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Implications, Health Benefits, and Market Dynamics
Abstract
Background

The development of novel food products with functional properties, particularly those that
contain bioactive substances and probiotic microorganisms, is driving the rising demand for
improved nutritional content. Phytophagous probiotic products assume significance in this
manner. These are commonly known as biotechnological formulations comprising
beneficial microorganisms with a primary nutritional preference for plant matter
consumption. These beneficial microorganisms have been commonly utilized in non-dairy
products due to their diverse and significant characteristics, which can influence not only

food quality and safety parameters but also various aspects of human health.
Scope and approach

This present study has conducted an assessment of phytophagous probiotic products,
providing a thorough examination of both commercially accessible and scientifically

investigated products, along with their associated health-promoting advantages.
Key findings and conclusions

The information presented in this article will be of great value to researchers and
professionals in the industry, as it will help guide future research efforts that should focus
on investigating key factors related to vegan food. These factors include consumer
preferences, with the ultimate goal of promoting widespread global adoption of veganism.
Moving forward, it is recommended that short-term marketing strategies incorporate not
only the vegan demographic but also individuals who aim to reduce their consumption of

animal-derived products while actively seeking innovative non-animal-derived alternatives.

Keywords: phytophagous products, probiotics, prebiotics, plant food, functional foods;

human health; industrial application
1. An Introduction of Phytophagous Probiotic Foods

Plant-based food products possess the capacity to enhance human well-being and
concurrently mitigate the ecological repercussions associated with excessive consumption

of animal-derived food stuff such as meat and dairy products. When compared to the
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production of foods derived from animals, the production of plant-based foods, such as
grains, legumes, fruits and vegetables, nuts, and seeds, results in fewer emissions of
greenhouse gases (Springmann et al., 2018). The adoption of vegetarianism is
experiencing a surge in popularity, leading to increased consumer demand for products that
possess superior nutritional and functional attributes. The scientific community has
prioritized the significance of a nutritionally balanced diet for optimal health and the
efficacy of specific food products in mitigating the likelihood of developing diseases. This
has led to a surge in research and development efforts focused on exploring and
synthesizing innovative natural compounds, primarily derived from plant-based materials
and commodities. These endeavors primarily target the development of functional products,
thereby generating new opportunities within niche markets (Khalil et al., 2022). Based on a
recent survey, it is projected that the worldwide market for plant-based food will experience
a threefold increase, growing from US$ 11.3 billion in 2023 to US$ 35.9 billion by 2033
(FMI, 2023). The upward trajectory of vegetarian or vegan dietary practices and the
increasing demand for dairy and meat substitutes are pivotal drivers of the plant-based food
products market. In addition to the dietary trend, various health concerns such as milk
protein allergies, lactose intolerance, and dyslipidemia, as well as factors like economic
considerations related to dairy-based probiotic products, including the need for
refrigeration, contribute significantly to the increasing popularity of non-dairy probiotic
foods (Kugukgoz et al., 2022). Non-dairy fermented substances are foods or drinks made
from ingredients other than milk or milk products. Fermentation is a process in which
microorganisms break down food, converting it into new products with different flavors,
textures, and nutritional properties. Examples of non-dairy fermented substances include
sauerkraut, kimchi, tempeh, and kombucha. These substances are also known for their
health benefits, such as improved digestion and immunity. Fermentation also preserves
food, allowing it to last longer. Fermentation also produces beneficial enzymes and
probiotics, which can provide additional health benefits (Kugukgoz et al., 2022). A
growing number of consumers are actively searching for alternatives to traditional dairy
milk, driven by various factors such as environmental sustainability, personal health
considerations, lifestyle choices, and nutritional preferences. This demand has prompted the
emergence of a range of plant-based milk substitutes, derived from sources such as nuts,
seeds, and legumes (Niamah et al., 2017). Veganism is a dietary paradigm characterized
by the exclusive consumption of plant-derived foods, such as wheat, rice, maize, barley,
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and sorghum (Kumar et al., 2022). Veganism is a lifestyle that aims to minimize, to the
greatest extent possible and practical, the utilization of animals for food, clothing,
cosmetics, or any other purpose, as stated on the Vegan Society’s official website.
Therefore, in a comprehensive manner, veganism can be delineated as a specific dietary
paradigm characterized by the exclusive ingestion of botanical-derived sustenance and the

deliberate abstention from any form of animal-derived substances (Miguel et al., 2021).

Furthermore, this specific dietary selection exhibits a multitude of facets and is
characterized by a high level of energy. Consequently, individuals' dietary patterns and
selections are shaped by sociocultural influences, subjective inclinations, and ecological
determinants. Therefore, it is evident that individuals depend on an established identity that
provides guidance on dietary practices. The examination of attitudes toward veganism can
be approached by analyzing three pivotal factors that impact daily behaviors: attitudes,
subjective standards, and perceived control (Sobal et al., 2014). In this context, the
development of nutritionally balanced and/or value-added products is notable for their
pragmatic usefulness. Due to their high efficacy and proven health benefits, along with the
ability of probiotic cultures to adapt to diverse dietary compositions, it is imperative to
advocate for the promotion of probiotic products (Subhashree & Kavita, 2019; Niamah,
2019; Jayarathna et al., 2021). Nutritionally balanced and/or added-value products
demonstrate practicality and efficiency, while probiotic products exhibit benefits owing to
their adaptability to diverse dietary matrices. Individuals adhering to a vegan dietary
pattern, specifically, must incorporate supplementary measures into their nutritional
regimen to guarantee adequate intake of essential nutrients such as iron (Fe), calcium (Ca),
vitamin B12, and vitamin D. These nutrients can be sourced from fermented cereal
products enriched with probiotic bacteria. The process of fermenting plant matrices results
in the synthesis of various vitamins, essential amino acids, minerals, prebiotics, and
probiotic microflora. Additionally, it facilitates the breakdown of anti-nutritional
compounds such as tannins, phytic acid, and polyphenols. The presence of probiotics in
fermented products not only enhances their energy contents and nutritional properties, but
also improves their therapeutic potentials to a certain extent (Ray et al., 2016). The
efficacy of probiotics is associated with their viability in food products, and several factors
have been implicated in reducing it. Consequently, a multitude of strategies are employed
to enhance and sustain the survival of microbial cells, encompassing the meticulous choice

of probiotics and the utilization of suitable dietary matrices. An alternative approach to
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promote the growth of probiotics involves the formulation of synbiotic compositions
(Pimentel et al., 2021).

The objectives of the review have to examine phytophagous probiotic products,
offering a comprehensive analysis of both commercially available and scientifically
researched products, along with their corresponding health-enhancing benefits. The study
has also examined the effects of probiotics on industrial and sensory characteristics, as well
as the factors that affect the survival of probiotics and the main challenges and trends in this
market segment. The information provided in the present article will be valuable for
researchers and industry professionals in facilitating communication with consumers to
enhance the utilization of phytophagous food products. It will also serve as a starting point
for discussing the phytophagous probiotics industry, focusing on limitations related to the

sources of strains and regulatory requirements for labeling such food products.
2. Key Characteristics of Phytophagous Probiotic Food

The increasing need for enhanced nutritional value has prompted the development of
innovative food products that possess functional attributes, specifically those containing
bioactive compounds and probiotic microorganisms. Probiotics refer to living
microorganisms, such as bacteria and yeasts that can provide advantageous effects on the
health of the host organism when consumed in sufficient amounts. However, dormant
bacteria and their components can also exhibit probiotic characteristics. Bifidobacterium
and multiple strains of lactic acid bacteria (LAB) are frequently employed as probiotic
bacteria and can be found in various functional ingredients and dietary supplements
(Niamah, 2017; Plaza-Diaz et al., 2019). The burgeoning probiotic industry on a global
scale has garnered considerable interest from food corporations, prompting them to develop
novel products that incorporate probiotic microorganisms. Furthermore, scientists are
currently conducting investigations into the precise characteristics of probiotics and their
impact on the overall well-being of the general population. However, within the context of
a swiftly growing global probiotic industry, end-users face difficulties in discerning
between probiotics of superior and inferior quality. The presence of uncertainty poses a
significant threat to the confidence and reliance that consumers and healthcare providers
place in probiotic products. To address this issue, it is advised that companies acquire third-
party certification for the quality and accuracy of their probiotic products (Jackson et al.,
2019).
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For an extended period, the dairy industry has exerted significant control over the
probiotic market, primarily through the prevalence of products like yogurt, kefir, and other
fermented dairy products that have enjoyed a dominant position within the market.
However, as a consequence of the escalating population of individuals adhering to vegan
diets, experiencing lactose intolerance, and/or exhibiting high cholesterol levels, it became
imperative to alter this prevailing pattern (Kugukgoz et al., 2022). Consequently, a range
of plant-derived alternatives, including vegetables, fruits, and seed matrices, have been
proposed as potential vehicles for probiotics (Cosme et al., 2022). In response to consumer
demand, the agricultural industry has undertaken efforts to identify alternative options to
milk. One prominent strategy involves promoting the utilization of water-soluble extracts
derived from a range of plant sources such as walnuts, coconuts, beans, oats, rice, and
soybeans (as outlined in Table-1). Numerous fermented vegetables, including olives,
cabbage, mustard cucumbers, pickles, and kimchi, exhibit a rich presence of LAB species
across diverse geographical regions. Kimchi, a culturally significant Korean culinary
preparation, is produced through the fermentation of vegetables, with a particular emphasis
on Baechu, also known as cabbage (scientific name: Brassica rapa). This traditional dish
has garnered widespread acclaim on a global scale owing to its unique flavor profile, as
well as its functional attributes and nutritional advantages, with kimchi constituting more
than 70 % of its composition (Ashaolu et al. 2020; Lee et al., 2020).

Fermented non-dairy beverages originating from diverse regions across the globe,
including Boza, Pozol, Bushera, Mahewu, Togwa, and others, are abundant in probiotics
and prebiotics. This is attributed to their raw materials, which consist of grains, cereal
grains, beans, vegetables, and fruits. Boza, for example, is a cereal-derived beverage that
undergoes fermentation using whole grains such as wheat and maize, as well as flour. This
exhibits significant popularity within various nations, including Turkey, Uzbekistan,
Kazakhstan, Albania, Croatia, Greece, Montenegro, Bosnia and Herzegovina, as well as
select regions of Romania and Serbia. Similar beverages are also produced in Eastern
European countries, such as braga or brascha, as well as in the Balkans (busa) and Egypt
(bouza) (Ucak et al., 2022). The predominant strains of LAB commonly found in these
products are Limosilactobacillus fermentum and Lactiplantibacillus plantarum. In India,
one of the alcoholic beverages known as sura (wine or beer), which was produced by the
fermentation of cooked rice or barley, is documented in the literature as having been

consumed since ancient times. In addition to this, some of the most well-known beverages
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to originate from India are asava (beer made from sugarcane), medaka (beer made from
spiced rice), prasanna (beer made from spicy wheat or barley), etc. Several probiotic
bacteria have been extracted and characterized from traditionally fermented nondairy
beverages (Borah et al., 2019; Ilango et al., 2016). These strains were obtained through
isolating and fermenting the beverages. Furthermore, Das et al. (2019) reported the
existence of prebiotics in addition to probiotics. They also found evidence of the presence
of nutraceutical chemicals such as carotene, thiocoumarine, oxazolidine-2-one, and acetyl
tyrosine in the sample. It is evident that a significant proportion of products labeled as
“probiotics” in the consumer market do not meet the prescribed criteria, including the
specified composition, adequate bacterial viability until the end of the product's shelf life,
and substantiated indications of positive effects on health (Figure-1). Consequently,
probiotic plant food exhibits two significant limitations: (1) the origin of the probiotic
strains is primarily derived from animal sources or animal-derived products, as observed in
the majority of commercially accessible strains; while, (2) The vegan nature of probiotic
supplements is compromised due to the utilization of animal-derived sources or dairy

constituents during the processing of numerous probiotic strains.

Supplements may contain animal components in the form of inactive substances,
such as artificial binders or fillers. Hence, it is imperative to thoroughly examine the
compendium of active and inactive constituents in particular merchandise in order to verify
their adherence to vegan principles. Choosing plant-based food options as probiotic
sources, such as fermented beverages and kefirs derived from soy, almond, or coconut,
along with vegan-friendly fermented vegetables like sauerkraut, kimchi, pickles, miso,
natto, tempeh, kombucha, and fermented rice, presents a more enticing and viable
alternative. An alternative approach would involve conducting a search for widely
recognized probiotic capsules that are compatible with a vegan diet, possess superior
standards in terms of quality, purity, and potency, and offer convenient administration.
Rice and soy extracts, along with fruits and vegetables, have emerged as the most
auspicious reservoirs of probiotic microorganisms for plant-based food products, exhibiting

substantial research prospects (Samedi et al., 2019; Rasika et al., 2021).
3. Quality Implications of Probiotic Integration in Phytophagous Foods

The viability of probiotic starter bacteria and their impact on the quality of food products

can be influenced by various factors, including the food matrix, processing stages, probiotic
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strain, method of addition, storage conditions, and prebiotic components. Numerous
scientific investigations have examined the effects of incorporating probiotic bacteria into
plant-based products. The researchers assessed the viability, physicochemical
characteristics, as well as techno-functional and sensory attributes of the samples. Hence,
the advantageous protective effects are significantly impacted by the botanical composition
of plants, including fruits, vegetables, and seeds, as well as their distinct constituents. In
relation to the viability of probiotics, table olives and artichokes have demonstrated higher
rates of survival during storage and under laboratory conditions that simulate the
gastrointestinal (GI) environment. These rates are comparable to, and in some cases
superior to, those observed in probiotic dairy products. The coarse microstructure of these
vegetables potentially acts as a protective barrier for the probiotic in an acidic environment,
while the presence of prebiotic compounds may enhance bacterial survival by supplying

nutrients that are released from the vegetables (Koh et al., 2018; Wang et al., 2019).
3.1. Technological and Physicochemical Attributes of Probiotic-enhanced Vegan Foods

The incorporation of probiotic microorganisms has minimal impact on the chemical
composition of food products, including moisture, protein, lipids, ash, fiber, and
carbohydrate content (Rafiq et al., 2016). Conversely, a scientific investigation revealed
alterations in the concentrations of protein, carbohydrates, and fat within probiotic-infused
carrot juice (Rafiq et al., 2016). The probiotic carrot juice, which includes Lactobacillus
acidophilus, Lactiplantibacillus plantarum, Lacticaseibacillus casei, and Bifidobacterium
longum, exhibited elevated protein content (1.12%) and ash content (0.34%) in comparison
to the fresh product. However, it demonstrated reduced fat content (0.79%) and
carbohydrate content (7.94%) when compared to the fresh product, with values of 0.76%,
0.95%, 8.10%, and 0.23% for protein, fat, carbohydrates, and ash content, respectively
(Rafiq et al., 2016). The observed elevation in protein levels can be ascribed to the
existence of probiotic microorganisms and their metabolic byproducts. Furthermore, the
incorporation of soybean and Brazil-nut water solubility extraction in the production of
fermented beverages resulted in improved technical characteristics (Barbosa et al., 2020).
This suggests that the combination of multiple plant-based beverages can enhance the
physicochemical and technological properties of the final product. The inclusion of either
papaya or mango pulp at a concentration of 20% in a probiotic rice beverage resulted in

comparable outcomes, with significantly elevated viscosities observed (Atwaa et al.,
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2019). The addition of probiotic bacteria to a product has been observed to result in a
decrease in the overall concentration of soluble solids (TSS) and sucrose. This phenomenon
can be attributed to the metabolic activity of probiotic cultures, wherein they enzymatically
degrade complex carbohydrates and subsequently generate organic acids, including lactic
acid and acetic acid. This phenomenon is commonly observed in fermented beverages,
although it may vary depending on the specific probiotic strain and food composition in
alternative products.

In a study conducted by Pimentel et al. (2015), it was observed that the addition of
probiotic Lacticaseibacillus paracasei to fermented apple juice and oligofructose probiotic
juice did not result in any significant alterations in their chemical composition, density,
consumer acceptance, or purchase intent when compared to non-supplemented products.
Nevertheless, it resulted in an elevation of acidity levels, turbidity, and the manifestation of
a red hue. In the meantime, adding oligofructose as a supplement did not have any effect on
the physicochemical characteristics, attractiveness, or buy intent of the products; however,
it did enhance the probiotic's shelf life while it was being stored. Furthermore, the
application of microencapsulation technique to Lactiplantibacillus plantarum 33 probiotic
cultures and their incorporation into olive pastes resulted in enhanced color properties
(Alves et al., 2015). This was achieved by effectively maintaining the brightness of the
product during storage, surpassing the performance of using probiotic cells in their free

form.

LAB were employed to enhance the quality of olives and decrease the duration of
debittering in the process of table olive fermentation (Lanza et al., 2020). The fermentation
process was observed to measure multiple parameters, including pH, titratable acidity,
NaCl concentration, bio-phenol breakdown, and the increase of hydroxytyrosol and tyrosol
in the olive flesh, oil, and brine. The jars that were inoculated exhibited accelerated
degradation of secoiridoid glucosides compared to the jars that underwent spontaneous
fermentation. This was accompanied by an increase in the synthesis of hydroxytyrosol and
ligstroside aglycon (Lanza et al., 2020). This observation suggests the complete
breakdown of oleuropein and the partial breakdown of ligstroside. The incorporation of
diverse inocula facilitated the achievement of thorough debittering and the potential
development of probiotic properties. The inclusion of Lactiplantibacillus plantarum B1 and

B124 as fermentation inoculants led to the production of a final product exhibiting
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enhanced quality characterized by an optimal trajectory of de-bittering and fermentation
parameters. Lactiplantibacillus plantarum B51 exhibits promising characteristics that make
it a viable candidate for utilization as a probiotic alternative in the development of entirely
plant-derived probiotic food products (Lanza et al., 2020). No significant differences (p >
0.05) were observed in the pH (4.0) and total acidity (0.47-0.50 g expressed in citric
acid/100 g) between the mixture of fruit juice (jucara, banana, and strawberry pulps)
containing  probiotics  (Bifidobacterium  animalis,  Lactobacillus  acidophilus,
Lacticaseibacillus casei, and Lactiplantibacillus plantarum) and the control beverage (de
Oliveira Ribeiro et al., 2020).

3.2. Food Processing and Its Effects on Probiotic-infused Vegan Foods

Various food processing methods can influence the viability of probiotics in food products
(Pimentel et al., 2015; de Oliveira Ribeiro et al., 2020). The inclusion of a fermentation
phase has the potential to augment the probiotic count in the end product. However, it is
worth noting that both fermented and non-fermented products can possess sufficient
quantities of probiotics (Pimentel et al., 2015; Calinoiu et al., 2016). The process of
microencapsulation involves the encapsulation of probiotic bacteria within a protective
microenvironment. This microenvironment serves to maintain the bacteria's metabolic
activity and enhance their viability throughout food processing (llango et al., 2016;
Niamah et al, 2021). The microencapsulation carrier refers to a controlled
microenvironment that serves as a habitat for bacteria or yeast. This carrier enables the
controlled release of these microorganisms in targeted regions of the small intestine, both
during processing and storage. Encapsulation has been scientifically demonstrated as the
optimal method for preserving probiotics and ensuring their stability and viability
throughout the production, processing, and storage of probiotic food products (Niamah et
al., 2021). The viability of probiotics in both food products and the small intestine can be
influenced by various storage conditions, including temperature and duration (Pimentel et
al., 2015; de Oliveira Ribeiro et al., 2020; Calinoiu et al., 2016). In addition, the
presence of oxygen can potentially harm various probiotic cells, leading to reduced cell
viability throughout the entire storage period (Calinoiu et al., 2016). Consequently, the

proper storage and packaging of food products are crucial factors to consider.

Fruit juices exhibit a high carbohydrate content, comprising prebiotic compounds

that facilitate the proliferation of probiotic microorganisms (Valero-Cases et al., 2017;
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Fonteles & Rodrigues, 2018). Moreover, fruit and vegetable juices exhibit elevated levels
of vitamins and antioxidants (Fonteles & Rodrigues, 2018). According to de Oliveira
Ribeiro et al. (2020), Lacticaseibacillus casei BGP93 and Lactiplantibacillus plantarum
demonstrated survival in in vitro simulations of the small intestine. It has been observed
that the tolerance of both cultures to the conditions of the small intestine decreased over the
storage period of the beverages (90 days). The viability of probiotic cells is compromised
by the low pH environment of the gastric phase, as evidenced by previous studies
(Miranda et al., 2020). Consequently, the impacts of storage and GI tract conditions may

exhibit associations with the food matrix composition and probiotic strain.
3.3. Assessing Probiotic Strain Viability in Phytophagous Food Products

The requisite population size of probiotics in food prior to ingestion, in order to confer
health advantages, is a minimum of 6 log CFU/mL or g of food. Numerous plant-derived
food products, such as fruit and vegetable juices or beverages, have been observed to retain
adequate levels of probiotics throughout the storage period, as indicated in Table-2.
Furthermore, an assessment was conducted on the feasibility of microencapsulated
Lactobacillus pentosus on the external layer of olives over a duration of one month. The
count of viable cells was found to be equal to or greater than 6 log CFU/g (Elvan et al.,
2021). As a result, the microencapsulation of Lactobacillus pentosus within the xylan-WPC
complex was successfully achieved, leveraging its antibiotic and digestion fluid resistance
properties, along with its antioxidant properties. Hence, it can be deduced that table olives
possess the necessary attributes to serve as an appropriate medium for hosting
advantageous microorganisms that adhere to the regulatory criteria for functional foods
(Elvan et al., 2021). Therefore, the technique of microencapsulation can be utilized in
various other products to augment the viability of probiotics, facilitate controlled release,

and extend the duration of their effects.
3.4. Sensory Evaluation of Probiotic-enriched Vegan Foods

Plant-based foods often exhibit nutritional imbalances and possess restricted gustatory
appeal (FMI, 2023). Numerous scientific investigations have consistently demonstrated
that the process of probiotic fermentation has the potential to significantly improve the
sensory acceptance of food products when compared to their non-fermented counterparts
(Pereira et al., 2017; Tomar et al., 2019; Hashemi et al., 2020; Khalil et al., 2022). The

incorporation of probiotic cultures into the fermentation process enhances the sensory
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attributes of the food (Tomar et al., 2019). This improvement can be attributed primarily to
the synthesis of lactic acid, acetic acid, and aromatic compounds. The sensory
characteristics of probiotic plant-based foods can be modulated by the botanical species
employed, the probiotic strains employed, and the fermentation methodology employed
(Table-3). Table-4 discusse some prevalent sensory attributes associated with probiotic

plant-based foods.

The principal incentive for the consumption of probiotic products comes from their
potential health advantages. Nevertheless, it is imperative to uphold the sensory palatability
of these products to a degree that is commensurate with conventional products. Consumers
exhibit a tendency to refrain from consuming functional foods that emit atypical odors or
flavors (Min et al., 2019). Frequently, it has been noted that fermented dairy products
derived from animal milk and containing probiotics can exhibit the emergence of medicinal
aromas or atypical olfactory characteristics. Moreover, this phenomenon could potentially
be influenced by the milk's origin, specifically whether it is derived from a bovine, bubalus,

caprine, ovine, or camelid species.

In a prior investigation, it was observed that probiotic carrot juice, produced with
probiotic starters such as Lactobacillus acidophillus, Lactiplantibacillus plantarum,
Lacticaseibacillus casei, and Bifidobacterium longum, exhibited diminished levels of
acceptability in comparison to freshly prepared carrot juice (Rafiq et al., 2016).
Consequently, it is imperative to evaluate the impact of probiotic supplementation on the
sensory acceptability of the product, taking into account the specific food matrix and
probiotic strain involved. In a study conducted by Ryan et al. (2020), it was observed that
the incorporation of 10% mango juice resulted in enhanced viability of probiotics, as
indicated by their research findings. Furthermore, upon exposure to in vitro Gl digestion,
this particular formulation exhibited an enhanced capacity to withstand probiotic tolerance.
Based on the findings of the sensory analysis, it was observed that an increase in the mango
juice concentration from 20% to 40% in the beverage resulted in enhanced sensory ratings
(Ryan et al., 2020). The process of microencapsulation of probiotic cultures has the
potential to assist in preserving the sensory acceptability of probiotic food products at a
level that is similar to the control group, as demonstrated by previously published studies

(Niamah et al., 2021). The inclusion of encapsulated Lacticaseibacillus casei in fruit juices
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can elicite both positive and negative response from consumers. This is primarily attributed

to the aesthetic appearance of the product.
4. Health Benefits of Probiotic-enriched Phytophagous Foods

Recent scientific investigations have explored the physiological and health implications of
different botanical substances when combined with probiotics, both in controlled laboratory
conditions (in vitro) and in living organisms (in vivo). The presence of probiotic bacteria in
plant-based foods may also exhibit potential health advantages (Figure-2). Pediococcus
pentosaceus and Levilactobacillus brevis were isolated from traditional Korean fermented
foods, specifically radish kimchi. The HT-29 cells, specifically human colon
adenocarcinoma cells, exhibited adhesion rates of 4.45% and 6.30%, as reported in
reference (Koh et al., 2010). Furthermore, two strains of Lactococcus lactis were isolated
from whole-grain rice and subjected to probiotic characterization and antimicrobial activity
against various pathogenic strains. The pathogenic strains, namely Escherichia coli,
Staphylococcus aureus, Pseudomonas aeruginosa, and Enterococcus faecalis, exhibited
varying responses to the isolates at different concentrations. It is hypothesized that these
isolates have the potential to serve as biotherapeutic agents for the treatment of bacterial
infections, as an alternative to antibiotics (Soundharrajan et al., 2021). Lactiplantibacillus
paraplantarum and Saccharomyces cerevisiae were isolated from Jangajji, a traditional
Korean fermented food product, through extraction procedures. This suggests that Jangajji
may possess functional applications in the development of food and pharmaceutical
products, owing to its antioxidant and immunostimulatory properties (Son et al., 2018; Lee
et al., 2019). While several in vitro studies have provided valuable information regarding
the potential health advantages of plant-based probiotic products, additional in vivo studies
are required to validate their effectiveness. It has been empirically observed that plant-
based foods containing probiotics possess the capacity to enhance lipid profiles. Wistar rats
subjected to a dietary intervention involving the consumption of pineapple and jussara
juices supplemented with Lacticaseibacillus rhamnosus GG exhibited a reduction in levels
of low-density lipoprotein cholesterol, potentially contributing to the prevention of
coronary heart disease. The food products did not exhibit any signs of hepatotoxicity or

nephrotoxicity (de Almeida Bianchini Campos et al., 2019).

Phytophagous probiotic foods, which integrate plant-derived components with live

beneficial microorganisms, present a significant array of nutritional benefits that enhance
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overall health (Sakkas et al., 2020; Montazersaheb et al., 2021; Pimentel et al., 2021).
These foods possess a high concentration of dietary fiber, essential vitamins, minerals,
antioxidants, and bioactive compounds, which are further augmented through the process of
probiotic fermentation (Montazersaheb et al., 2021; Pimentel et al., 2021). The
fermentation process enhances the bioavailability of essential nutrients, including B
vitamins, calcium, iron, and polyphenols, while also generating supplementary bioactive
compounds such as y-aminobutyric acid (GABA) and urolithins, which exhibit calming,
anti-aging, and anti-inflammatory effects. The probiotics found in these foods contribute to
GI health by regulating the microbiome, optimizing digestive processes, and facilitating
nutrient absorption (de Almeida Bianchini Campos et al., 2019; Plaza-Diaz et al., 2019;
de Oliveira Ribeiro et al., 2020; Sakkas et al., 2020; Soundharrajan et al., 2021).
Furthermore, phytophagous probiotic foods contribute positively to metabolic health,
weight regulation, and cardiovascular performance, attributed to their fiber composition and
the cholesterol-reducing and anti-inflammatory properties of probiotics (Plaza-Diaz et al.,
2019; Sakkas et al., 2020; Pimentel et al., 2021). These foods, characterized by their
lactose-free composition and low allergenic potential, represent an optimal nutritional
selection suitable for diverse dietary preferences and various health conditions (Lillo-Pérez
et al., 2021). Phytophagous probiotic foods serve as a nutritionally advantageous choice for
improving health by integrating plant-derived nutrition with probiotic properties (Lillo-
Pérez et al., 2021; Pimentel et al., 2021).

In addition to their nutritional advantages, various strains of probiotics found in
fermented fruit and vegetable beverages have demonstrated enhancements in multiple
physiological functions and health conditions. For example, Koh et al. (2018) conducted an
in vitro assay and reported the presence of consistent a-glucosidase inhibitory activity in a
fermented pumpkin beverage that contained Lactobacillus mali K8. This inhibitory activity
demonstrated an anti-hyperglycemic effect. In a separate investigation, the administration
of fermented beverages derived from Quercus convallata, Q. arizonica, and oak leaves
demonstrated an anti-hyperglycemic impact in both in vitro and in vivo experiments
involving female mice (Gamboa-Gomez et al., 2017). In a double-blind, placebo-
controlled trial (Harima-Mizusawa et al., 2016), the administration of a fermented citrus
beverage containing L. plantarum Y1T0132 demonstrated a favorable impact on alleviating
symptoms associated with perennial allergic rhinitis in the subjects. In a laboratory-based

experiment, a mixture of fermented blueberry pomace by the bacteria strains L.
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rhamnosus GG, L. plantarum-1, and L. plantarum-2 exhibited a hypocholesterolemic
effect, as observed in vitro (Mantzourani et al., 2018). In addition, these fermented
beverages have been demonstrated remarkable anti-fatigue properties in a swimming test
using a mouse weight as the subject. In a study conducted by Thakkar et al. (2020), it was
shown that the addition of probiotic strains L. fermentum strain PD2 (derived from dosa
batter) and PH5 (derived from handvo batter) effectively decreased levels of serum
cholesterol, LDL cholesterol, and total cholesterol in hyperlipemic, healthy adult Wistar
rats. This reduction was observed when comparing the rats that were supplemented with
LAB to those that were not, despite both groups being fed the same high cholesterol diet.
The results of these studies suggest the potential use of probiotics in biotherapeutics for the
treatment of hypercholesterolemia in humans.

In a study conducted using in vitro methods, a team of researchers observed a
positive alteration in the composition of the fecal microbiota community. This alteration
was accompanied by the production of short chain fatty acids (SCFASs) through the
fermentation of blueberry pomace by a specific strain of L. casei known as CICC20280
(Cheng et al., 2020). In a murine model experiment, Wang et al. (2019) demonstrated that
the ingestion of fermented beverages enriched with fruits and vegetables from Changbai
Mountain can modulate the Firmicutes/Bacteroidetes ratio and enhance the abundance of
the Bacteroidales S24—7 group. Recent studies have indicated that anthocyanins derived
from Opuntia ficus-indica can alter microbial diversity and enhance the synthesis of short-
chain fatty acids in animal models (Zhang et al., 2022). Following the administration of
anthocyanins derived from O. ficus-indica, a significant increase in the diversity of
intestinal microorganisms was observed in mice (p < 0.05). The Firmicutes/Bacteroidetes
ratio (F/B value) exhibited a significant reduction (p < 0.05), which correlates strongly with
the relative abundances of beneficial bacterial strains such as Lactobacillus,
Bifidobacterium, Prevotella, and Akkermansia within the intestinal microbiota of mice,
alongside the relative abundance of pathogenic bacterial strains including Escherichia,
Shigella and Desulfovibrio. Furthermore, anthocyanins markedly elevated the concentration
of short-chain fatty acids in the cecum of mice. Comparable findings were documented by
Estrada-Sierra et al. (2024), who utilized mucilage pectin derived from O. ficus and
Citrus aurantium extract, incorporating it into a food matrix to assess its impact on the gut

microbiota of individuals with normal weight and those with obesity.
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The strain L. brevis has been assessed for its effective synthesis of y-aminobutyric
acid and angiotensin-converting enzyme | (ACE), both of which are associated with blood
pressure regulation (Pefas et al., 2015). Subsequently, sourdough bread exhibiting anti-
hypertensive properties was developed utilizing the strain. The in vitro fermentation of
barley, involving a sequential treatment of enzymatic hydrolysis followed by fermentation
using the yeast S. cerevisiae and subsequent bacterial fermentation with Weissella cibaria,
resulted in the synthesis of a polysaccharide exhibiting anti-tumor activity (Gibson et al.,
2017). The polysaccharide demonstrated antimetastatic properties by enhancing the

cytolytic activity of NK cells and activating macrophages in in vivo studies.

Additional probiotic fermented beverages, such as those derived from tomato,
blueberry-blackberry, feijoa, prickly pear, and cactus pear fruits, demonstrated a favorable
anti-inflammatory capacity in vitro and were observed to sustain the integrity of the
intestinal barrier (Di Cagno et al., 2016; Valero-Cases et al., 2017). In a study conducted
by Valero-Cases et al. (2017), it was observed that fermented tomato juices exhibited
superior enhancement of the intestinal barrier as compared to fermented feijoa juices.
Fermented jabuticaba berry beverages demonstrated vasorelaxant capacity in an in vivo
investigation conducted on male Wistar rats (Martins de S& et al., 2014). This finding
points to an interesting cardiovascular preventive potential of beverages containing this
ingredient.

Studies have demonstrated that plant-derived food sources harboring probiotic
microorganisms exhibit immunomodulatory characteristics. A scientific investigation was
undertaken to examine the impact of fermented litchi juice containing Lacticaseibacillus
casei FL on the immune system and gut microbiota of mice. The findings demonstrated that
the administration of the probiotic supplement exhibited the potential to augment the
immunomodulatory function of the mouse by elevating the indices of immune organs,
namely the spleen and thymus. Additionally, it stimulated the secretion of cytokines,
specifically IL-2 and IL-6, as well as immunoglobulins, including IgA, 1gG, and SIgA.
Furthermore, it displayed a protective effect on the integrity of the intestinal tract.
Moreover, it exhibits the capacity to modulate the composition of the GI microbiota and
significantly augment the abundance of advantageous bacterial species, namely
Faecalibaculum, Lactobacillus, and Akkermansia (Wen et al., 2020). The results of this

study indicate that the inclusion of probiotics in litchi juice could potentially enhance
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immune system functionality and alter the gut microbiota composition in mice.A total of 61
isolates of LAB were obtained from naturally fermented rose jams and subjected to various
in vitro probiotic assessments, including tests for low pH tolerance, bile salt resistance,
simulated gastric and pancreatic digestion, and antibiotic susceptibility. Among the
analyzed isolates, Pediococcus pentosaceus was determined to be one of the five isolates
demonstrating the most notable probiotic activity. These isolates were specifically
identified as MP3, MP11, MP13, MP16, and MY8. Remarkably, the MP13 isolate
exhibited probiotic properties that were on par with or even superior to the standard
Lactiplantibacillus plantarum ATCC 8014 probiotic strain. Additionally, it demonstrated
enhanced technical performance, as determined through the quantification of total phenolic
compounds, flavonoid contents, and anthocyanin content. In addition, the MP13 isolate
exhibited an augmentation in the sensory perception of rose jam's taste and demonstrated
significant antioxidant properties, quantified using the o, o-diphenyl-p-picrylhydrazyl
(DPPH) assay (Xia et al., 2021). Another investigation was conducted with the objective of
identifying LAB strains that possess a hypoglycemic impact and could be employed for the
fermentation of apple juice (Wang et al., 2021). Principal component analysis (PCA) was
employed to determine the optimal strain among a set of eight LAB strains. The analysis
revealed that Limosilactobacillus fermentum 21828 exhibited the greatest resistance to acid
and bile salts, superior adhesion capabilities, notable B-glucosidase inhibitory activity, and
exceptional fermentation performance. The strain's adaptability to various apple juice types
was also assessed. The Aksu apple juice exhibited the highest attainable count of viable
microorganisms, specifically 3.40 x 108 CFU/mL, after undergoing fermentation by the
strain Limosilactobacillus fermentum 21828. This fermentation process resulted in a
sensory score of 84.33%, as reported in reference (Wang et al., 2021).

Autochthonous strains of L. plantarum S-811 and S-TF2, along with Fructobacillus
fructosus S-TF7, isolated from fermented cactus pear juice, exhibited antimicrobial
activities against various pathogenic bacteria, including Staphylococcus aureus ATCC
29213, Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 27853, Salmonella
typhimurium ATCC 14028, and Listeria monocytogenes CLIP 74910, as reported in a study
conducted by Veron et al. (2023). The findings indicated a safety profile characteristic of
LAB in in vitro studies, and the juice fermented with these strains maintained the content of
phenolic compounds and the antioxidant activity found in unfermented juice. Hernandez-

Carranza et al. (2019) demonstrated that cactus pear peel and its mucilage impart a vibrant
Page 17 of 33



559
560
561
562
563

564
565
566
567
568
569
570

571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590

magenta color to yogurts. Furthermore, yogurt containing 5.5% cactus pear peel and 7.5%
mucilage exhibits the highest levels of bioactive compounds and antioxidant capacity.
Additionally, these activities were significantly enhanced (p < 0.05) following the
simulated GI process. The correlation may exist with the activity of GI enzymes such as

pepsin and pancreatin, as well as the acidic conditions present during the gastric phase.

Ting, a traditional African food produced through the natural fermentation of
sorghum, underwent fermentation with the incorporation of L. fermentum strains. It is
significant to highlight that, in addition to its nutritional advantages, the levels of
mycotoxins were reduced by as much as 98% across all fermented samples (Adebo et al.,
2019). In a manner akin to this, conventional fermentation methods decreased the
concentration of mycotoxin in two widely consumed traditional cereal-based African

beverages—kunu-zaki and pito—by 59% and 99%, respectively (Ezekiel et al., 2015).

The process of fermentation utilizing probiotic microorganisms enhances the
nutritional value of germinated rice by enriching it with natural dietary fibers, inositol
hexaphosphate, and y-aminobutyric acid (Hung et al., 2005). The fermentation process
conducted by L. plantarum dy-1 resulted in a transformation of B-glucan, changing its
configuration from a compact rod-shaped form in raw barley to a smooth sheet-like
structure in the fermented barley (Struyf et al., 2017). As per the findings of Ray et al.
(2016), various pyranose derivatives, such as 1,2,3,6-tetra-O-acetyl-4-O-formyl-D-
glucopyranose, [-D-mannopyranose pentaacetate, 2,3,4,5-tetra-O-acetyl-1-deoxy-B-D-
glucopyranose, and B-D-galactopyranose pentaacetate, undergo accumulation during the
process of fermentation in haria (a locally produced rice beer). These derivatives exhibit
notable immune-stimulatory, antioxidant, and antimutagenic properties. Furthermore, the
rice beer contains various oligosaccharides, phenolics, and flavonoids that exhibit
noteworthy capabilities in scavenging free radicals. These properties have the potential to
mitigate the likelihood of developing cardiovascular ailments and other degenerative
diseases (Ghosh et al., 2015). The fermentation process of plant substrates by LAB is
contingent upon their inherent ability to rapidly adjust and utilize the available nutritional
components, including phenolic compounds (Filannino et al., 2018). This adaptation is
tailored to each species and bacterial strain, exhibiting significant variability depending on
the plant matrix. Additionally, a category of bacteria referred to as plant probiotics,

specifically ‘Plant Growth Promoting Rhizobacteria,” possesses the capability to colonize
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the roots of plants. These bacteria facilitate plant growth through various direct and indirect
mechanisms, enhance the nutritional content of plants, and elevate the quality of crops
(Jiménez GOomez et al., 2017).The fermented plant-based foods and beverages market has
witnessed a surge in growth attributed to heightened recognition of their health-promoting

properties and the enduring impact of the COVID-19 pandemic.
5. Veganism and Market Dynamic in Phytophagous Foods

Both vegetarianism and veganism can be traced back to the etymology of the Latin term
“vegetus,” denoting a state of well-being and vitality. The International Vegetarian Union
has established a comprehensive definition of vegetarianism as a dietary preference
characterized by the deliberate exclusion of meat, fish, and their byproducts from one's
regular food consumption. This choice is primarily motivated by ethical, religious, or
environmental considerations. However, it is important to note that vegetarianism does
allow for the consumption of milk, dairy products, and eggs. The Vegetarian Society holds
the distinction of being the inaugural society globally that is exclusively committed to the
promotion and advocacy of the vegetarian lifestyle (Hoek et al., 2004).

Preferences of consumers shift throughout time, and there is a current movement
toward a higher level of health consciousness as well as concern for the nutritional value of
food and the long-term sustainability of the food supply chain. Because of this,
manufacturers have been placing a larger emphasis on promoting products that contain
healthful ingredients. Therefore, the quality of the food and the concept of added value
based on the utility of the food are essential components for successful marketing and the
widespread adoption of novel foods (Shafie et al., 2012). The food industry sees vegetarian
and vegan consumers as a potentially lucrative market and has begun devoting greater
resources to the promotion of smaller organic and vegan food producers as a result. In
addition to this, they are formulating plans to market meat substitutes to customers who do
not follow a vegetarian diet. However, it is essential to emphasize that the marketing of
food products shouldn't solely center on the positive effects they have on consumers' health
and the environment (Hoek et al., 2004). The European Food Safety Authority (EFSA) in
Europe issued a call to action to the European Commission, urging them to comply with
Avrticle 36.3 of Regulation (EU) 1169/2011 on Information to Food Consumers. This article
has stated that the Commission requires the establishment of operational procedures for

voluntary nutritional information related to the appropriateness of food for vegetarians or
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vegans. The objective of this initiative was to develop a comprehensive checklist
delineating the fundamental constituents that must be included in vegan or vegetarian food,
with the purpose of ascertaining the criteria for determining the suitability of the food for
these dietary preferences. In essence, what are the essential criteria that must be satisfied in
order to categorize a food preparation as appropriate for individuals adhering to vegetarian

dietary practices or the philosophy of vegetarianism?

Upon conducting a comprehensive analysis of the existing legal framework, it
becomes apparent that there is presently an absence of an official delineation as well as
established regulations pertaining to the production and labeling criteria for the category of
plant-based food products. Hence, individuals adhering to plant-based dietary preferences
face challenges in discerning between probiotic products that are authentically derived from
plants and those that incorporate animal-derived constituents (Sakkas et al., 2020). The
absence of a precise delineation and established criteria for the phytophagous food category
engenders perplexity within the industry and among consumers, thereby exerting an
adverse influence on the expansion of phytophagous probiotic commodities and impeding
the seamless movement of products. The implementation of a formal regulatory framework
would confer advantages to the industry by facilitating the dissemination of information
regarding the lack of animal-derived constituents in their merchandise to their intended
consumer base. Furthermore, the potential for consumers to be misinformed could be
mitigated (Lillo-Pérez et al., 2021). Given the scarcity of research pertaining to the
proliferation of products targeting the phytophagous market, the data gathered in this study
may hold significant value in formulating efficacious approaches for the development of
functional phytophagous products. This information could be of particular significance to

retailers specializing in phytophagous food products.

6. Future Directions, Research Opportunities and Concluding Insights in

Phytophagous Probiotic Foods

Probiotic microorganisms, such as LAB, Bifidobacterium, and Saccharomyces boulardii,
are experiencing an increase in demand within the dairy and non-dairy food industries
owing to their advantageous health-related effects (Shahein et al., 2022). As a result, there
has been a notable surge in the worldwide market demand for probiotics incorporated in
food products, positioning them as the foremost category within the realm of functional

foods. Soy milk and almond milk are two widely consumed exemplars of these non-dairy
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plant-based beverages. These products exhibit a visually appealing, smooth, and opaque
texture and can be employed in the formulation of diverse plant-based culinary products,
such as soy-based cheese, soy-based yogurt, and tofu, through the utilization of probiotic
microorganisms. The perception of sensory qualities by consumers plays a vital role in the
context of large-scale industrial production. It is important to preserve the sensory attributes
of these products, as consumers have a tendency to reject functional foods that exhibit
peculiar tastes or odors, despite their primary motivation being the health advantages of
consuming probiotics (Elkot et al., 2022). Almonds are a highly concentrated reservoir of
essential nutrients, such as a-tocopherol, which plays a crucial role in mitigating oxidative
stress. Additionally, almonds exhibit a notable abundance of monounsaturated fatty acids,
which have the potential to confer cardiovascular benefits (Lipan et al., 2021). Therefore,
the integration of probiotics in fermented products based on almond milk also demonstrates

a favorable outlook.

Fermented vegetables such as kimchi, sauerkraut, and other fruit and vegetable-
based fermented beverages show potential for utilizing beneficial probiotic
microorganisms. However, it is necessary to alter their sensory characteristics based on
consumer feedback, which can be obtained through a comprehensive survey conducted on a
large scale. This will facilitate the expansion of the global market for functional plant-based
probiotic products, as the sensory attributes may exhibit regional variations. The identical
methodology should be employed for probiotic functional foods derived from cereals.
Furthermore, it is imperative to employ innovative methodologies such as
microencapsulation in order to augment the survivability of probiotics in various plant-
derived products. This will consequently facilitate the implementation of controlled drug
release mechanisms and enable sustained therapeutic outcomes for the treatment of targeted
diseases or the enhancement of overall well-being. Furthermore, the predominant body of
research investigating the health-enhancing or therapeutic properties of non-dairy
probiotics primarily consists of in vitro and in vivo studies utilizing animal models.
Consequently, it is imperative to conduct intervention studies in humans to assess the
physiological impact on health improvement in the future. Moreover, the results of various
studies can be influenced by the diverse plant matrices, such as vegetables, fruits, or cereal
beverages. Hence, to augment the abundance of phytophagous probiotic products, it is
imperative to undertake the development and exploration of novel matrices. Thus, there are

a lot of promising opportunities for further study in the area of phytophagous probiotic
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foods (Table-5). New probiotic strains that thrive in plant-based environments, as well as
ways to make them more stable and effective, are important research priorities. Studying
how different plant-based food components interact with probiotics, finding the best way to
ferment foods, and increasing their bioavailability and health benefits are all areas that may
need more investigation. Further opportunities exist to learn about consumer preferences,
Improve sensory qualities, and evaluate production processes in terms of their sustainability
and environmental effects. Future research should also focus on establishing regulatory
criteria and assessing long-term health consequences. In sum, there are many chances for
research to improve the development of phytophagous probiotic foods, which in turn may
improve public health outcomes, contribute to a more sustainable food sector, and raise
awareness about the need to eat healthily.

Phytophagous probiotic supplements have been found to potentially offer various
advantages, such as enhancing lipid profiles and immune systems, regulating diabetes,
mitigating bacterial infections, demonstrating anticarcinogenic properties, and promoting
overall health. The production of premium plant-based food products incorporating these
supplements necessitates careful consideration of various factors, including the genetic
lineage of the strain, the techniques employed during processing, the composition of the
food matrix, the specific probiotic strain employed, the strain's unique effects, optimal
environmental conditions, and the inclusion of prebiotic nutrients. Nevertheless, the current
progress in the industrial advancement of phytophagous food products enhanced with
probiotics is constrained by the predominant utilization of animal milk in research studies
and the prevalent reliance on probiotic strains derived from human, animal, or associated
sources. In order to effectively cater to the growing and promising market segment, it is
imperative to establish standardized protocols for phytophagous products. Additionally,
marketing strategies should be tailored towards consumers who are actively seeking to
reduce their consumption of animal products. Furthermore, it is crucial to develop practical

and easily accessible regulations that can be implemented by the industry.
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List of Tables

Table-1: Some examples of foods and beverages that include phytophagous probiotics.

Food type Probiotic cultures References
Probiotic soy | Lactobacillus acidophilus LA-5, Bifidobacterium bifidum (Niamah et
yoghurt Bb-12, Streptococcus thermophilus al., 2017)
Kimchi Lactobacillus brevis, Pediococcus pentosaceus, Lactiplanti | (Jung et al.,
bacillus plantarum, Leuconostoc lactis, Latilactobacillus 2021)
sakel, Leuconostoc mesenteroide.
Sauerkraut Lactiplantibacillus plantarum L4, Leuconostoc (Beganovi¢
mesenteroides LMG 7954 etal., 2011)
Pumpkin and | Lactobacillus acidophilus LA-5, Bifidobacterium bifidum (Hassan et
sesame seed Bb-12, Streptococcus thermophilus al., 2012)
milk
Boza Lacticaseibacillus casei, Lactobacillus acidophilus, (Tornuk et
Weisella paramesenteroides al., 2014)
Cornelian Lactiplantibacillus plantarum (Mantzouran
cherry juice ietal, 2018)
Litchi Lacticaseibacillus casei (Zheng et al.,
2014)
Babroo Limosilactobacillus fermentum, Lactiplantibacillus (Sharma et
plantarum, acidilactici al., 2019)
Idli Bacillus spp. (Shivangi et
al., 2020)
Bergamot Lactiplantibacillus plantarum subsp. plantarum (Hashemi et
juice al., 2020)
Tomato juice | Bifidobacterium breve, B. longum, and B. infants (Koh et al.,
2010)
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Table-2: Viability of probiotic starters in phytophagous probiotic products as functional

foods.
Food | Phytophagous Probiotic staters Probiotics | Fermentation | References
type probiotic viability conditions
products in the
products
(CFU/ mL
or gm)
Beet juice Lb. acidophilus, Lb. 108-108 - (Kyung et
casei, Lb. delbrueckii al., 2015)
and Lb. plantarum
Pomegranate Lb. plantarum, Lb. 107-108 30°Cfor72h | (Mousavi
juice delbruekii, Lb. under etal., 2011)
paracasei, and microaerophilic
Lb. acidophilus conditions
Malt beverage | Lb. plantarum and Lb. 108 - (Rathore et
acidophilus al., 2012)
Carrot juice Lb. plantarum Lp- 108-10° Anaerobically | (Tamminen
115, B. lactis 420, B. for 18 h at etal., 2013)
g)’ lactis Bb-12, B. 37°C.
g bifidum B7.1 and B.
> bifidum B3.2
0
-c% Litchi juice Lb. casei 108 30°C for 18 h (Zheng et
& al., 2014)
2
=]
= Cshew juice Lb. casei NRRL B- 10° - (de Godoy
442 Alves Filho
etal., 2017)
Cupuassu Lb. casei 10° - (Pereir et
beverage al., 2017)
Pineapple B.lactis Bb12, Lb. 108-10° - (Nguyen et
Juice plantarum 299V, and al., 2019)
Lb. acidophilus La5
Quinoa Lb. plantarum DSM | 10%°-10% - (Canaviri
beverage 9843 Paz et al.,
2020)
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Foods

Soy yogurt St. thermophilus, Lb. 101! 40 °C for 7h | (Niamah et
acidophilus LA-5, and and cooled at4 | al., 2017)
B. bifidum Bb-12 °C.
Fruit salads Lb. rhamnosus 10%-10° Non- (Martins et
HNOO1 fermentation al., 2016)
Oat flour Lb. acidophilus and S. 10° 37 °C, with (Duru et
thermophilus constant al., 2016)
shaking
(150 rpm) until
a pH of
49+0.2
Tofu B. animalis subsp. 10%-101° | 37°Cfor22h | (Zielinska
lactis BB-12, Lb. and cooled at 4 | etal., 2015)

casei, and Lb.
Paracaseli

°C.
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Table-3: Sensory characteristics of some probiotic plant foods.

Food Product | Sensory Probiotics Plant References
characteristics types

Kimchi Sour flavour and | Leuconostoc Cabbage | (Springmann
sour taste mesenteroides, Leu. et al., 2018)

citreum, Lb. plantarum,
Lb. sakei, Weissella
cibaria and W. koreensis

Pineapple Juice | Sour taste, Lacticaseibacillus Pineapple | (Khalil et al.,
refreshing aroma, | rhamnosus and 2022)
strong color and | Pediococcus
non-turbid pentosaceus
appearance

Kombucha fresh sour-fruity | Lactiplantibacillus Green tea | (Abaci et al.,
taste plantarum or sweet | 2022)

black tea

Tempeh The odor and Lacticaseibacillus casei | Soaked (Klgukgoz
color were soybean | etal., 2022)
deemed to be or Jack
within normal Bean
ranges. The
attributes of odor,
color, and taste
were well-
received.

Soy cheese Sensory Lb. acidophilus and Soybean | (Niamah et
evaluation Bifidobacterium lactis al., 2017)
acceptance good
for appearance,
colour, flavour,
creaminess,
consistency,
spreading ability
and overall
impression

Yogurt (plant- Refreshing St. thermophilus, Almond | (Kumar et

based) flavor, a smooth | Lb. bulgaricus, Lb. milk al., 2022)

viscous gel, and a
slight sour taste.

acidophilus and B. lactis
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Kvass slightly cloudy Lb. paracasei, malted (Wang et al.,
appearance, Acetobacter barley 2022)
light—dark brown | pasteurianus, and
color; sour taste | Saccharomyces

cerevisiae

Boza a thick liquid, Lb. acidophilus LA-5, B. | Wheat, (Miguel et
pale yellow bifidum BB-12 and millet, al., 2021)
color; sweet or Saccharomyces maize,
sour taste boulardii and other

cereals

Shalgam red color; sour Kefir starter culture Shalgam | (Sobal et al.,
taste 2014)

Natto white color; Bacillus subtilis Soybeans | (Jayarathna
sweet, acidic, and Bifidobacterium etal., 2021)

cereal taste; soft
texture

animalis subsp. lactis
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Table-4: Key sensory characteristics associated with foods derived from plants that contain probiotics.

Prevalent
Sensory
Attributes

Key Remarks

References

Flavor

The process of fermentation employed for the production of probiotic plant-based food can produce
a wide range of unique and varied sensory experiences.

Fermented plant-based milks, such as kefir or yogurt, exhibit varying levels of acidity, resulting in a
tangy or sour flavor profile.

Fermented vegetables such as kimchi and sauerkraut exhibit a range of taste profiles, characterized
by the presence of saltiness, sourness, or spiciness.

(Pua et al., 2022;
Uruc et al., 2022;
Fijan et al., 2024)

Texture

The fermentation process can exert an influence on the physical properties of probiotic plant-based
food.

Fermented plant-based milks, such as those derived from various botanical sources, exhibit a
notable propensity for acquiring a luxuriously smooth and velvety consistency.

Conversely, the fermentation of vegetables is known to impart a distinctively crisp or crunchy
texture to the resultant product.

(Rasika et al.,
2021; Mouritsen
& Styrbaek, 2020)

Aroma/Odor

The microbial fermentation process occurring in probiotic plant-based food can yield various
aromatic compounds.

Fermented plant-based milks, such as those derived from plant sources, may exhibit an olfactory
profile characterized by a mildly acidic or tangy fragrance reminiscent of cheese.

Conversely, fermented vegetables are known to emit a strong or intense aroma, often described as
pungent or spicy in nature.

(Ankomah, 2022;
Montero & Ross,
2023; Qamaruz-
Zaman et al,
2020)

Mouthfeel
(Masticatory
Sensation)

The physical properties of probiotic plant-based foods can likewise exert an impact on masticatory
sensation, i.e., the tactile experience perceived within the oral cavity.

Certain plant-based foods containing probiotics exhibit varying textures, such as a velvety and
creamy consistency, while others may possess a chewy or crispy texture.

(Masia et al.,
2021; Aydar,
2023)

Appearance
(Visual
Characteristics)

The fermentation process exerts an influence on the visual attributes of probiotic plant-based foods.
Fermented plant-based milks exhibit a perceptible increase in viscosity and creaminess compared to
their non-fermented counterparts.

(Pimentel et al.,
2021; Ren et al.,,
2024; Kasapoglu
et al., 2023)
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Table-5: Key areas of future exploration with potential research opportunities on

phytophagous probiotic foods driven by the growing demand for plant-based products and the

recognized health benefits of probiotics.

Key areas

New frontiers with exciting possibilities for further research

Development of
novel probiotic
strains

New probiotic strains that thrive in plants are of great scientific interest.
These strains must be tough enough to endure the food processing sector
while preserving their benefits and growing potential during storage. This
approach uses probiotics that can tolerate digestive system acidity and
enzymes and are stable in non-dairy matrices.

Mechanisms of
action in plant
matrices

Another important area of research is how probiotics interact with plant-
based dietary components such fibers, polyphenols, and bioactive
compounds. These interactions can affect the probiotic's gut health,
immune response, and other physiological effects. Another study topic is
how these interactions impact gut microbiota metabolic activity and
probiotic bioavailability.

Optimization of
fermentation

Plant-based foods can benefit from probiotic fermentation's nutritional and
taste benefits. Scientific research can determine the optimal fermentation

processes environment for probiotic development, product flavor, texture, shelf life,
and beneficial metabolite concentration. This approach includes exploring
alternate fermenting methods like mixed cultures for synergy.

Bioavailability | Studying probiotic bioavailability in plant-based meals is crucial to

and efficacy understanding health consequences. Future studies should examine how

studies effectively these probiotics colonize the stomach, digest, and compare to
dairy-derived probiotics. Clinical trials on phytophagous probiotic food
consumption and immunological function, gastrointestinal health, and
chronic disease risk are included.

Consumer Consumers must like phytophagous probiotic foods to survive. Research

preferences and | can reveal consumer preferences and sensory factors that influence

sensory purchases. Formulations that improve flavor, texture, and appearance

improvement while being healthy are included. Sensory research can improve product

development that meets customer expectations and offers effective
probiotics.

Sustainability
and
environmental
impact

Growing environmental concerns surround the plant-based food business.
More study is needed on the environmental impacts of plant-based foods
containing probiotics, including resource utilization, carbon footprint, and
waste reduction. Sustainable food production and marketing strategies
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may be researched to develop a more sustainable food system.

Regulatory and

Safety and quality of phytophagous probiotic foods are crucial. Future

safety studies may focus on food product safety standards. We may examine

evaluation health concerns, test novel probiotic strains, and ensure our production
processes meet food safety standards as part of this process.

Long-term Epidemiological and long-term clinical investigations are needed to assess

health outcomes

the health impacts of phytophagous probiotic diets. These findings may
lead to public health policies and dietary guidelines that promote illness
prevention through particular foods.

Personalized
nutrition and
probiotics

Personalized nutrition investigates if phytophagous probiotic foods
perform better for persons with different gut flora, genetics, and lifestyles.
This research might lead to individualized probiotic treatments that meet
individual health demands to optimize benefits and user satisfaction.
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Figure-1: The major impact of probiotic strains on the techno-functional and sensory properties of diverse plant-based food products.
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Figure-2: Main health-promoting effects of diverse phytophagous products supplemented with probiotics, they are: (A) Human digestive health,
(B) Immunity, (C) Cardiovascular health, (D) Liver health, and (E) Bone health.

(A) Human digestive health: The health of the human digestive system pertains to its effective operation, which involves the breakdown of
food, the absorption of nutrients, and the expulsion of waste from the organism. An optimally functioning digestive system effectively breaks
down food to assimilate critical nutrients, such as vitamins, minerals, proteins, carbohydrates, and fats, which are essential for energy
production, growth, and tissue repair (Sajankila et al., 2023). Probiotics enhance the functionality of the gut barrier by maintaining the integrity
of tight junction proteins, including claudin 4 and occludin. Probiotics exhibit anti-apoptotic and cytoprotective properties in the neonatal
intestine (1). Probiotics with high adhesive capabilities to the intestinal lining generate intricate biofilms that enhance attachment and,
theoretically, the effectiveness of the probiotic (2). Probiotics can diminish the prevalence of pathobionts through mechanisms such as direct

competition or the synthesis of anti-microbial compounds (3).

(B) Immunity: Immunity denotes the robustness, equilibrium, and operational efficacy of the body"s immune system, which serves as a defense
mechanism against infections, diseases, and various detrimental agents including bacteria, viruses, and toxins. An optimal immune system is
capable of accurately detecting and responding to various threats, thereby enhancing the prevention of diseases and the efficacy of combating
infections (Mazziotta et al., 2023). Probiotics influence the host's innate and adaptive immune responses through the modulation of immune
cells, including dendritic cells (DCs), macrophages, and B and T lymphocytes. Ingested probiotic bacteria attach to intestinal epithelial cells and
stimulate them through pattern recognition receptors (PRRs). The stimulation of cytokines by probiotic bacteria results in the activation of T
regulatory (Treg) cells, which are essential for maintaining immune homeostasis within the intestinal mucosa. Tregs function as potent
modulators of the immune response, significantly contributing to the regulation and limitation of immune activity. Intestinal antigens are
conveyed to dendritic cells through specialized enterocytes referred to as microfold cells (M cells), situated in the epithelium that overlays
Peyer’s patches. Probiotics undergo direct processing by dendritic cells within the lamina propria of the intestinal lumen. Intestinal dendritic

cells have the capacity to activate naive CD8+ and CD4+ T cells, guiding helper T cell responses towards Th1, Th2, Th17, or regulatory profiles.



The Thl immune response is primarily defined by the production of interferon (IFN)-y and plays a crucial role in cell-mediated immunity. The
Th2 immune response is characterized by the release of interleukin (IL)-4 and IL-5, which subsequently promotes humoral immunity. The Th17
immune response is defined by the production of IL-17. The induction of regulatory T cells (Tregs) results in the release of interleukin-10 (IL-
10) or transforming growth factor-beta (TGF-p).

(C) Cardiovascular health: The state of cardiovascular health pertains to the comprehensive condition and operational efficacy of the
cardiovascular system, encompassing both the heart and the blood vessels. Preserving optimal cardiovascular health is crucial for facilitating
effective blood circulation, transporting oxygen and nutrients to tissues and organs, and eliminating metabolic waste products from the body
(Masenga et al., 2022). Microbiota metabolites, specifically short-chain fatty acids (SCFASs), influence various G protein-coupled receptors
(GPCRs), subsequently impacting blood pressure regulation. The activation of Gpr43 and Gpr41 leads to vasodilation and a reduction in blood
pressure. The activation of olfr78 leads to an increase in sympathetic nerve activity (SNA) and renin secretion, which subsequently results in an
elevation of blood pressure.

(D) Liver health: Liver health pertains to the comprehensive functioning and status of the liver, a critical organ that undertakes numerous
essential physiological processes, such as detoxification, metabolism, digestion, and nutrient storage. Ensuring optimal liver health involves
facilitating the liver's ability to execute its functions efficiently and without dysfunction (do Nascimento et al., 2022). Probiotics enhance the
composition of intestinal microbiota (MI), leading to a reduction in liver inflammation, a decrease in LPS concentrations, and an improvement in

aminotransferase levels, thereby providing protective effects for the liver.

(E) Bone health: The term "bone health” encompasses the strength, density, and overall condition of bones, which play a critical role in
maintaining the body's structural integrity, safeguarding internal organs, facilitating movement, and serving as a reservoir for minerals like
calcium and phosphorus. Optimal bone health is defined by the presence of strong, resilient bones that exhibit a reduced susceptibility to
fractures, breaks, or osteoporosis, a pathological condition characterized by weakened and brittle bone structure (Chen et al., 2022). Probiotics

influence the growth and development of bone through the regulation of gut microbiota composition and function. Probiotics play a crucial role



in sustaining bone homeostasis through their impact on the absorption of intestinal nutrients, specifically calcium and phosphorus, as well as the
production of metabolites such as short-chain fatty acids. Probiotics influence nutrient absorption in the intestinal tract primarily through the
modulation of the renewal rate of intestinal epithelial cells and the mechanisms of calcium and phosphorus transport.
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