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California, USA . . . .
Conventional agriculture and animal husbandry have been scruti-

nized due to their adverse environmental effects, ethical quandaries,
and the urgency to confront food security issues. Non-animal-based
foods have emerged as a dynamic and promising solution to these
critical concerns. In a recent study, we aimed to clarify terminolo-
gy-related confusion by categorizing the diverse range of plant-based
foods emerging as alternatives to traditional animal-derived coun-
terparts. We differentiated these options based on their level of pro-
cessing and functional properties, referring to them as “alternatives,”
“substitutes,” “replacements,” and “analogs” [1] (Table 1). Fermen-
tation improves protein digestibility and mineral bioavailability in
foods such as tempeh, resulting in nutritional values compatible with
meat, and is anticipated to become pivotal in sustainable food produc-
tion [2]. This biological process, refined over the years and enhanced
and food additives. This transformation from a method for preserv- ~ With modern technologies, is vital in the rising demand for proteins
ing household food to a sophisticated technology has been made  and eco-friendly food production methods.

possible through advancements in microbiology, biotechnology, pro- \

Abstract

The global food industry is experiencing a transformative shift
towards alternative foods driven by sustainability concerns and
evolving consumer preferences. This paper explores fermentation’s
pivotal role in shaping the landscape of alternative foods, exploring
its historical significance, fundamental principles, and contemporary
applications. Fermentation, an ancient biological process, involves
the enzymatic conversion of carbohydrates into diverse compounds
by microorganisms such as yeast and bacteria, and even in oxy-
gen-starved muscle cells, as seen in lactic acid fermentation. Be-
yond its biological roots, fermentation extends to the large-scale
cultivation of microorganisms in controlled environments, crucial
for producing various products like enzymes, vaccines, antibiotics,

cess engineering, process control, and instrumentation over the past
century. We review advances in alcoholic fermentation, lactic acid Terms Definition Examples
fermentation, acetic acid fermentation, propionic acid fermentation,
and butyric acid fermentation and explore future developments in
fermentation. As the alternative food sector gains momentum, fer-
mentation emerges as a transformative technology capable of rev- B . .

L ) . . - Bean patties: Vegetarian or vegan
olutionizing global food systems, addressing sustainability challeng- burger patties made primarily from
es, and offering innovative solutions to pressing issues. mashed beans, such as black beans,
This research delves into the ancient fermentation practice, where _ Aplant-based food or _ kidney beans, chickpeas, and other

A A . - - ingredient that can substitute | ingredients such as vegetables, grains,
microorganisms like yeast and bacteria transform carbohydrates into L ) )
. N N N X A the original animal-sourced and spices.
diverse compounds. Beyond its historical roots in preserving house- food or ingredient outside - Plant-based milk (e.g., nut milk, oat
hold food, modern advancements in microbiology and biotechnolo- Substitute or within a recipe. When milk, coconut milk, hemp milk): The
ay have elevated fermentation to a Sophisticated technology. This used in a recipe, a substitute nutritional values of these products
q A Al A q should be similar, if not vary from dairy milk, except for
transformative process is now essential in large-scale production, L . 2 A
. X X N identical, in its culinary soymilk; however, they typically have
contributing to the creation of various products such as enzymes, properties to the original physicochemical and sensory proper-
vaccines, antibiotics, and food additives. With the global shift to- ingredient. ties similar to cow’s milk.
- Vegetable oil: Can be used as a
substitute for butter in baking and
cooking, contributing to tenderness.
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- Soymilk: Nutritionally, it is the
closest to dairy milk. It is the only
plant-based milk with comparable
amounts of protein, minerals, and

Refers to a plant-based
product that intends to match
its animal food counterpart’s

nutritional and culinary

attributes. The aim is to

vitamins to cow’s milk.
- First-generation meat analogs: Plant-

Analog .. . based food products that mimic meat’s
re-create the original animal
X texture, taste, and appearance.
food in terms of appearance, .
- Second-generation meat analogs:
texture, flavor, mouthfeel, .
.. A type of non-animal-based meat
and other sensory qualities . .
. L L that aims to replicate the texture,
while meeting its nutritional
. . flavor, and appearance of real meat
and functional properties. . .
more closely than earlier-generation
products
Refers to a food option
that does not attempt to L L. .
. . . - Drinking apple juice as an alternative
replicate its animal-based .
ounterpart’s nutritional to milk.
cou utrita . .
d r{) liti - Using avocado and nuts instead of
and culinary qualities. .
Alternative Y cheese and salami as part of a char-

An alternative is a choice
with similar physical
characteristics to the original
animal-based food, such as
texture or form.

cuterie board.
- An entrée of pasta and vegetables
instead of beef stew for dinner.

Table 1: Definition of different terms used for animal food replacement products
and their related examples.

The World Economic Forum [3], anticipates a 100% increase in
protein demand by 2050, a need that cannot be met solely with ani-
mal proteins due to environmental and ethical concerns. Fermentation
offers a viable solution, with companies like Quorn’s and Clara Food
and 66 other companies leveraging microbial, biomass, and precision
fermentation to create meatless and egg protein products.

Traditional fermentation, which depends on natural microorgan-
ism processes and environmental conditions, has been optimized and
standardized with technology [4]. The modern advancements in bio-
mass and precision fermentation allow for large-scale, precise food
production, bridging the gap between artisanal and industrial needs.
These techniques result in end products like cheese or bread and con-
tribute essential ingredients to plant-based and cultivated foods [5].

Plant-based meat analogs, fortified through fermentation, address
environmental and health concerns associated with animal meat con-
sumption. However, the rush to enhance their sensory attributes of-
ten overshadows nutritional and safety considerations. Fermentation,
especially with specific microorganisms like Bacillus subtilis and
Lactiplantibacillus plantarum, enhances the digestibility, reduces al-
lergenicity, and augments the nutritional content of plant-based meat,
addressing these concerns.

In the era of sustainable food production, fermentation stands as
a cornerstone. It supports the creation of diverse food products and
promises to resolve the impending protein crisis while adhering to
environmental and health protocols. The evolution from traditional
to precision fermentation signifies the adaptation of this ancient tech-
nique to modern-day needs, underscoring its relevance and potential
in future food production landscapes.

The Process of Fermentation

Fermentation is a biological process humans have harnessed for
millennia [6]. A metabolic pathway allows microorganisms like yeast,
bacteria, and sometimes fungi to convert carbohydrates (sugars and
starches) into other compounds, such as alcohol or organic acids. This
process is crucial in human life, from food and beverage production
to pharmaceuticals and biofuel generation.

The dedicated field that delves into fermentation study is known
as zymology. Fermentation primarily works without oxygen when
the electron transport chain remains idle. Here, it serves as the cell’s
principal method of generating Adenosine Triphosphate (ATP), the
driver of energy in many cellular processes. In this process, NADH,
the energy generator, and pyruvate, the end products of glycolysis,
metamorphose into NAD+ and an array of small molecules, the pre-
cise nature of which depends on the particular type of fermentation.
Conversely, when oxygen enters the cellular stage, NADH and py-
ruvate take center stage in cellular respiration, orchestrated through
oxidative phosphorylation. This elaborate process yields a significant-
ly greater ATP than glycolysis in isolation. Hence, when the oxygen
supply is abundant, cells favor respiration over fermentation, except
for obligate anaerobes that shun the oxygen-rich environs by their
very nature [7].

This article presents a comprehensive review of advancements in
diverse fermentation processes, encompassing alcoholic, lactic acid,
acetic acid, propionic acid, and butyric acid fermentation. Figure 1
encapsulates the journey from glucose to pyruvate and further conver-
sion to acetic acid, lactic acid, propionate, and butyric acid. Addition-
ally, the article explores upcoming developments in the fermentation
domain.

Figure 1: Alcoholic fermentation: Glycolysis of one glucose yields two pyruvate
molecules, leading to the production of ethanol through the reduction of acetalde-
hyde by two NADH, regenerating NAD+.

Lactic acid fermentation: In anaerobic conditions, pyruvate is reduced to lactic acid
by NADH, which is crucial for NAD+ regeneration and sustaining glycolysis. This
process is prevalent in certain bacteria, yeast, and oxygen-limited muscle cells.

Propionate synthesis: Microbial metabolism converts pyruvate to propionate
through a series of enzymatic transformations involving oxaloacetate, malate, fu-
marate, succinate, succinyl CoA, methylmalonyl CoA, and finally propionyl CoA.

Butyric acid pathway: Pyruvate decarboxylation to acetyl-S-CoA initiates the path
to butyric acid. Acetyl-S-CoA elongates to butyryl-S-CoA, which is then reduced to
butyric acid, showcasing microbial metabolic versatility in butyric acid synthesis.

Alcoholic Fermentation

Alcoholic fermentation, a millennia-old process, transforms sug-
ars into ethanol and carbon dioxide, shaping cultures and economies
[6]. Beyond its historical roots, it drives modern industries, includ-
ing brewing and winemaking. Alcoholic fermentation, led by yeast,
plays a crucial role in producing beverages and extends to industrial
applications, offering an eco-friendly alternative to fossil fuels. The
process, orchestrated by Saccharomyces cerevisiae, involves glycol-
ysis and the formation of ethanol and carbon dioxide [8]. Advances
in winemaking technologies, from fermentation control systems to
precision viticulture, enhance quality and flavor precision [9]. On-
going research in microbiology and genetic engineering propels
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innovations, from low-alcohol beverages to bioengineered yeast for
sustainable biofuel production [10-12].

Kefir and kumys are fermented milk products involving alcoholic
fermentation. Kefir, produced by fermenting milk with kefir grains
or starter microorganisms, consists of lactic acid bacteria, acetic acid
bacteria, and yeasts [13]. During fermentation, it generates lactic acid,
acetic acid, ethanol, and various beneficial compounds. Kefir exhibits
antimicrobial activity, particularly against bacteria, attributed to bio-
active substances. In contrast, kumys is made by fermenting mare’s
milk in two stages, including alcoholic fermentation. Fermentation
produces lactic acid, ethyl alcohol, carbon dioxide, and other by-prod-
ucts. Kumys inhibits the growth of pathogenic bacteria, and its micro-
biota transition from raw mare’s milk contributes to increased food
hygiene and reduced infection risk. Alcoholic fermentation in kefir
and kumys yields products with distinct qualities and potential health
benefits [14].

Application of Alcoholic Fermentation in Plant-
Based Foods

Alcoholic fermentation plays a significant role in producing vari-
ous plant-based foods, contributing to flavor development and preser-
vation [ 14]. This fermentation process involves the conversion of sug-
ars into alcohol and carbon dioxide by yeast or other microorganisms.
Some key aspects of the role of alcoholic fermentation in plant-based
foods are listed below. Table 2 provides a summary of the important
elements in various fermentations.

Dimidi et al. [16]

Lactic acid bacteria in sourdough bread break down sugars,
producing lactic acid, which enhances flavor and aids in leav-
ening by creating an environment conducive to yeast activity.

Montemurro et
al. [21]

Plant-based yogurts use lactic acid fermentation with microor-

ganisms like Lactobacillus bulgaricus and Streptococcus ther-

mophilus, converting sugars in plant-based milk alternatives to
lactic acid, adding tanginess and a creamy texture.

Dimidi et al. [16]

Lactic acid fermentation produces fermented beverages like ke-
fir and certain fruit juices, contributing to a tangy flavor profile.

Romulo and Surya
[22]

In tempeh production, Rhizopus molds ferment soybeans,
producing lactic acid, among other compounds, leading to a
unique texture, flavor, and enhanced nutritional profile.

Boukid et al. [23]

Lactic acid fermentation is applied to develop fermented
plant-based protein products, improve digestibility, reduce
anti-nutritional factors, and enhance nutritional quality.

Knez et al. [24]

Lactic acid fermentation can increase nutrient bioavailability in
plant-based foods by breaking down compounds like phytates,
making minerals more accessible for absorption.

Application of Acetic Acid fermentation in plant-based foods

Yassunaka Hata et
al. [25]

Vinegar production is a primary application of acetic acid
fermentation. Acetic acid bacteria, particularly Acetobacter
species, convert ethanol into acetic acid in various plant-based
sources, creating vinegar with a tangy flavor, used as a condi-
ment and preservative.

Yassunaka Hata et
al. [25]

Kombucha undergoes acetic acid fermentation. Acetic acid bac-
teria convert sugars from tea into acetic acid, giving kombucha
its sourness and acting as a preservative.

Yassunaka Hata et
al. [25]

Acetic acid fermentation produces fermented condiments like
hot sauces and mustard. Acetic acid bacteria ferment peppers,
fruits, or mustard seeds, enhancing preservation and flavor
development.

/

Reference Summary of Finding

Application of Alcoholic Fer ion in Plant-Based Foods

Alcoholic fermentation is vital in producing various plant-
based foods, contributing to flavor development and preserva-
tion. The process involves converting sugars into alcohol and

carbon dioxide by yeast or other microorganisms.

Siddiqui et al. [14]

In bread making, alcoholic fermentation is a crucial step. Yeast

ferments sugar in flour, producing carbon dioxide, which caus-

es the dough to rise. This leavening process creates air pockets,
giving bread a light and airy texture.

Maicas [15]

During the preparation of fermented cabbage products like
sauerkraut and kimchi, alcoholic fermentation occurs alongside
lactic acid fermentation. Sugars in cabbage are converted into
alcohol by yeast and then into lactic acid by bacteria, imparting
a tangy flavor and enhancing shelf life.

Dimidi et al. [16]

The dual fermentation process in sauerkraut and kimchi
(alcoholic and lactic acid fermentation) is important for flavor
development and preservation.

Satora et al. [17]

Alcoholic fermentation is an essential stage in creating
sourdough bread. Wild yeast in the flour or a sourdough starter
ferments the sugars, producing carbon dioxide and alcohol.
The carbon dioxide helps the dough rise, while the alcohol
contributes to the bread’s unique flavor.

Sofo et al. [18]

Alcoholic fermentation produces plant-based fermented bever-

ages like ginger beer and kombucha. Yeast ferments the sugars

in ingredients like ginger or sweetened tea, producing alcohol
and carbonation.

Chong et al. [19]

In soy sauce production, a fermentation process that includes
alcoholic fermentation occurs. Yeast and lactic acid bacteria
break down complex compounds in soybeans, leading to alco-
hol production and the development of a rich umami flavor.

Devanthi et al. [20]

Application of Lactic Acid Fermentation in Plant-Based Foods

Lactic acid fermentation is used in preparing fermented vege-

tables like pickles, sauerkraut, and kimchi, converting sugars

into lactic acid, adding a tangy flavor, and acting as a natural
preservative.

Dimidi et al. [16]

Yassunaka Hata et
al. [25]

Acetic acid fermentation involves fermenting plant-based
grains, like in rice vinegar production or traditional fermented
foods, where sugars are transformed into acetic acid.

Leeuwendaal et
al. [26]

The acidic environment created by acetic acid fermentation en-
hances the safety of plant-based foods by inhibiting pathogenic
bacteria, contributing to extended shelf life.

Nkhata et al. [27]

Acetic acid fermentation can improve the digestibility and
bioavailability of nutrients in plant-based foods.

Application of Acetic Acid fermentation in plant-based foods

Genet et al. [28]

Propionic acid fermentation may produce Swiss cheese analogs
in the plant-based food industry. Fermentation of plant-based
milk alternatives with specific bacteria could mimic the flavor

of traditional Swiss cheese.

Tangyu et al. [29]

Propionic acid and its salts (calcium and sodium propionate)
are used as preservatives in plant-based baked goods or snacks
to inhibit mold and bacterial growth, contributing to extended
shelf life.

Gonzalez-Garcia et
al. [30]; Ranaei et
al. [31]

Propionic acid fermentation might be used in bioprocess-
ing plant-based raw materials, utilizing bacteria to ferment
plant-derived sugars or substrates, influencing the flavor and
preservation of the final product.

Tilikoud et al. [32]

Propionic acid fermentation could enhance organoleptic quali-
ties and contribute to unique flavor development in developing
fermented plant-based protein products.

Elhalis et al. [33]

Propionic acid fermentation has biotechnological applications
in developing plant-based food ingredients or additives, provid-
ing specific flavors or functional properties.

Application of Butyric Acid fermentation in plant-based foods

Stanzer et al. [34]

Butyric acid may enhance plant-based foods’ buttery aroma
and taste, especially those replicating dairy flavors.

Horlacher et al. [35]

Butyric acid fermentation could produce plant-based milk alter-
natives, offering a unique flavor profile and potentially richer
taste than lactic acid fermentation.
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In creating plant-based cheese analogs, butyric acid fermenta-
tion could mimic traditional dairy cheese flavors, contributing
to savory notes in the product.

‘Waehrens et al. [36]

Butyric acid is beneficial for gut health, and its controlled
production in plant-based foods could enhance nutritional value
despite controversy over its role in obesity.

Liu et al. [37]

Controlled butyric acid fermentation has biotechnological
applications in developing plant-based food ingredients or
additives, like flavor enhancers or preservatives.

Karlund et al. [38];
Gultekin et al. [39]

While butyric acid is mainly known for its benefits in the
human gut from dietary fibers, exploring its prebiotic or
probiotic potential in plant-based foods is a potential area for
future investigation.

Liu et al. [37]

Table 2: Summary of the findings from various sources on the application of alco-
holic, lactic acid, acetic acid, and butyric acid fermentation in plant-based foods.

Bread Making: Alcoholic fermentation is crucial in bread making
[14,15]. Yeast ferments sugars present in flour, producing carbon di-
oxide gas, which causes the dough to rise. This process, known as
leavening, forms air pockets in the bread, giving it a light and airy
texture.

Sauerkraut and Kimchi Fermentation: In the preparation of fer-
mented cabbage products like sauerkraut and kimchi, alcoholic fer-
mentation occurs alongside lactic acid fermentation [16]. The sugars
present in cabbage are first converted into alcohol by yeast and then
into lactic acid by lactic acid bacteria. This dual fermentation process
imparts the characteristic tangy flavor and enhances the shelf life of
these fermented vegetables [17].

Sourdough Fermentation: Alcoholic fermentation is essential in
creating sourdough bread. The wild yeast in the flour or introduced
through a sourdough starter ferments the sugars, producing carbon
dioxide and alcohol [18]. The carbon dioxide causes the dough to rise,
while the alcohol contributes to the unique flavor profile of sourdough
bread.

Fermented Beverages: Alcoholic fermentation produces various
plant-based fermented beverages, such as ginger beer and kombucha
[19]. In these beverages, yeast ferments the sugars in ingredients like
ginger or sweetened tea, producing alcohol and carbonation.

Soy Sauce Production: Soy sauce, a staple condiment in many cui-
sines, undergoes a fermentation process that includes alcoholic fer-
mentation [20]. Yeast and lactic acid bacteria contribute to the break-
down of complex compounds in soybeans, leading to the production
of alcohol and the development of the sauce’s rich umami flavor.

Lactic Acid Fermentation

In Lactic Acid fermentation, bacteria like Lactobacillus convert
sugars into lactic acid. This process is responsible for the tangy fla-
vors and preservation of foods like yogurt, cheese, and sauerkraut
[40]. Lactic acid fermentation, a process as old as civilization itself,
has garnered increasing attention in recent years for its diverse ap-
plications and profound impact on our health and culinary traditions.
Greeks and Romans harnessed its transformative power to preserve
vegetables, dairy products, and meats.

The fermentation process, which relies on lactic acid-producing
bacteria like Lactobacillus and Streptococcus, not only prolongs the
shelf life of foods but also imbues them with unique flavors and tex-
tures [41]. This time-honored tradition of fermenting foods laid the

foundation for contemporary culinary foods such as sauerkraut, yo-
gurt, and kimchi. Not only do these foods improve food taste, they
also provide a myriad of health benefits. Probiotics, live microor-
ganisms found in fermented foods, are known to promote gut health,
boost immunity, and even enhance nutrient absorption. Lactic acid
fermentation, therefore, plays a vital role in the symbiotic relationship
between food and human well-being.

At its core, lactic acid fermentation is a metabolic pathway used
by various microorganisms, primarily lactic acid bacteria, to convert
carbohydrates into lactic acid. This metabolic transformation is an-
aerobic, meaning it occurs without oxygen. Lactobacillus species, for
instance, ferment sugars to produce lactic acid, which acts as a natural
preservative, lowering the pH of the environment and inhibiting the
growth of harmful bacteria [42]. The scientific understanding of lactic
acid fermentation has paved the way for controlled processes in the
food industry, ensuring product safety and consistency.

In addition to its culinary and health advantages, lactic acid fer-
mentation contributes to sustainability and food security [38]. Ex-
tending the shelf life of perishable foods reduces food waste and sup-
ports global efforts to combat hunger and malnutrition. Moreover, it
is a natural alternative to chemical preservatives, aligning with the
growing demand for clean and natural food products.

Biotechnology and microbial engineering advances are unlocking
new possibilities, from developing novel fermented products to de-
signing Lactic acid bacteria strains with specific functional properties.
These innovations promise to create tailored probiotics, personalized
nutrition, and sustainable food production systems [43].

Application of Lactic Acid in Plant-Based Foods

Lactic acid fermentation is a key process in producing various
plant-based foods, contributing to flavor development, preservation,
and enhancing nutritional properties. This fermentation type involves
the conversion of sugars into lactic acid by lactic acid bacteria. Here
are some applications of lactic acid fermentation in plant-based foods.

Fermented Vegetables: Lactic acid fermentation is widely used in
the preparation of fermented vegetables such as pickles, sauerkraut,
and kimchi. In these products, sugars present in the vegetables are
converted into lactic acid by lactic acid bacteria, creating a tangy fla-
vor and contributing to the preservation of the vegetables [16]. The
acidity generated during fermentation also acts as a natural preserva-
tive, inhibiting the growth of harmful microorganisms.

Sourdough Bread: Lactic acid fermentation is crucial in sourdough
bread making. Lactic acid bacteria in the sourdough starter or nat-
urally occurring in the flour contribute to the breakdown of sugars,
producing lactic acid [16]. This acidification not only enhances the
flavor profile of the bread but also helps in the leavening process by
creating an acidic environment conducive to yeast activity.

Plant-Based Yogurts: Plant-based yogurts often involve lactic acid
fermentation. Microorganisms like Lactobacillus bulgaricus and
Streptococcus thermophilus convert sugars in plant-based milk al-
ternatives (almond, soy, or coconut milk) into lactic acid [21]. This
imparts a characteristic tanginess to the yogurt and gives it a creamy
texture.
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Fermented Beverages: Lactic acid fermentation produces various
fermented beverages, including plant-based options like kefir and
certain fruit juices [16]. In kefir, for example, lactic acid bacteria con-
tribute to the fermentation process and the generation of a tangy flavor
profile.

Tempeh Production: Tempeh, a traditional Indonesian fermented
food product from soybeans, involves lactic acid fermentation [22].
In this process, Rhizopus molds ferment the soybeans, producing lac-
tic acid, among other compounds. The resulting product has a unique
texture, flavor, and enhanced nutritional profile.

Fermented Plant-Based Protein: Lactic acid fermentation is ex-
plored in developing fermented plant-based protein products [23].
Fermentation can improve the digestibility of plant proteins, reduce
anti-nutritional factors, and enhance the overall nutritional quality of
the final product.

Enhanced Nutrient Bioavailability: Lactic acid fermentation can
increase the bioavailability of certain nutrients in plant-based foods.
Fermentation breaks down compounds like phytates, making miner-
als more accessible for absorption. This can improve nutritional value
[24].

Acetic Acid Fermentation

Acetobacter bacteria transform alcohol into acetic acid, giving rise
to the timeless art of acetic acid fermentation, commonly associated
with vinegar production. This ancient process, dating back thousands
of years, holds historical significance and culinary allure. Acetic acid
bacteria, particularly Acetobacter species, orchestrate the two-step
oxidation process, converting ethanol into acetic acid, resulting in the
tangy and flavorful liquid we know as vinegar. Beyond its culinary
use, vinegar has potential health benefits. It serves dual purposes as
both a kitchen staple and an eco-friendly household cleaner, align-
ing with sustainability efforts. Advancements in biotechnology and
microbiology continue to shape acetic acid fermentation, paving the
way for new flavors and applications in biotechnology, biofuels [44],
and pharmaceuticals [45], showcasing the enduring relevance of this
microbial transformation.

Applications of Acetic Acid Fermentation in Plant-
Based Foods

Vinegar Production: The most well-known application of acetic acid
fermentation is vinegar production [25]. This acidic liquid is often
derived from plant-based sources such as apples, grapes, or grains.
Acetic acid bacteria, particularly Acetobacter species, convert ethanol
into acetic acid, giving vinegar its characteristic tangy flavor. Vinegar
is used not only as a condiment but also as a preservative and flavor
enhancer in various culinary applications.

Fermented Pickles: Acetic acid fermentation is commonly employed
to prepare fermented pickles. Vegetables like cucumbers are sub-
merged in a brine solution where acetic acid bacteria convert sugars
into acetic acid. The resulting pickles have a sour and tangy taste,
and the acidic environment created by acetic acid helps preserve the
vegetables.

Kombucha: Kombucha, a popular fermented beverage, undergoes
acetic acid fermentation alongside other fermentation processes
[25]. Acetic acid bacteria convert sugars from tea and other flavoring
agents into acetic acid, giving kombucha its characteristic sourness.
The acidity also acts as a preservative and contributes to the unique
taste profile of this beverage.

Fermented Condiments: Acetic acid fermentation produces various
fermented condiments, such as hot sauces and mustard [25]. Peppers,
fruits, or mustard seeds are fermented with acetic acid bacteria, con-
tributing to the preservation of the condiments and the development
of complex flavors.

Fermented Grains: Acetic acid fermentation can be involved in the
fermentation of plant-based grains [25]. For example, in the fermen-
tation of rice to produce rice vinegar or the fermentation of grains
for the production of certain traditional fermented foods, acetic acid
bacteria play a role in the transformation of sugars into acetic acid.

Enhanced Food Safety: The acidic environment created by acetic
acid fermentation helps enhance plant-based foods’ safety by inhibit-
ing pathogenic bacteria growth [26]. This natural preservative effect
contributes to the extended shelf life of fermented products.

Improved Digestibility: Acetic acid fermentation can contribute to
improved digestibility and bioavailability of nutrients in plant-based
foods [27].

Propionic Acid Fermentation

Propionic acid fermentation, a key process in iconic cheeses like
Swiss and Emmental, has historical roots in European cheese-making
traditions. Propionibacterium species, notably P. freudenreichii, drive
this microbial transformation, creating characteristic holes and con-
tributing to the cheese’s unique flavor [46]. Next to its culinary role,
propionic acid fermentation has industrial applications, producing
preservatives and mold inhibitors [47]. Studies also suggest potential
health benefits, with propionic acid showing anti-inflammatory and
immune-modulating properties. P. freudenreichii, recognized for its
probiotic potential, highlights the fermentation’s multifaceted role in
both culinary and health realms, paving the way for future innova-
tions in cheese-making and well-being [48].

Applications of Propionic Acid Fermentation in
Plant-Based Foods

Swiss Cheese Analogs: In the plant-based food industry, efforts are
made to replicate the characteristics of dairy-based products. Though
not as common in plant-based cheeses, propionic acid fermentation
might be employed in producing Swiss cheese analogs [28]. Fermen-
tation of plant-based milk alternatives with specific bacterial strains
could mimic the nutty and slightly sweet flavor of traditional Swiss
cheese.

Use as a Preservative: Propionic acid and its salts (calcium propio-
nate and sodium propionate) are recognized as food preservatives. It
inhibits the growth of molds and certain bacteria, contributing to the
extended shelf life of food products. In some plant-based baked goods
or snacks, propionic acid or its salts prevent spoilage and maintain
product quality [29].

Bioprocessing of Plant-Based Ingredients: Propionic acid fermen-
tation processes may be explored in bioprocessing plant-based raw
materials [30]. This could involve the utilization of specific bacte-
ria capable of producing propionic acid during the fermentation of
plant-derived sugars or other substrates [31]. The resulting fermen-
tation by-products could influence the flavor and preservation of the
final product.
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Fermented Plant-Based Protein Products: Propionic acid fer-
mentation might be considered in developing fermented plant-based
protein products [32]. The fermentation process could enhance the
organoleptic qualities of the protein and potentially contribute to the
development of unique flavors in these products.

Biotechnological Applications: When applied and controlled, pro-
pionic acid fermentation has biotechnological applications. This in-
cludes potential use in developing plant-based food ingredients or
additives that provide specific flavors or functional properties [33].

Butyric Acid Fermentation

Butyric acid fermentation, often overlooked, is gaining promi-
nence for its pivotal role in gut health and beyond [49]. Certain bacte-
ria, like Clostridium and gut microbiota species, produce butyric acid
as they break down dietary fiber and resistant starch. This short-chain
fatty acid is a crucial energy source for colon cells. It offers health
benefits, including anti-inflammatory and immunomodulatory prop-
erties. Recent research links butyrate to metabolic health, insulin sen-
sitivity, and potential therapeutic applications beyond the gut. Diet,
particularly fiber-rich, influences butyric acid fermentation, opening
avenues for therapeutic interventions and revolutionizing our ap-
proach to gut health and overall well-being [49].

Potential Roles of Butyric Acid Fermentation in
Plant-Based Foods

Butyric Acid as a Flavor Component: Butyric acid contributes
a characteristic buttery aroma and taste [34]. In plant-based foods,
particularly those aiming to replicate dairy flavors, the controlled
fermentation leading to butyric acid production may be explored to
enhance the overall flavor profile.

Use in Fermented Plant-Based Milk: Butyric acid fermentation
could produce fermented plant-based milk alternatives [35]. While
lactic acid fermentation is more common, including butyric acid-pro-
ducing bacteria might offer a unique flavor profile and potentially
contribute to developing a richer and more complex taste.

Potential in Fermented Plant-Based Cheeses: In creating plant-
based cheese analogs, butyric acid fermentation might be considered
to mimic the flavors associated with traditional dairy-based cheeses
[36]. Butyric acid production can contribute to developing nuanced
and savory notes in the final product.

Role in Gut Health: Butyric acid is known for its potential health
benefits, especially in promoting gut health; however, the role of bu-
tyrate in obesity remains controversial [37]. While its concentration
might be relatively low in plant-based foods, the controlled fermenta-
tion leading to butyric acid production could contribute to these prod-
ucts’ overall nutritional value.

Biotechnological Applications: The controlled fermentation pro-
cesses leading to butyric acid production could have broader biotech-
nological applications in developing plant-based food ingredients or
additives. These could include flavor enhancers, preservatives, or nu-
tritional improvements [38,39].

Prebiotic and Probiotic Potential: Butyric acid is beneficial for gut
health [37]. While it is often associated with the fermentation of di-
etary fibers in the human colon rather than in food processing, explor-
ing its potential as a prebiotic or probiotic in plant-based foods could
be an area for future investigation.

Discussion

Fermentation technology drives the development of non-ani-
mal-based meats, dairy, and protein-rich sustainable food sources
in substitute, replacement, and analogs (Table 1). These innovative
products aim to replicate the sensory experience and nutritional val-
ue of traditional animal-based foods. They offer consumers various
choices that align with their dietary preferences and values. Fermen-
tation is the linchpin that enables these products to transform the food
industry by bridging the gap between traditional and alternative food
options.

Fermentation in non-animal-based foods has far-reaching implica-
tions beyond product development, impacting food sustainability, the
environment, and the health and well-being of consumers. Some key
aspects are discussed below.

Sustainability: Fermentation processes are pivotal in promoting sus-
tainability through resource efficiency and waste reduction. Microor-
ganisms employed in fermentation can efficiently convert plant-based
raw materials into valuable products, minimizing the environmental
footprint of food production. Additionally, fermentation can utilize
by-products and waste streams from various industries as substrates,
contributing to a circular and sustainable food system by reducing
overall waste [38,50].

Environmental Impact: Fermentation processes offer environmental
benefits by reducing greenhouse gas emissions compared to certain
traditional agricultural practices [51]. The shift towards plant-based
fermentation further contributes to lower carbon footprints associated
with livestock farming. Additionally, fermentation-based alternative
foods generally require less land and water, addressing deforestation,
habitat destruction, and water scarcity concerns.

Health and Well-being: Fermentation introduces beneficial micro-
organisms into foods, offering potential health benefits such as im-
proved gut health, enhanced immune function, and overall well-being.
Producing probiotics, prebiotics, and bioactive compounds during
fermentation enhances health outcomes. Fermented alternatives can
also provide solutions for individuals with food allergies by reducing
allergenic proteins in certain foods [37,49].

Diversity in Diets: The versatility of fermentation enables the cre-
ation of a wide variety of plant-based alternatives, catering to diverse
dietary preferences and restrictions. This promotes dietary diversity
and inclusivity, creating a more sustainable and varied food landscape
[14,23].

Innovation in Product Development: Fermentation fosters innova-
tion in product development by allowing the creation of unique fla-
vors, textures, and aromas in alternative foods. This culinary diversity
enhances the sensory experience of plant-based and fermented prod-
ucts, making them more appealing to consumers and driving innova-
tion in the food industry [5,23].

Economic Impact: The rise of fermented alternative foods has
spurred the development of a growing market segment, presenting
economic opportunities for producers. This growth contributes to job
creation and stimulates innovation within the food industry, fostering
economic development. Food fermentation represents a significant
economic opportunity for women and the marginalized [52].
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Global Food Security: Fermentation can harness various protein
sources, such as microbial or fungi-based proteins, which are more
resource-efficient than traditional meat production. This diversifica-
tion of protein sources contributes to global food security by ensuring
efficient and sustainable protein production [52,53].

Biodiversity Conservation: Shifting towards plant-based and fer-
mentation-derived options helps conserve biodiversity by reducing
the pressure on ecosystems [54]. This reduction in demand for ag-
ricultural land mitigates the environmental impact associated with
intensive livestock farming, contributing to the conservation of eco-
systems and biodiversity.

Implementation Challenges

However, scaling up fermentation processes from laboratory or
pilot-scale to industrial production poses various challenges that need
careful consideration. Successfully navigating pilot fermentations de-
mands a profound understanding of the organism’s biology and the
requisite equipment. It is crucial to grasp the system’s physical and
chemical constraints and devise strategies to overcome scaling-up
obstacles. Choosing an appropriate bioreactor ensures success and
maximizes product yield, quality, and stability [S5].

For example, maintaining consistency in fermentation processes
presents a substantial challenge when scaling up production. Precise
control of nutrient availability, temperature, pH, and oxygen levels
is essential to replicate successful conditions observed at smaller
scales [41]. Consistent product quality on a larger scale demands me-
ticulous attention to these variables. Also, effective heat transfer and
temperature control have become increasingly challenging in larger
fermentation vessels [56]. Thermodynamics, defined as “the force
of heat,” is intricately connected to microbial growth’s observable
heat dissipation process. Exploring the thermodynamics of microbial
growth involves studying why growing microbial cultures produce
and dissipate heat, including the quantification of Gibbs energy. Ef-
ficient heat dissipation is vital in preventing temperature spikes that
could adversely affect the growth and metabolism of microorganisms,
making optimizing heat transfer mechanisms crucial for successful
large-scale fermentation [57,58].

Furthermore, oxygen transfer poses another hurdle as production
scales up [59]. Adequate aeration is vital for acrobic fermentations,
and ensuring uniform oxygen distribution throughout the larger fer-
mentation vessel becomes a critical concern. Maintaining optimal
oxygen levels becomes more complex as the scale of fermentation
increases [59,60]. Sterilization poses a more significant challenge in
larger vessels and associated equipment. The effective sterilization
of the entire system without compromising equipment integrity is
crucial to prevent contamination [61]. Addressing these challenges is
paramount to maintaining the integrity of the fermentation process.

Additional technological challenges must be addressed in large-
scale fermentation processes. These challenges include managing
foam formation [62], addressing variations in the growth character-
istics of microbial cultures, and implementing effective monitoring
and control systems for the fermentation process on a larger scale
[63]. Furthermore, downstream processing becomes a significant con-
sideration in large-scale fermentation, requiring substantial efforts to
isolate and purify the desired product efficiently [62].

Finally, economic considerations emerge as fermentation process-
es scale up [64,65]. Larger vessels and increased resource require-
ments impact the overall cost of production. Balancing the benefits
of increased output with associated costs becomes essential to ensure
economic viability. Also, the environmental impact of fermentation
processes becomes more pronounced at larger scales, encompassing
aspects such as energy and resource consumption, waste generation,
and overall sustainability. Implementing environmentally friendly
practices is a growing concern in pursuing sustainable large-scale fer-
mentation processes.

Addressing these challenges requires a combination of engineer-
ing, biotechnology, and process optimization. Collaboration between
scientists, engineers, and industry experts is essential to overcome
these obstacles and successfully implement large-scale fermentation
processes for industrial production.

Conclusion and the Future Outlook

The future outlook for fermentation in alternative foods is marked
by exciting prospects and potential limitations that shape the trajecto-
ry of this innovative field. With ongoing technological advancements
in biotechnology and genetic engineering, the landscape of alterna-
tive foods is poised to diversify significantly. The potential for diverse
product offerings, including plant-based meats, dairy alternatives, and
functional snacks, presents an enticing array of choices for consumers
with varying dietary preferences. As fermentation processes become
more efficient and scalable, cost reductions are possible, making al-
ternative foods more accessible to a broader audience.

One exciting prospect lies in creating functional and nutrient-rich
foods through fermentation. Innovations may lead to products beyond
traditional flavors, incorporating bioactive compounds for enhanced
nutritional value. Developing sustainable protein sources derived
from fungi, algae, and microbial fermentation holds promise in ad-
dressing environmental concerns associated with conventional meat
production. Precision fermentation, involving genetic engineering for
specific compound creation, opens avenues for highly tailored and
customizable foods, potentially leading to personalized nutrition op-
tions.

However, amid these exciting prospects, potential limitations
also loom on the horizon. Regulatory challenges in establishing clear
guidelines for fermented alternative foods may arise as authorities
strive to balance innovation with consumer safety. Overcoming public
perception and acceptance barriers, including taste and texture prefer-
ences, will be crucial for widespread adoption. Scaling up production
to meet mass-market demands presents engineering challenges, re-
quiring solutions for consistency, efficiency, and cost-effectiveness at
larger scales. Economic viability and competitiveness with traditional
options, as well as socio-cultural factors and ethical considerations
associated with advanced technologies, also challenge the seamless
integration of fermented alternative foods into mainstream markets.

In navigating the future of fermentation in alternative foods, col-
laboration between scientists, industry stakeholders, regulators, and
consumers becomes paramount. Overcoming these challenges will
not only foster innovation but also contribute to the realization of a
sustainable and diverse food future.
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