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Post-Exotic Fermented Foods: Innovations in Plant Matrices

and Alternative Proteins

The growing demand for sustainable,
functional, and non-dairy foods has
accelerated scientific and industrial interest in
the fermentation of plant-based matrices and
alternative proteins. However, transferring
fermentation technologies historically
optimized for dairy substrates to plant-derived
matrices presents substantial biochemical,
microbiological, sensory, and technological
challenges. This narrative critical review
examines recent advances in the fermentation
of plant proteins, with particular emphasis on
pea protein and seaweed matrices, addressing
microbial strain selection and adaptation,
substrate-specific biochemical constraints,
nutritional modifications, and the technological
limitations associated with process
optimization and scale-up.

Current evidence indicates that fermentation
can improve several functional characteristics
of plant matrices, including protein digestibility,
amino  acid availability, reduction of
antinutritional factors, mineral bioavailability,
and the generation or modulation of bioactive
compounds. Nevertheless, these benefits
remain highly dependent on the microbial
strain, substrate composition, and
fermentation conditions. Pea protein
fermentation has demonstrated promising
reductions in  trypsin inhibitors  and
improvements in iron bioavailability, whereas
seaweed fermentation may modify iodine

concentrations and increase selected bioactive
compounds. Despite these advances,
important  limitations  persist, including
incomplete essential amino acid profiles,
variability in raw-material composition, slower
or inconsistent fermentation kinetics,
undesirable sensory characteristics, and
microbiological safety concerns.

From an industrial perspective, the successful
development of fermented plant-based foods
will  require more than
feasibility
laboratory conditions.
standardization, microbial safety, product
stability, sensory acceptance, regulatory
compliance, and consumer acceptance must
be addressed simultaneously. The available

demonstrating

fermentation under controlled

Scalability, process

evidence therefore supports the development
of fermented plant matrices not merely as
substitutes for conventional dairy products, but
as a distinct category of functional foods with
their own technological and nutritional
characteristics. Future progress will depend on
the selection and optimization of suitable
microbial strains, pilot- and industrial-scale
validation, rigorous safety and stability

assessment, and the integration of
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biotechnology with sensory science, nutrition,
and regulatory strategies.
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Industrial scale-up; Food sustainability.

1. INTRODUCTION

1.1 Market Context and
Global Demand

The non-dairy fermented food industry
represents one of the fastest-growing segments
of the global functional foods market.
According to recent analyses, the market for
fermented plant foods and alternative protein-
based products is projected to show a
compound annual growth rate (CAGR) of
approximately 18% through 2027, driven by
converging factors: environmental concerns
related to dairy farming, increasing lactose
intolerance in non-Caucasian populations,
demand for vegan and sustainable products,
and growing interest in functional foods with
documented probiotic properties(1,2).
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This transition represents not merely a shift in
consumer preference, but a fundamental
reconfiguration of biotechnological
fermentation processes. Whereas fermented
dairy foods benefit from centuries of empirical
optimization and a microbiota naturally
adapted to the dairy matrix, the fermentation of
plant proteins and seaweed presents
substantial technological challenges that have
not yet been fully resolved. As a researcher
analyzing this emerging literature, | observe that
most studies published over the past three
years have focused on demonstrating technical
feasibility, with comparatively little attention to
the challenges of large-scale industrialization.

1.2 Critical Distinction
of This Analysis

This article proposes acritical narrative analysis
of innovations in the fermentation of plant
matrices and alternative proteins, with
particular emphasis on technological
challenges frequently underestimated in the
commercial literature. Unlike reviews that
emphasize market potential alone, our
approach examines: (1) the actual viability of
microbial strains in non-dairy matrices; (2)
sensory and consumer-acceptance barriers; (3)
the nutritional profile compared with dairy
products; and (4) regulatory and food-safety
limitations.

1.3 Structure and
Objectives

This article is structured around five main axes:
(1) scientific foundations of fermentation in
plant matrices; (2) analysis of the state of the art
in fermented pea proteins and seaweed; (3)
sensory-analysis and consumer-acceptance
data; (4) detailed nutritional comparison; and
(5) critical synthesis of industrialization
challenges and future perspectives.

2. SCIENTIFIC
FOUNDATIONS OF
FERMENTATIONIN
PLANT MATRICES

2.1 Biochemical
Differences Between
Dairy and Plant
Matrices

Traditional dairy fermentation benefits from a
highly optimized biochemical composition:
lactose as a fermentable substrate, casein and
whey proteins as a structured protein matrix, an
initial pH close to 6.5, and the presence of
minerals (calcium, phosphorus) that facilitate
coagulation and texturization(3). In contrast,
plant matrices have radically different

compositions that impose
constraints on microbial growth.

significant

Pea proteins (Pisum sativum), for example,
contain approximately 20-25% protein by dry
weight, but this protein is structurally distinct
from casein: it lacks natural phosphorylation,
has a lower capacity for acid coagulation, and
presents a less balanced amino acid profile
relative to human nutritional requirements(4).
In addition, peas contain antinutritional factors
such as trypsin inhibitors and lectins which,
although reduced by processing, may interfere
with microbial fermentation and nutrient
bioavailability(5).

Seaweeds (particularly Saccharina japonica
and Undaria pinnatifida) present even more
complex challenges: their protein content is
variable (5-15% by dry weight), frequently
accompanied by complex polysaccharides
(alginate, fucoidan) that cannot be fermented
by conventional lactic strains, as well as
elevated concentrations of iodine and heavy
metals that may limit the safety of the final
product(6).

2.2 Selection and
Adaptation of Microbial
Strains

The central question emerging from a critical
analysis of the literature is: which microbial
strains are actually capable of efficiently
fermenting plant matrices? The answer is not
trivial. Strains  of Lactobacillus and
Bifidobacterium traditionally used in dairy
products frequently exhibit slow or inefficient
growth in plant matrices, requiring
supplementation with specific nutrients (B
vitamins, minerals), which significantly
increases production costs(7).

A recent study by Zhao et al. (2024)
demonstrated that Bacillus subtilis genetically
modified to express specific extracellular
proteases has a superior capacity to ferment
pea protein, reducing fermentation time from
72 hours to 36 hours and increasing lactic acid
production by 45% compared with wild-type
strains(8). However, as | observe in the analysis
of this research, genetic modification
introduces significant regulatory issues:
genetically modified organisms (GMOs) face
severe restrictions in markets such as the
European Union, limiting the commercial
applicability of this approach.

Alternatively, studies with wild-type
Lactobacillus plantarum show that this strain
has a natural capacity to degrade complex
polysaccharides and adapt to environments
with low nutrient availability, making it a
promising candidate for seaweed
fermentation(9). Nevertheless, fermentation
remains slow, and the production of sensorially
desirable compounds (such as diacetyl and
acetoin) is inconsistent across different
batches.

3. STATE OF THE ART:
FERMENTATION OF
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PEA PROTEINS AND
SEAWEED

3.1 Pea Protein
Fermentation

Pea protein fermentation has emerged as one of
the most active research areas over the past
two years. The scientific interest is justified:
peas are legumes with a significantly lower
environmental footprintthan soybeans, present
a lower allergenic risk than peanuts, and can be
produced in temperate climates(10).

A study by Kim et al. (2025), published in Food
Microbiology, investigated the fermentation of
pea protein isolate (PPI) using a consortium of
Lactobacillus rhamnosus and Leuconostoc
mesenteroides. The results showed a 35%
reduction in trypsin inhibitor content, a 22%
increase in iron bioavailability (measured by in
vitro dialysis), and lactic acid production
reaching 8.5 g/L after 48 hours of
fermentation(11). These data are promising, but
as a researcher critically analyzing this
literature, | note important methodological
limitations: (1) the study used laboratory-
controlled fermentation conditions (constant
temperature of 37°C, controlled pH), which are
difficult to maintain at industrial scale; (2)
product stability during prolonged storage was
not evaluated; and (3) sensory analysis was
limited to a panel of only 12 trained assessors.

Another relevant study, conducted by Peng et
al. (2024), examined pea protein fermentation
with Bacillus subtilis natto (a strain traditionally
used in Asian fermented foods). The results
indicated production of nattokinase (a serine
protease with fibrinolytic properties) at
concentrations of 2.8 U/mL, potentially
conferring additional functional properties on
the product(12). However, the presence of
nattokinase raises safety concerns: this
enzyme may interfere with anticoagulant
medications, requiring clear consumer
warnings and possible consumption
restrictions for specific populations.

3.2 Seaweed
Fermentation

Seaweed fermentation represents an even
more challenging frontier. Seaweeds are rich in
structural polysaccharides (alginate,
carrageenan, agar) that cannot be fermented by
conventional lactic strains, requiring either the
selection of specialized strains or enzymatic
pre-hydrolysis of the seaweed(13).

A study by Nakamura et al. (2025) investigated
the fermentation of Saccharina japonica
(kombu)  using  wild-type Lactobacillus
plantarum isolated from traditional Japanese
fermented foods. After 72 hours of
fermentation, the following were observed: (1) a
40% reduction in iodine content (from 2,500
pg/100g to 1,500 pg/100g), potentially
important for consumers with iodine sensitivity;
(2) a 3.2-fold increase in gallic acid
concentration (a polyphenol with antioxidant
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properties); and (3) lactic acid production
reaching 6.2 g/L(14). These results suggest that
fermentation may not only improve digestibility,
but also modulate the profile of bioactive
compounds.

However, critical analysis of this research
reveals unresolved challenges: (1) although
significant, the reduction in iodine still leaves
the product with elevated iodine
concentrations compared with conventional
foods; (2) seasonal variability in seaweed
composition (which affects mineral and
polysaccharide content) was not considered;
and (3) there was no assessment of how
fermentation affects the bioavailability of
essential minerals such as iron and zinc.

4. SENSORY ANALYSIS
AND CONSUMER
ACCEPTANCE

4.1 Intrinsic Sensory
Challenges

One of the most underestimated obstacles in
the commercial literature is the sensory
acceptance of fermented plant foods. Whereas
fermented dairy yogurts and cheeses have
developed optimized sensory profiles over
centuries, fermented plant products frequently
exhibit undesirable sensory notes: residual
bitterness (derived from phenolic compounds
in peas), sulfurous aroma (associated with
degradation of sulfur-containing amino acids),
and grainy or sandy texture (resulting from
protein precipitation)(15).

A sensory-analysis study conducted by Santos
et al. (2024) evaluated acceptance of fermented
pea protein yogurt in a panel of 127 consumers.
The results showed: (1) overall acceptance (9-
point hedonic scale) of 5.8 = 1.2 for the
fermented product, compared with 7.4 £ 0.9 for
the dairy yogurt control; (2) the most critical
attributes were flavor (score 4.9) and texture
(score 5.2); and (3) only 34% of consumers
indicated willingness to purchase at a price
equivalent to dairy yogurt(16). These data are
revealing: even with sensory optimization,
fermented plant products face significant
consumer resistance.

The question that emerges for a researcher
analyzing this literature is: what is the role of
consumer education versus genuine technical
limitations? Some studies suggest that
familiarization with "different” flavors increases
acceptance over time(17). However, in highly
competitive markets, the typical consumer is
not willing to "learn" to like a product;
consumers expect the product to be
immediately palatable.

4.2 FAO (2025) Data on
Global Acceptance

The Food and Agriculture Organization of the
United Nations (FAO) published a
comprehensive report in 2025 on the

acceptance of non-dairy fermented foods
across different geographic regions(18). The
data show significant variability:

Asia-Pacific: 62% acceptance among urban
consumers, driven by a tradition of consuming
fermented plant foods (miso, tempeh, kimchi).

Western Europe: 38% acceptance, with
particular resistance in markets where dairy
yogurt is culturally dominant.

North America: 45% acceptance, with greater
penetration among vegan/vegetarian consumer
segments.

Latin America: 41% acceptance, with growing
potential in urban markets.

These data suggest that acceptance is not
universal, but is strongly mediated by cultural
context and the availability of alternatives. In
regions where fermented plant foods already
have an established tradition, acceptance is
significantly higher.

5. COMPARATIVE
NUTRITIONAL
ANALYSIS

5.1 Amino Acid Profile
and Bioavailability

One of the central arguments for fermenting
plant proteins is improvement of the amino acid
profile and protein bioavailability. Through the
action of microbial proteases, fermentation
breaks proteins down into peptides and free
amino acids, potentially increasing intestinal
absorption(19).

A study by Guo et al. (2024) compared the
amino acid profile of fermented versus non-
fermented pea protein isolate:

Table 1: Amino Acid Profile (g/100g
protein)

) Non- | terme | wh | FAo/wWHO
Amino Ferme
Acid nted nted ole Recommen
Pea Milk dation
Pea
Leucine 7,8 8,1 9,5 7,0
Isols i
0 Zucm 4,2 4,5 6,0 4,0
Valine 4,9 5,2 7,0 5,0
Lysine 6,1 6,8 7,8 5,8
Methioni
ethiont 1,2 13 2,4 16
ne
Phenylal 45 47 48 2,8
anine
Threonin
3,8 4,1 4,4 3,4
e
Tryptoph 0,9 1,0 1,2 0,6
an

Fermentation produced modest improvements
in the amino acid profile, particularly in lysine
(+11%) and isoleucine (+7%). However,
methionine deficiency remains significant: the
fermented product contains only 1.3 g/100g,
whereas the FAO/WHO recommendation is 1.6
g/100g(20). This means that fermented pea
protein, even after optimization, is not a
complete protein in terms of essential amino
acids and requires combination with other
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protein sources to achieve nutritional

adequacy.
5.2 Micronutrient
Bioavailability

Fermentation also affects micronutrient
bioavailability. Plant foods contain
antinutritional factors (phytates, oxalates,

tannins) that reduce the absorption of minerals
such asiron, zinc, and calcium(21). Through the
action of microbial phytases, fermentation can
reduce phytate content and consequently
improve mineral bioavailability.

A study by Liu et al. (2025) evaluated iron
bioavailability in fermented pea protein using an
in vitro digestion model simulating the human
gastrointestinal tract. The results showed: (1) a
48% reduction in phytate content after
fermentation; (2) a 35% increase in the fraction
of iron available for intestinal absorption; and
(3) nevertheless, the absolute iron
concentration remained low (2.1 mg/100g),
compared with dairy products (0.1 mg/100g) or
red meat (2.6 mg/100g)(22).

These data indicate that although fermentation
improves the relative bioavailability of minerals
in plant matrices, absolute concentrations
remain limited, potentially requiring additional
fortification to achieve nutritional levels
comparable to dairy products.

6. TECHNOLOGICAL
AND
INDUSTRIALIZATION
CHALLENGES

6.1 Scalability and
Process Control

One of the most critical challenges, frequently
overlooked in academic studies, is the
scalability of plant-matrix fermentation.
Whereas dairy fermentation benefits from

decades of industrial optimization and
standardized equipment, plant-protein
fermentation faces substantial technical

challenges.

The viscosity of pea protein suspensions is
significantly higher than that of milk, affecting
heat transfer, aeration (in aerobic
fermentations), and product
homogenization(23). This requires modification
of existing equipment and development of new
fermentation protocols, significantly increasing
capital costs for companies seeking to enter
this market.

In addition, the variability of plant raw materials
is much greater than that of milk. Whereas
cow's milk has a relatively standardized
composition (approximately 3.2% protein, 4.6%
lactose, and 3.7% fat), the composition of pea
protein isolates varies significantly among
suppliers and batches, affecting fermentation
kinetics and the final product(24).
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6.2 Food Safety and
Contamination

Fermentation of plant matrices presents food-
safety risks distinct from those associated with
dairy fermentation. Whereas milk is a relatively
"clean" substrate (with limited natural
microbiota), plant matrices may contain a more
diverse range of microbial contaminants,
including potential pathogens(25).

A food-safety surveillance study conducted by
Chen et al. (2024) analyzed 156 samples of
commercialfermented plant products available
in Asian markets. The results showed: (1) 8.3%
of samples contained Listeria monocytogenes
at detectable concentrations (>10 CFU/g); (2)
12.2% contained Bacillus cereus at potentially
pathogenic concentrations; and (3) none of the
dairy yogurt control samples contained these
pathogens(26). These data suggest that
fermentation of plant matrices may not achieve
the same level of microbiological safety as
established dairy products, requiring stricter
and potentially more costly quality-control
protocols.

7. CRITICAL
SYNTHESIS AND
FUTURE
PERSPECTIVES

7.1 Sustainability
versus Technical
Challenges

The commercial narrative  surrounding
fermented plant foods frequently emphasizes
environmental benefits: a smaller water
footprint, lower greenhouse-gas emissions, and
lower land use compared with dairy
farming(27). These benefits are real and
documented. However, as a researcher
analyzing this literature, | observe that
environmental sustainability does not
automatically resolve the technical challenges
of production.

Plant-protein  fermentation requires: (1)
significant investment in research and
development to optimize microbial strains; (2)
modification of existing industrial
infrastructure; (3) development of new quality-
control protocols; and (4) consumer education
regarding different flavors and textures.
Paradoxically, these costs may increase the
product's total environmental footprint if they
are not managed efficiently.

7.2 Roadmap for
Industrialization

Based on the critical analysis of the literature, |
propose a realistic roadmap for the
industrialization of fermented plant foods:

Short Term (1-2 years):

Optimization of wild-type (non-genetically
modified) microbial strains for efficient
fermentation of plant proteins.
Development of pilot-scale fermentation
protocols (100-500 L).
Product stability studies
(minimum 6 months).

during storage

Medium Term (2-5 years):

Scale-up to commercial production (1,000-
10,000 L).

Sensory optimization through blending with
complementary ingredients (fruits, spices).

Clinical studies of safety and efficacy in human
populations.

Development of quality and authenticity
markers.

Long Term (5-10 years):

Integration of genome-editing technologies
(base editing, prime editing) to improve
microbial strains, with regulatory compliance.

Development of products with documented
health claims (e.g., "improves gut health").

Expansion into global markets with regional
adaptation of flavors and textures.

8. CONCLUSION

Fermentation of plant matrices and alternative
proteins represents a genuine innovation with
significant potential to contribute to global food
sustainability. However, the transition from
academic research to industrial production
faces substantial technical, sensory, and
regulatory challenges that should not be
underestimated.

As a researcher who has critically analyzed the
emerging literature in this field, | observe that:
(1) the technical feasibility of plant-protein
fermentation has been demonstrated, but
scalability remains uncertain; (2) consumer
acceptance is significantly lower than for dairy
products, requiring robust marketing and
education strategies; (3) the nutritional profile,
although improved by fermentation, remains
inferior to that of dairy products in several
respects (particularly methionine and absolute
mineral concentrations); and (4) food-safety
risks may be greater than those associated with
established dairy products.

The path forward is not simply to "replace" dairy
products with plant alternatives, but to develop
a genuinely innovative product category with its
own attributes of quality, safety, and
sustainability. This will require collaboration
among researchers, industry, regulators, and
consumers to navigate the technical and
commercial challenges that remain.
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