbon source [59]. It
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indicates that Y. lipolytica has the potential to utilize low-cost raw materials for the green
production of high-value terpenoids.

2.2.3. Methylotrophic Yeasts

Methylotrophic microorganisms can utilize one-carbon compounds as a carbon source
for growth. Ogataea polymorpha and Pichia pastoris, which are Crabtree-negative, have been
receiving wide attention as hosts due to their ability to use methanol as a carbon and energy
source. They possess high protein expression and secretion capabilities and allow for
high-density fermentation [80]. The properties make them beneficial for biomanufacturing
processes and widely used for efficient protein production. Since they are GRAS species,
enzymes produced by these two yeasts, such as lipases, have been used as enzyme prepara-
tions in the food industry [81] already. Their robust five-carbon assimilation capacity makes
them potential hosts to use lignocellulosic hydrolysates as raw materials. In addition,
their endogenous MVA pathway can provide abundant precursors IPP and DMAPP for
terpenoids, indicating that O. polymorpha and P. pastoris hold significant potential as cell
factories for terpenoids [80].

Li et al. screened a farnesene synthase (AaFS) with high activity and introduced
it into the fatty acid-producing O. polymorpha strain M16 in their previous research. By
further increasing the flux of the MVA pathway and the supply of precursor acetyl-CoA,
the optimized engineering strain produced 3-farnesene with a yield of 46 mg/g methanol,
which is the highest reported production from one carbon [69]. Ye and co-authors identified
an efficient germacrene A synthase, LsLTC2, in O. polymorpha. Furthermore, they enhance
the acetyl-CoA, MVA, and NADPH flux and downregulate the sterol competition flux.
Through spontaneous Cope rearrangement from germacrene A. They obtained f3-elemene
at a titer of 4.7 g/L in the fed-batch fermentation [61].

In another methylotrophic yeast, P. pastoris, researchers have successfully constructed
cell factories capable of producing terpenoid compounds such as germacrene A, san-
talene, and lycopene by introducing corresponding terpene synthases and performing
conventional metabolic engineering [62-64]. In the case of producing o-farnesene, Liu
et al. adopted the heterologous IUP pathway and a peroxisome-cytoplasm dual regulation
strategy to enhance the x-farnesene synthetic flux. Firstly, they screened and utilized a
high-activity farnesene synthase (MdAFS) and strengthened the MVA and acetyl-CoA
pathway. Secondly, they targeted the more efficient IUP pathway to peroxisomes to pro-
mote the accumulation of IPP and DMAPP. Finally, by simultaneously regulating the
IPP and x-farnesene synthetic pathway in the cytoplasm and peroxisomes, they obtained
1.4 g/L of x-farnesene in the medium co-feeding with oleic acid and sorbitol as carbon
sources [65]. Peroxisome compartmentalization not only alleviates the burden on growth
caused by the accumulation of cytotoxic intermediates such as IPP but also separates IPP
from competitive pathways in the cytoplasm and has now been used for the construction of
various cell factories. In another case, P. pastoris has been used to synthesize the precursor
of a more complex ginsenoside precursor, dammarenediol-1I. To facilitate the transfer of
substrates and alleviate the interference from competing ergosterol pathway, researchers
expressed squalene epoxidase (ERG1) and dammarenediol synthase (PgPDD) separately
using PDZ domain and its corresponding ligand (PDZlig), respectively. Ultimately, the
yield of dammarenediol-II in the self-assembling multi-enzyme complex strain was 2.1-fold
higher than that of the free expression strain [66].

2.2.4. Rhodosporidium toruloides

R. toruloides is a famous lipid yeast that can accumulate a large amount of lipids under
nutrient-limited conditions. Its lipid level exceeds 70% of the dry cell weight [82], and its red
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phenotype is related to the natural ability to synthesize carotenoids. The high levels of lipids
and carotenoids indicate that R. toruloides has sufficient acetyl-CoA precursors, making it an
ideal candidate for terpenoid cell factories. In addition, it also has advantages such as high-
density growth, excellent stress resistance, and a wide substrate spectrum, allowing for
large-scale fermentation using inexpensive raw materials [83]. Although it does not possess
an efficient endogenous homologous recombination system like model microorganisms
such as S. cerevisiae, lots of gene manipulation tools have been developed recently [84],
enhancing the convenience and efficiency of homologous recombination significantly.
Currently, different terpenoid compounds have been synthesized by R. toruloides. Apart
from R. toruloides, other oleaginous red yeasts have also been modified to synthesize
terpenoids successfully [85,86].

In order to directly utilize the excellent performance of R. toruloides in accumulating
carotenoids, Tran et al. obtained a mutant strain, G17, with increased astaxanthin content
by using gamma irradiation mutagenesis. They used response surface methodology to
optimize the large-scale culture conditions, enabling R. toruloides to produce astaxanthin
with a content reaching 1.26 mg/L using molasses as a carbon source [67]. In the case of
limonene, Yang and co-workers introduced an orthogonal limonene synthesis pathway
based on neryl pyrophosphate (NPP) into R. toruloides. They used carotenoid-deficient
R. toruloides as the host to block competing pathways, enhanced the MVA pathway flux, and
simultaneously expressed the key enzyme neryl pyrophosphate synthase and limonene
synthase for the downstream limonene synthesis pathway. The engineered strain achieved
a final limonene yield of 393.5 mg/L [68]. Furthermore, they identified several peroxisomal
targeting signals (PTSs) and used them to target MVA and limonene biosynthetic path-
ways to peroxisomes. Then, they carried out dual-metabolic regulation in the cytoplasm
and peroxisome to enhance the supply of acetyl-CoA. A higher yield of limonene was
finally reached at 1.05 g/L [69]. Similarly, Geiselman et al. utilized metabolic engineering
and Design-Build-Test-Learn (DBTL) strategies to introduce the ent-kaurene biosynthe-
sis pathway and precursor GGPP supplying pathway into R. toruloides. The resultant
strain obtained ent-kaurene at a titer of 1.4 g/L in a 2 L bioreactor feeding corn stover
hydrolysates [70]. In order to further expand the application of R. toruloides in the pro-
duction of terpenoid compounds using corn stover hydrolysate, Gladden and colleagues
introduced bisabolene synthase (BIS) and amorphadiene synthase (ADS) into R. toruloides to
produce bisabolol and amorphadiene, and also introduced GPPS and 1,8-cineole synthase
to produce 1,8-cineole. Through metabolomic and proteomic analysis, they identified the
rate-limiting steps and balanced the MVA pathway and downstream pathway. Finally,
they obtained strains for bisabolene, amorphadiene, and 1,8-cineole with titers of 36 mg/L,
2.6 g/L,and 1.4 g/L, respectively [71,72].

3. Application of Terpenoid Microbial Cell Factories in the Food Industry

Terpenoids have complex and diverse structures, with various functional groups
and active sites, thus exhibiting different biological activities, such as special fragrances,
antioxidant, antibacterial, and anticancer effects. Moreover, due to the complexity of
terpenoid structures, a single terpenoid compound can play more than one role in a food
product. For instance, squalene acts as both an antioxidant and an antimicrobial agent in
mulffin preservation [87]. In the food industry, terpenoids are highly favored due to their
natural source. However, extraction and purification from natural plants or animals is
cumbersome and inefficient. Nowadays, an increasing number of microbial hosts have
been engineered for the biosynthesis of terpenoids, and some terpenoids have achieved
gram-scale production in microorganisms. Here, we provide an overview of several

188



Foods 2025, 14, 673

representative terpenoid-producing microbial cell factories that have been used in the food
industry (Table 3).

Table 3. Representative terpenoid cell factories used in food industry.

Functions Chemicals Host Strategy Yield Reference
Flavor and ) Pantoea (1) Identifying'(S)—specific‘ linalool synthase (LINS) and (R)-specific LINS; (S)-linalool, 5.60 g/L
fragrance Linalool ananatis (2) (CI;)F-)eAi(gressmg them with mutated farnesyl diphosphate synthase (R)-linalool, 3.71 g,/L [88]

(1)  Semi-rationally designing the substrate binding pocket entrance of
linalool synthase;
Linalool Saccharomyces  (2)  Screening for a mutant t67OMcLISy ™" with higher affinity and 26g/L [89]
cerevisiae catalytic activity;
(3)  Targeting the linalool biosynthetic pathway to S. cerevisiae peroxisomes;
(4)  Constructing a more stable diploid engineering strain through mating.
(1) N-terminal truncating of linalool dehydratase isomerase (LDI);
Escherichia (2)  Optimizing the induction temperature;
Myrcene coli (3)  Site-directed mutation of LDI; 1258/L 27]
(4)  Aerobic-anaerobic two-stage fermentation.
(1) Utilizing nucleoside diphosphate-x (NUDIX) instead of geraniol
synthase to produce geraniol;
(2)  Enhancing GPP supply by optimizing MVA pathway and GPPS;
(3)  Fusion-expressing the efficient GPPS and NUDIX for geraniol
Geraniol E. coli synthesis; 19g/L [90]
(4)  Knocking out alcohol dehydrogenases and adopting microaerobic
cultivation to avoid the conversion of geraniol to geranial;
(5)  Introducing the alcohol acyltransferase REAAT1 to transform geraniol
into the low-toxicity geranyl acetate.
(I)  Integrating six copy limonene synthase (tLimS) genes into genome;
(2)  Enhancing MVA and GPP pathways by expressing tHMG1, IDI1, and
ERG20FO6WNI127W .
(3)  Dynamically regulating the expression of ERG20 to restrain the
Bi fi Li S. o competitive squalene pathway by using dCas system; 263¢/L 91
iopreservatives  Limonene cerevistae (4)  Increasing the supply of acetyl-CoA and NADPH by regulating the &/ 1]
glyoxylate cycle and pentose phosphate pathway;
(5)  Compartmentalization engineering of MVA and limonene synthetic
pathways;
6) Two-phase scale-up fermentation.
(1)  Comparative transcriptomic analysis and identifying the changes in
transcriptional levels of the genes in response to limonene;
Limonene Yarrowia (2)  Identifying an unknown functional protein YALIOF19492p conferring .. 8 mg/L [92]
lipolytica limonene tolerance;
(3)  Short-term adaptive laboratory evolution to improve the tolerance to
and yield of limonene.
(1) Identifying an effective pinene synthase P{PS147L;
(2)  N-terminal truncation to improve its hydrophilicity and solubility;
Pinene E. coli ®) g;gfiggrné ; ISPI’S mutant AQGGPPSP?0G/L175P g enhance the supply of 135 mg/L [93]
(4)  Identifying a suitable host DH10B;
(5)  Adjusting fermentation conditions.
(1) Constructing E. coli MEVI with an upstream MEV module and E. coli
PINI with a downstream pinene module;
. Cell-free (2)  Constructing a cell-free system to produce pinene with MEVIand PINT;
Pinene system (3)  Optimizing the physicochemical parameters using Plackett-Burman 1256 mg/L 941
experimental design and the steepest ascent strategy;
(4)  Optimizing a single enzyme addition.
(1)  Developing a high-throughput screening method dependent on the
Food fortifiers color of lycopene;
and dietary Lycopene  E.coli (2)  Obtaining a triple mutant IDIM41H/YI95F/W256C by random mutations 1.2g/L [95]
supplements and targeted mutagenesis;
(3)  Replacing the wild-type IDI with IDIM141H/Y195F/W256C,
(1) Introducing phytoene dehydrogenase mutant (BtCrtIY160F/N5765)
increase lycopene yield;
(2)  Atmospheric and room-temperature plasma (ARTP) mutagenesis
combining with H>O,-induced adaptive laboratory evolution (ALE);
Lycopene  S. cerevisiae (3)  Identifying the rate-limiting steps through transcriptome analysis of 8.15g/L [96]
high-yield mutant strain;
(4)  Adjusting the copy number of TmCrtE to drive GGPP synthesis;
(5)  Enhancing the supply of FAD and NADPH;
(6)  Recovering Ura3 marker.
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Table 3. Cont.

Functions Chemicals Host Strategy Yield Reference
(1)  Expressing tHMG1 and down-regulating ERG9 to strengthen the
supply of precursor GGPP;
(2)  Selecting active diterpene synthases by using the steviol yield as an
s . indicator;
Stevioside 5. cerevisiae (3)  Fusion-expressing two diterpene synthases; 1149 mg/L 971
(4)  Combining directed evolution and fusion expression of two
glycosyltransferases to synthesize stevioside;
(5)  Enhancing the supply of UDP-glucose by expressing key enzymes.
(1) Knocking out endogenous glycoside hydrolase SCW2 to inhibit the
hydrolysis of stevioside;
(2)  Identifying an efficient glycosyltransferase, UGT91D2, and
Rebaudioside - co-expressing it with UG76G1 to convert stevioside to Reb M via Red E;
M S. cerevisiae (3)  Overexpressing UGP1 to strengthen the supply of sugar donor 125g/L [98]
UDP-glucose;
(4)  Introducing SIR2 to prolong the growth cycle;
(5)  Whole-cell catalyzing the production of Reb M using stevioside as the
substrate.
(1) Identifying the most efficient germacrene A synthase (DIGAS);
(2) Fused expression of DIGAS-ERG20;
3) Strengthening the expression of the MVA pathway through strong
Medicinal Germacrene : : romoters and multi-copy integration;
health food A Y. lipolytica 4) Eestraining the dOWl’lStI‘SZm sqﬁalene synthesis pathway by truncating 398/L 99
the native promoter of ERG9 (Pgrgo);
(5)  Increasing the acetyl-CoA supply by reducing the activity of ACC1 and
promoting lipid degradation.
(1) Identifying an efficient germacrene A synthase (LTC2) and integrating
the sequence into genome;
(2)  Increasing the flux of MVA pathway by over-expressing the key
enzymes;
B . . (3)  Regulating the competition squalene synthetic pathway by substituting
B-Elemene Y. lipolytica an inducible promoter that is feedback inhibited by ergosterol; 5088/L (1001
(4)  Adjusting the copy number of heterologous LTC2;
(5) Fed-batch fermentation;
(6)  Centrifuging the broth and then heating the dodecane layer at 250 °C to
obtain product (3-elemene.
(1)  Performing adaptive laboratory evolution and obtaining a platform
strain BN-91A, which can grow using mannitol as sole carbon source;
(2)  Introducing valencene pathway into BN-91A;
(3)  Decreasing the branch pathway by downregulating ERG9 (squalene
synthase) and disrupting BTS1 (GGPPS);
Valencene S. cerevisiae 4) Increasing the 'MVA pathway by over-expressing tHMG1 and ERG12 56g/L [101]
(mevalonate kinase);
(5)  Increasing copy number of valencene synthase (CnVS);
(6)  Facilitating mannitol assimilation by over-expressing mannitol
dehydrogenase (DSF1) and mannitol transporter (HXT13);
(7)  Enhancing NADPH supply by integrating NADH kinase (POS5) gene;
(©)] High cell-density fermentation.
(1) Identifying another valencene synthase (EgVS) with higher catalytic
efficiency than CnVS;
(2)  Semi-directed mutagenesis and obtaining an EgVS mutant with the
Valencene hig}}es‘t c_atalytic gfficiency; ) )
and S. cerevisine (3)  Optimizing the biosynthetic pathway by increasing the copy number of 16.§ g/L [102]
nootkatone key enzymes and changing promoters; ayield of 80%
(4)  Coupling cell growth and biochemical pathways by controlling URA3
expression with the GAL promoter;
(5)  High-cell-density fermentation and purifying valencene;
6) Chemically transforming valencene to nootkatone.
(1) Semi-rationally designing and obtaining a PTS mutant PTS2C#15F/Ha54A
with higher substrate-binding affinity;
Patchoulol E. coli (2)  Expressing FPPS-(PT),P-PTS2 fusion protein; 970.1 mg/L [103]
(3)  Deleting the competitive acetate synthetic pathway;
(4) Enhancing efflux transporters MacAB and MsbA.
(1)  Modifying and obtaining a PTS mutant PTS3mut4;
(2)  Deleting the cyclic AMP synthesis pathway to alleviate glucose
Patchoulol E. coli repression; 1675mg/L [104]
(3)  Constructing a pyruvate biosensor and using it to regulate glycolysis
pathway.
(1) Expressing FPPS-PTS fusing protein and tHMG1;
?2) Modifying off-pathway by deleting ROX1, YJL064W, and YPLO62W;
(3)  Enhancing ergosterol pathway by over-expressing ERG11 and ERG24;
(4)  Regulating NADPH supply by over-expressing POS5;
Patchoulol S. cerevisiae (5)  Decreasing intracellular ROS by over-expressing cytoplasmic catalase 1632 mg/L [105]
(CTT1) and peroxisome catalase (CTA1);
6) Rational engineered PTS and obtained PTS™%S which could reduce
production of the concomitant byproducts of patchoulol;
(7)  High-density fermentation with Mg?* addition.
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3.1. Acting as Flavor and Fragrance

Terpenoids, which are in forms of esters, alcohols, and oxides, are commonly found in
fruits, vegetables, and nuts. Different terpenes have different fragrances. They are the main
components of essential oils and are widely used as natural fragrances and flavors. Linalool,
geraniol, nerolidol, and other monoterpenes and sesquiterpenes have been recognized
as GRAS by the United States Food and Drug Administration (FDA) [106]. In the food
industry, they have been used as food additives to provide food with a unique fragrance
and taste [11]. For example, monoterpenes such as menthol and limonene are often used as
flavor additives in foods like chewing gum, beverages, and candies. The boosting strategies
of metabolic engineering and synthetic biology in cell factories have greatly promoted the
sustainable production of terpenoid compounds [107,108].

3.1.1. Linalool

Linalool is an acyclic monoterpene and is widely used in beverages and processed
foods due to its flavoring and fragrant properties.

It has two enantiomers, (S)-linalool and (R)-linalool. The two forms of linalool have
different fragrance profiles and biological properties, while separation and purification
are difficult when extracting from plants. Hoshino et al. identified (S)-specific linalool
synthase (LINS) and (R)-specific LINS and co-expressed them with mutated farnesyl
diphosphate synthase (IspA*) in Pantoea ananatis host. The titer of (S)-linalool and (R)-
linalool reached 5.6 g/L and 3.71 g/L, respectively [91]. In order to improve the catalytic
activity for linalool synthase, Zhou et al. semi-rationally designed its substrate binding
pocket entrance and obtained a mutant t670OMcLISy"47F with higher affinity for GPP
and higher catalytic activity to synthesize linalool. Furthermore, they targeted the linalool
biosynthetic pathway to S. cerevisiae peroxisomes and obtained a more stable diploid
engineering strain through mating. The resultant strain achieved a titer of 2.6 g/L linalool
in a 5 L fed-batch fermentation [89]. In another research, Wang and co-workers introduced
linalool dehydratase, which can isomerize geraniol to linalool and subsequently dehydrate
linalool to myrcene, into E. coli. The engineered strain produced myrcene at a titer of
1.25 g/L in aerobic and anaerobic two-stage fermentation [27].

3.1.2. Geraniol

Geraniol is an acyclic monoterpene alcohol with a rose-like odor and a sweet, floral,
rose-like taste. It is an important raw material in the commercial fragrance industry. It
is reported that various microorganisms can convert geraniol into high-value terpenoid
products such as (R)-citronellol, (S)-citronellol, nerol, and neral [109]. Besides its unique
scent, it also possesses biological activities like anti-microbial, anti-cancer, anti-oxidant,
and anti-inflammatory. Therefore, geraniol is widely used in fields such as food, cosmetics,
and pharmaceuticals, exhibiting great commercial value.

Nowadays, researchers have identified that geraniol synthase (GES) originated from
various plants and assembled a geraniol de novo synthetic pathway in microorganisms,
such as E. coli [26], S. cerevisiae [110], Y. lipolytica [56], and Candida glycerinogenes [111].
However, the toxicity of geraniol to cells limits the production of microbial cell factories.
Conversion of geraniol to its acetate form is an effective method to reduce its toxicity.
Shukal and co-workers combined metabolic engineering, enzyme engineering, ribosomal
binding site, and abiotic engineering in E. coli to produce geranyl acetate by using glycerol
as feeding stock. To circumvent potential issues of insufficient solubility or low activity of
GES, they utilized nucleoside diphosphate-x (NUDIX) instead of GES to produce geraniol.
After regulating the MVA pathway flux, they fusion-expressed the efficient GPPS and
NUDIX for geraniol synthesis. Then, they knocked out alcohol dehydrogenases and
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adopted microaerobic cultivation to avoid the conversion of geraniol to geranial. Finally, by
introducing the alcohol acyltransferase RhAAT1, the strain transformed geraniol into the
low-toxicity geranyl acetate. The final yield of geranyl acetate reached the highest reported
level of 19 g/L [90].

3.2. Acting as Biopreservatives

With the increasing awareness of the potential health risks posed by food additives,
the concept of clean-label foods gained more attention. Natural preservatives not only
extend the shelf life of food but also offer additional health benefits [112]. It was reported
that the global sales of natural food preservatives are estimated to be 612 million by 2024,
and it might increase up to 2-fold ten years later (https:/ /www.futuremarketinsights.com/
reports/natural-food-preservatives-market (accessed on 13 February 2025)).

Due to the hydrophobic skeleton, terpenoids are often lipophilic so they can disrupt
cell membranes and inhibit enzymes related to energy metabolism and DNA synthesis,
leading to impaired cell viability [5]. For instance, a-pinene and limonene can inhibit the
activity of E. coli and Staphylococcus aureus. On the other hand, some terpenoids act as
antioxidants by scavenging free radicals and protecting food from oxidative damage [14].
For example, carotenoids are widely used as antioxidants due to their conjugated double-
bond system. In this scene, terpenoids with antibacterial and antioxidant bioactivities have
great potential as food preservatives [113]. In fact, terpenoids have already been commonly
used as food preservatives in fruits, meat products, seafood, and dairy products, in the
form of natural extracts or essential oils [112,114]. However, since extracts and essential
oils contain multiple components, achieving their minimum inhibitory concentration (MIC)
often requires high-level supplementation. Additional chemicals might affect the taste of
the food or introduce undesirable flavors [112]. Terpenoid cell factories through metabolic
engineering may meet demands for food preservation and food safety.

3.2.1. Limonene

Limonene is a natural monoterpene with antibacterial efficacy and has been widely
used in the food industry as a preservative, antioxidant, and flavor. Its derivatives, such
as menthol, carveol, and a-terpineol, which have pleasant fragrances, special biological
activities, and physicochemical properties, are also broadly used in the fields of food,
pharmaceuticals, and cosmetics [115]. Cell factories offer a new approach to the sustainable
production of limonene.

In S. cerevisize, Kong et al. expressed truncated limonene synthase (tLimS) to de
novo synthesize limonene from GPP. They further enhanced the limonene synthesis flux
through a “Push—Pull—Restrain” strategy while simultaneously increasing the supply
of acetyl-CoA and NADPH by regulating the glyoxylate cycle and pentose phosphate
pathway. In addition, they reconstructed the MVA and limonene synthetic pathways in
mitochondria. In order to alleviate the impact of limonene accumulation on cell growth,
they also performed a two-phase scale-up fermentation and obtained a limonene titer of
2.63 g/L ultimately [91]. It appears that the titer of limonene in most cell factories has
reached the cells” maximum tolerance to limonene. In order to enhance the tolerance of Y.
lipolytica to limonene, Kong et al. identified five genes using a transcriptomic analysis. They
found that overexpression of an unknown protein YALIOF19492p can increase limonene
tolerance and increase the titer up to 8-fold. Then, they carried out short-term laboratory
adaptive evolution and obtained strains with higher tolerance. Field emission scanning
electron microscopy (FE-SEM) and propidium iodide (PI) analyses revealed that the cell
wall and membrane of evolved strains were intact in the presence of limonene, while both
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the cell wall and membrane of the starting strain were damaged [92]. It would provide
new perspectives for improving the sustainable production of limonene.

3.2.2. Pinene

Pinene is a monoterpenoid derived from plants, and it is widely used as flavors,
fragrances, and pharmaceuticals. Its dimerized form can serve as a high-density renewable
fuel for aircraft [39]. Moreover, pinene can also be used as a raw material for the synthesis
of fragrances such as terpineol and linalool.

In the monoterpene cell factories, only one heterologous monoterpene synthase is
usually needed for the production of monoterpenes. In E. coli, Zhou et al. identified
an effective pinene synthase PtPS1947L and improved its hydrophilicity and solubility
by N-terminal truncation, facilitating folding and preventing degradation. Next, they
introduced a GPPS mutant AGGPPSPYG/L175P o enhance the supply of precursor GPP
and optimize fermentation conditions. Ultimately, in the optimal host DH10B, a titer
of 1035 mg/L pinene was produced in 1.3 L fed-batch fermentation [93]. In order to
break through the limitations of mass transfer and reduce the impact of pinene on cell
viability, Niu et al. achieved gram-scale production of pinene using a cell-free system. They
constructed a module co-catalysis cell-free system containing an MEV upstream module
and a pinene downstream module and optimized the physicochemical parameters using
Plackett-Burman experimental design and the steepest ascent strategy. The final pinene
titer was 1256 mg/L [94]. To some extent, cell-free systems are an effective alternative to
whole-cell catalysis for synthesizing terpenoids with toxicity.

3.3. Acting as Food Fortifiers and Dietary Supplements

Terpenoids also have other beneficial biological effects besides flavoring and anti-
bacterial properties. They can be used as dietary supplements to enhance the nutritional
value of food and improve the health level of people. Retinol converts into retinal and
retinoic acid, which are involved in the synthesis of rhodopsin on the retina [116]. Lutein
plays a crucial role in protecting the retina and preventing age-related macular degenera-
tion [117]. As functional ingredients, they are often added to infant formula foods, edible
oils, and beverages. Anthocyanin is also a famous dietary supplement due to its antioxida-
tive and hypoglycemic effects [118]. Therefore, designing and constructing microbial cell
factories for functional terpenoid compounds has great application potential.

3.3.1. Lycopene

Lycopene is a red Cy tetraterpene, consisting of eight isoprene units (Cs) linked
head-to-tail. It is capable of quenching singlet oxygen and scavenging free radicals to
prevent some malignancies and support cardiovascular health [119]. It was reported that
lycopene exhibits the highest antioxidant activity among the carotenoid group [120]. Thus,
it is widely used as a colorant and functional food. However, the chemical synthesis of
tetraterpenes faces difficulties in stereoselectivity and separation [120]. Therefore, many
attempts have been made to construct sustainable production cell factories for lycopene.

In nature, some microorganisms, such as R. toruloides and Blakeslea trispora, possess
carotenoid biosynthesis pathways and can synthesize mixtures of carotenoids, including
lycopene, (3-carotene, and astaxanthin. Traditionally, these microorganisms can be directly
used for the fermentative production of lycopene. However, it is very difficult to improve
the yield and purity of a particular kind of carotenoid. With the advancement in enzyme
function mining and metabolic mechanism analysis, researchers focused on integrating
heterologous lycopene pathways into non-carotenoid-producing hosts to enhance the titer
and yield. E. coli and S. cerevisiae, as classic model microorganisms, have been used for
large-scale synthesis of lycopene successfully [121].
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Chen et al. developed a high-throughput screening method dependent on the color
of lycopene. By using color as an indicator, they performed random mutations and tar-
geted mutagenesis on the rate-limiting enzyme isopentenyl diphosphate isomerase (IDI)
and obtained a triple mutant IDIM41H/Y195F/W256C yith 2 53-fold higher catalytic activ-
ity. Replacing the wild-type IDI with IDIM41H/Y195E/W256C F o containing the complete
lycopene synthetic pathway produced 1.8-fold more lycopene, exceeding 1.2 g/L [95]. In or-
der to break the yield bottleneck, Zhou et al. performed atmospheric and room-temperature
plasma (ARTP) mutagenesis and H,O,-induced adaptive laboratory evolution (ALE) to
improve the supply of FPP. Inspired by the transcriptome analysis of the high-yield mutant
strain, they integrated another copy of the TmCrtE gene to drive GGPP synthesis. Ina7 L
fed-batch fermentation, the lycopene achieved the highest level, at a titer of 8.15 g/L [96].

3.3.2. Steviol Glycosides

The increasing prevalence of diabetes and its harm to health promote people to pay
more and more attention to low-sugar diets. The use of low-calorie sweeteners instead of
sugar in the daily diet is becoming popular and important. In this scene, steviol glycosides
(SGs), which are GRAS, have received widespread attention [122]. They are not only used as
sweeteners but also act as nutritional enhancers in the diet of diabetic patients due to their
anti-diabetic properties. SGs are a type of glycoside derivative of tetracyclic diterpenoids
with various sweetness and taste. In Stevia rebaudiana, more than 20 types of SGs are
glycosylated by only four glycosyltransferases using steviol as a backbone skeleton [97]. In
order to meet the demands for low-sugar and low-calorie diets, scientists are dedicated
to producing special steviol glycosides via de novo synthesis or whole-cell catalysis using
microbial chassis.

Due to the complex glycosyltransferase pathway and numerous by-products, attention
has been focused on exploring targeted modification of glycosyltransferases [98]. They
adopted a strategy of combinatorial modular operation to assemble the stevioside de
novo synthetic pathway into S. cerevisiae. In the precursor GGPP supply module, they
overexpressed the key enzyme tHMGI1 and downregulated ERG9 shunt pathways. In
the steviol synthesis pathway, they used steviol as an indicator and fusion-expressed
the class I diterpene synthase AtKS and the class II diterpene synthase SrCPS. In the
transglycosidic pathway, they combined directed evolution and fusion expression of two
glycosyltransferases to synthesize stevioside. By further enhancing the supply of UDP-
glucose, the final engineered strain produced stevioside at a titer of 1149 mg/L [97].
Rebaudioside M (Reb M) provides more sweet taste than stevioside and is free of bitterness.
However, the concentration is significantly lower (0.4-0.5%) than stevioside (22-62%) in
Stevia rebaudiana [122]. Li et al. constructed a whole-cell catalytic pathway for producing
Reb M from stevioside. They identified an efficient glycosyltransferase, UGT91D2, and
co-expressed it with UG76G1 to convert stevioside to Reb M via Red E. In order to inhibit
the hydrolysis of stevioside and strengthen the supply of sugar donor UDP-glucose, they
knocked out endogenous glycoside hydrolase SCW2 and overexpressed UGP1. After
introducing SIR2 to prolong the growth cycle, they obtained a titer of 12.5 g/L Reb M by
using 10.0 g/L stevioside as a substrate.

3.4. Acting as Medicinal Health Food (MHF)

The concept of “Medicine and Food Homology” originated from traditional Chinese
medicine, implying that some foods not only have nutritional value but also are capable of
preventing and treating diseases. People eat plants containing active compounds to treat
illnesses and enhance immunity. The Chinese Ministry of Health has listed 114 kinds of
items as medicinal health foods [123]. Among them, Pogostemon cablin, Herba menthae, Flos
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sophorae, and Ganoderma lucidum contain significant levels of terpenoids as their respective
functional factors [123-125]. Nevertheless, it is worth mentioning that traditional Chinese
medicine may contain multiple complex components, some of which might cause adverse
reactions or allergies in certain individuals. Therefore, under the condition that the efficacy
of terpenoids is known or the mechanism is clear, taking the specific active factor directly
is better than taking the whole herb. For instance, artemisinin has shown significant effects
in treating malaria, and extracting artemisinin for treatment might be more effective than
consuming the whole Artemisia annua herb. With the development of synthetic biology and
systems biology techniques, the biosynthetic pathways of more and more terpenoids are
being elucidated, making it possible to produce these valuable terpenoids using microbial
cell factories. For example, researchers achieved de novo synthesis of three terpenoid
compounds in S. cerevisiae by integrating the whole biosynthetic pathways for valerenic
acid [126], oleanane-type ginsenosides [127], and (-)-borneol [52].

3.4.1. Germacrene A and {3-Elemene

Germacrene A with spicy and peppery scents can be used as flavor and fragrance in the
food industry [11]. Moreover, it is one of the most critical intermediates in the biosynthesis
of terpenoid compounds and can serve as a precursor of 3-elemene and patchoulol. (3-
Elemene, extracted from the traditional Chinese herb Rhizoma zedoariae (Wen E Zhu) and
Curcuma longa L. (Jiang Huang), is a volatile sesquiterpene and can be synthesized through
intramolecular Cope rearrangement via germacrene A in vitro. It is an important flavor
in Chinese Baijiu, not only giving a unique flavor to the liquor but also stimulating the
consumer’s taste buds [1]. Additionally, 3-elemene has also been widely used as a clinical
anti-cancer drug due to its anti-tumor activity and immune protective properties [1]. Owing
to their great application value, scientists attempt to heterologously synthesize germacrene
A and fp-elemene in microorganisms. Currently, they have been synthesized in various
microorganisms, including E. coli [28], S. cerevisiae [128], Y. lipolytica [99], and P. pastoris [62].

Liu et al. identified a germacrene A synthase (DIGAS) with the highest activity in
Y. lipolytica using a bioinformatics strategy. They further enhanced the germacrene A
synthetic flux by substrate-channel engineering, MVA, and acetyl-CoA supplying. The
final titer of germacrene A was achieved at 39 g/L by using glucose as a carbon source [99].
Li et al. identified another germacrene synthase, LTC2, which originated from Lactuca
sativa, that can be used in Y. lipolytica, and then they integrated the LTC2-expressing cassette
into the genome of Polf-Aku70. They promoted the synthesis of germacrene A through a
“push-pull-restrain” strategy successively. Finally, 3-elemene was produced by shifting the
temperature to 250 °C, and the titer reached 5.08 g/L. This work is the first combination of
engineering Y. lipolytica with chemical transformation [100].

3.4.2. Valencene and Nootkatone

Valencene and nootkatone are sesquiterpenes derived from plants. Valencene provides
an orange-like odor, while nootkatone has a grapefruit-like flavor. They are GRAS and
widely used as food additives in the fragrances and flavors industry [129,130]. In addition,
both valencene and nootkatone possess interesting biological activities, such as anti-cancer,
anti-oxidant, and anti-inflammatory. Among them, nootkatone has been proven to be a
major active component in traditional Chinese medicine Alpinia oxyphylla (Yi Zhi Ren).
Because of their great market value, they were primarily produced by chemical synthesis.
Recently, in the exploration of enzyme functions, researchers focused on biotransformation
or heterologous synthesis to produce valencene and nootkatone [131].

For de novo valencene biosynthesizing, Zhu et al. introduced a valencene synthase
(CnVS) into an S. cerevisiae platform BN-91A, which was obtained through laboratory
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adaptive evolution and capable of utilizing mannitol as a sole carbon source. By compre-
hensively optimizing the metabolic network, a titer of 5.6 g/L of valencene was achieved in
high-density cultivation with mannitol feeding [101]. In another research study, Ye and co-
workers identified a more efficient valencene synthase (EgVS) and performed site-directed
mutation to increase its activity. By optimizing the biosynthetic pathway, they increased the
titer of valencene. Furthermore, they adopted a GAL promoter to control URA3 expression
in order to couple cell growth and biochemical pathways, and the titer of valencene reached
16.6 g/L in a high-density fermentation. Accompanying the following chemical conver-
sion, the yield of nootkatone reached 80% [102]. The combination of biosynthesis and
chemical transformation makes the industrial production of nootkatone possible. Recently,
researchers have elucidated the natural nootkatone biosynthetic pathway in A. oxyphylla
and achieved its total biosynthesis in an engineered S. cerevisiae strain [129]. This provides
new resources and strategies for the subsequent production of nootkatone using green
cell factories.

3.4.3. Patchoulol

Patchoulol, which has a wooden, earthy scent, is a valuable sesquiterpene with anti-
inflammatory, anti-cancer, anti-depressant, and other therapeutic properties [103]. It is
widely used in the food, cosmetic, and pharmaceutical industries. Patchoulol is the major
active ingredient in the Chinese medicine Pogosternon cablin (Huo Xiang) [123]. Since
the natural yield of patchoulol is limited, efforts have been made to produce patchoulol
using microorganisms.

It was reported that patchoulol synthase (PTS) is a promiscuous enzyme capable of
producing at least 22 different sesquiterpene compounds with various structures, including
patchoulol. Scientists have conducted research on its catalytic mechanism and product
spectrum [132,133]. Zhou et al. performed a semi-rational design and obtained a PTS
mutant PTS2C415F/HA54A with higher substrate-binding affinity and a 2.9-fold increase in
the titer of patchoulol. After deleting competing pathways and strengthening the efflux
pathways, the engineered E. coli strain produced nearly 1 g/L of patchoulol in a 5 L biore-
actor [103]. In further research, they obtained another PTS mutant, PTS3mut4, with 11-fold
higher than PTS2C415F/H454A By deleting the cyclic AMP synthesis pathway to alleviate
glucose repression and dynamically regulating glycolysis based on pyruvate biosensor,
they achieved a titer of 1675 mg/L patchoulol in E. coli [104]. Similarly, Liu and co-workers

rationally engineered PTS and obtained PTST44S

, which could reduce the production of
the concomitant byproducts of patchoulol. Combining modifying off-pathway, enhancing
the ergosterol pathway, regulating NADPH supply, and decreasing intracellular ROS level,
they obtained an S. cerevisiae strain with a titer of 1632 mg/L patchoulol in a two-stage
fermentation [105]. To our surprise, appropriately enhancing the by-pass synthesis of
ergosterol not only did not reduce the flux of patchoulol synthesis but also increased cell
density and accumulation of patchoulol in their research. This provides us with a new

perspective for further breaking through the bottleneck of terpenoid synthesis.

4. Conclusions and Perspectives

Microbial cell factories have the capability to utilize cost-effective raw materials, even
one-carbon materials, for the production of fine chemicals. This offers a green and sus-
tainable platform for terpenoid production. It is essential to study natural biosynthetic
pathways, analyze key enzymes and regulatory mechanisms in these pathways, and het-
erologously integrate them into microbial chassis cells to construct cell factories. Large-scale
production via fermentation is an important strategy to meet the market demand for ed-
ible terpenoids. In recent years, scientists have been dedicated to engineering typical
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or non-typical microbial hosts to produce various types of terpenoids and their deriva-
tives [10,107,134,135]. To further exploit the potential of microbial cells in edible terpenoid
production, the following aspects should be taken into consideration.

First and foremost, the selection of the host is paramount. An excellent chassis can
potentially double outcomes with half exertion. Selecting strains that are GRAS can, to a
certain extent, avoid evaluations on food safety. For instance, Lactococcus lactis, a common
probiotic found in fermented food, can serve as a food supplement to directly deliver
active molecules to the intestine. Researchers have already constructed a pathway for
lycopene production in L. lactis and preliminarily verified its potential in treating intestinal
oxidative damage [136]. On the other hand, the selection of a precursor-rich chassis host
can significantly reduce trial and error costs. Strains with abundant acetyl-CoA derivatives
not only supply sufficient precursors for the terpenoid pathway but also, the metabolites
derived from acyl-CoA derivatives, such as lipids, provide a hydrophobic environment for
the cells conducive to the accumulation of terpenoids. Terpenoids such as monoterpenes,
sesquiterpenes, and diterpenes have their respective common important intermediates in
the synthetic pathway. Direct metabolic switching in existing cell factories can accelerate
the strain construction process.

Secondly, reprogramming the biosynthetic pathway of terpenoids is essential. Ter-
penoids have diverse and complex structures. During evolution, in order to optimize
the metabolic efficiency of organisms and reduce the number of unnecessary enzymes,
terpenoid synthases responsible for forming the terpenoid skeleton and downstream mod-
ification enzymes often exhibit promiscuity or are bifunctional enzymes. Hence, even
when a terpenoid synthesis pathway is heterologously introduced into a microbial host,
there remains a potential for unexpected components. Mining enzymes with more specific
functions can enhance the yield of target products and facilitate subsequent separation
and purification. Nowadays, numerous strategies have been developed for mining the
biosynthetic gene clusters from natural products [137]. On the other hand, to establish
novel terpenoid synthesis pathways, it is crucial to identify enzymes from various species
or to develop multifunctional enzymes. The rise of artificial intelligence technology enables
the customization of enzymes with specific catalytic functions [138]. Moreover, preliminary
advancements have been achieved in discovering and reconstructing non-typical terpenoid
compound biosynthetic pathways by deep learning [139-141]. Considering that the for-
mation and modification of terpenoid skeletons require multi-enzyme cascade reactions,
strategies such as compartmentalization, membrane-less organelles, and protein scaffolds
can potentially elevate metabolic rates [142,143]. In addition, high-throughput screening
techniques offer rapid identification of strains with high-yield and high-titer. Distinct from
traditional metabolite extraction followed by mass spectrometry detection, screening ap-
proaches based on biosensors [144] and growth-coupling [77] have significantly increased
the screening throughput of microbial libraries.

Finally, it is noteworthy that the entire production process is suitable for commercial
production. Some kinds of terpenoids with cytotoxicity could inhibit the production in the
fermentation process. Adaptive evolution [145] combined with multi-omics analysis can
help us quickly obtain tolerant strains and resolve tolerance mechanisms. Biocompatible
and efficient extraction systems [15] and a derivatization strategy can alleviate the toxicity.
Beyond the inherent impact of the product on its production, prolonged large-scale indus-
trial production often encounters reductions in yield, titer, and productivity. Population
dynamics at a single-cell resolution can provide insights into consistently maintaining
the phenotype by increasing the robustness [146]. In the future, Al-assisted control algo-
rithms integrating cellular physiology and fluid dynamics will facilitate process scaling-up
optimization [147].
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Terpenoids play significant roles in processing food for food quality and nutritional be-
havior. Theoretically, compounds with the same structure and conformation have the same
physicochemical properties and physiological functions. Therefore, terpenoid compounds,
whether naturally sourced or artificially biosynthesized, can be used to improve food qual-
ity. However, prior to employing the terpenoid compounds generated in cell factories as
food additives, it is imperative to conduct rigorous assessments, including toxicity testing,
allergenicity tests, and relevant legal and regulatory reviews. Moreover, explicitly labeling
the source and dosage of terpenoid additives contributes to better support for transparency
of food labels, thereby facilitating consumers to make more informed decisions.

In conclusion, the production of edible terpenoids using microbial cell factories not
only requires technical developments for the chassis and fermentation processes but also
the enhancement of the corresponding evaluation system and legislative support. Collab-
oration among industry, university, and research can expedite the commercialization of
more edible terpenoid cell factories.
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AcAc-CoA  acetoacetyl-CoA

HMG-CoA  3-hydroxy-3-methylglutaryl-CoA

MVA mevalonate

MVA-5P mevalonate-5-phosphate

MVA-5PP  mevalonate-5-diphosphate

DXP 1-deoxy-D-xylulose-5-phosphate

MEP 2-C-methyl-D-erythritol 4-phosphate

CDP-ME 4-diphosphocytidyl)-2-C-methyl-D-erythritol
CDP-MEP  2-phospho-4-diphosphocytidyl-2-C methyl-D-erythritol

MEC 2-C-methyl-D-erythritol 2,4-cyclodiphosphate
HMBPP 1-hydroxy-2-methyl-2-butenyl 4-diphosphate
IPP isopentenyl pyrophosphate

DMAPP dimethylallyl pyrophosphate

NPP neryl diphosphate

GPP geranyl diphosphate

FrpP farnesyl diphosphate

GGPP geranylgeranyl diphosphate

GFPP geranylfarnesyl diphosphate

HMGS HMG-CoA synthase

HMGR HMG-CoA reductase
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MVK mevalonate kinase

PMK MVA-5P kinase

MDD MVA-5-PP decarboxylase;
DXS DXP synthase

DXR DXP reductoisomerase
MCT CD-ME cytidylyltransferase
CMK CD-ME kinase

MDS MEC synthase

HDS HMBPP synthase

HDR HMBPP reductase

NPPS NPP synthase

GPPS GPP synthase

FPPS FPP synthase

GGPPS GGPP synthase

GFPPS GFPP synthase

MTS monoterpene synthase
STS sesquiterpene synthase
DTS diterpene synthase

SS squalene synthase
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