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Abstract

The growing demand for clean-label plant-based cheese alternatives underscores the need
for products with desirable properties. A key technological challenge is replicating the
firmness of traditional cheese without synthetic additives. This study explores lactic acid
bacteria (LAB) fermentation as a natural texturizing method for clean-label plant-based
cheeses. We investigated the link between LAB metabolic traits and the firmness of three
substrates: cashew, soybean, and sunflower seed. A strong correlation (r ~ —0.88) was
found between final pH and firmness in cashew paste, where strains achieving a pH
of ~4.0—4.5 (near the protein isoelectric point) produced the firmest gels (up to 3.35 N).
Lactiplantibacillus plantarum 729 /23 and Lacticaseibacillus helveticus NK-1 were most effec-
tive. Soybean paste firmness increased moderately (to 1.93 N), while sunflower seed
paste showed no significant improvement (<1.14 N) despite active acidification, indicat-
ing substrate-specific limitations. This study, supported by a comprehensive analysis of
the literature on firmness measurement in plant-based cheeses, demonstrates the poten-
tial of targeted selection of natural starter cultures to create clean-label products with
minimal ingredients.

Keywords: plant-based cheese; lactic acid bacteria (LAB); clean label; fermentation; firmness

1. Introduction

A growing body of research highlights the critical scientific and practical interest
in plant-based cheese alternatives, driven by their environmental benefits and the rising
demand for clean-label, health-oriented products [1-4].

According to the comprehensive study by Poore and Nemecek [5], which encompassed
data from 38,700 farms across 119 countries and 40 food products accounting for 90% of
global caloric and protein intake, animal-based foods—while providing only 37% of global
protein and 18% of calories—are responsible for 83% of all agricultural land use, 58% of
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food-related greenhouse gas emissions, and the majority of impacts on eutrophication
and acidification. A shift to a vegan diet, according to the authors’ estimates, could
potentially reduce land use by 76%, lower food-related greenhouse gas emissions by 49%
(in COz-equivalents per year), decrease freshwater use by 19%, cut waterway pollution
from eutrophication by 56%, and reduce environmental acidification by 50%.

Traditional cheese production significantly contributes to greenhouse gas emissions,
land degradation, and excessive water consumption. The production of raw milk alone
accounts for 79-95% of the cheese’s global warming potential, mainly due to methane
emissions, manure management, and feed production [6,7]. Cheese manufacturing further
intensifies environmental burdens, requiring up to 5000 L of water per kilogram of product
and often lacking efficient wastewater treatment systems [8,9]. Thus, despite its high nu-
tritional value and health benefits, cheese remains one of the most resource-intensive and
environmentally taxing animal-derived food products. This underscores the need to de-
velop plant-based alternatives capable of delivering comparable sensory and technological
properties while dramatically reducing ecological impact.

While plant-based cheeses offer reduced ecological impact and suit populations with di-
etary restrictions, their textural properties often fall short of consumer expectations, presenting
significant technological challenges for formulation and process design [1,10-12].

A major bottleneck in the development of plant-based cheeses is the ability to mimic
the firmness, meltability, and sensory profile of dairy cheese, given the fundamentally
different protein and carbohydrate matrices of plant substrates [1,11-16]. Traditional tex-
turizers and stabilizers can improve these properties but undermine the “clean label”
appeal for many consumers [1]. Recent research has focused on the potential for lactic
acid bacteria (LAB) and other fermentation-active strains to serve as natural structuring
agents, leveraging their ability to synthesize exopolysaccharides (EPSs), drive acidifica-
tion, and modulate substrate rheology, thereby enhancing texture and reducing reliance
on additives [3,17].

The global market for plant-based cheese is growing, yet products often rely on
additives to compensate for poor texture, conflicting with clean-label demand [18,19]. Fer-
mentation with lactic acid bacteria is a promising, natural alternative. However, industrial
application is hindered by the lack of systematic data linking specific microbial traits to
textural outcomes across different plant substrates [3,9]. Traditional starter cultures used
in cheese production have been selected and refined over long periods of time, whereas
the plant-based cheese industry is still in its early stages. Given the distinct compositional
differences between plant biomass and dairy milk, there is no guarantee that cultures
proven effective in traditional cheesemaking will perform optimally in plant-based matri-
ces. This highlights the need to develop targeted screening methods for identifying strains
compatible with each specific type of plant substrate. The novelty of this study lies in its
direct, comparative approach: we correlate key metabolic activities of five LAB strains with
the firmness they generate in three distinct, commercially relevant substrates (cashew, soy,
sunflower). This provides a rational framework for selecting starters based on substrate
composition, moving beyond empirical testing for cleaner-label product development.

Several studies have demonstrated that inoculation with selected bacterial combina-
tions can improve both texture and flavor in plant-based cheese matrices, especially when
exopolysaccharide-producing LAB are employed [2,13,17]. EPS improves rheological prop-
erties, increasing yield and texture similarity to dairy cheese by creating a more continuous
protein matrix [2,17,20,21]. Acidification by bacterial metabolism is central for reaching the
isoelectric point and facilitating curd formation. This step is critical not only for dairy, but
also for protein-rich plant bases [3,22]. A third key parameter is amylolytic activity, relevant
particularly in legume and starch-rich systems. Starch hydrolysis increases the amount
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of fermentable sugars, which enhances acid production but may lower viscosity if not
controlled [23,24]. While the significance of proteolytic activity has been well documented
in dairy cheese maturation, its role in plant-based systems remains less clear. Proteolysis
can release bioactive peptides and modulate texture but, in the context of plant matrices,
excessive proteolysis might lead to softer, less cohesive textures [23,25,26]. Evidence sug-
gests that managing the balance between hydrolysis and structure maintenance is critical
for optimal texture in plant-based cheeses [23].

Despite these advances, many current studies are hampered by a diversity of plant
substrates (nuts, legumes, oilseeds) and the need for tailored microbial solutions for each
matrix [3,10]. There is also a lack of systematic exploration linking microbial metabolic
activity to firmness of plant-based cheeses. The goal of this study is to elucidate the
relationship between the firmness properties of plant-based cheeses and the key metabolic
traits of bacterial strains used as starters, including acidification, viscosity, proteolytic and
amylolytic activities. By systematically comparing these parameters using three distinct
plant-protein substrates—cashew (nut), soy (legume), and sunflower (oilseed)—this study
seeks to identify optimal microbial strategies for structuring clean-label, functional, plant-
based cheeses with superior mechanical qualities and minimal additive use.

2. Materials and Methods
2.1. Bacterial Strains

Five lactic acid bacterial strains were used in this study. Three strains Lactobacillus
helveticus NK-1, Lactobacillus helveticus AC-V and Lactiplantibacillus plantarum 729 /23 were
obtained from the Collection of Microorganisms and Bacteriophages, All-Russian Research
Institute of Butter- and Cheesemaking (VNIIMS, Uglich, Russia), and one strain Lacti-
plantibacillus plantarum B-5466 was acquired from the All-Russian Collection of Industrial
Microorganisms (VKPM, Moscow, Russia). In addition, one strain Leuconostoc mesenteroides
H32-02 Ksu was isolated in our laboratory from naturally fermented milk obtained in the
Novosibirsk region and identified by 165 rRNA gene sequencing.

All strains were maintained as frozen stocks at —80 °C in MRS broth supplemented
with 20% (v/v) glycerol. Prior to experiments, cultures were subcultured twice in MRS
broth at 30 °C under anaerobic conditions and standardized to approximately 10° CFU/mL
for inoculation of the substrates.

The most probable number (MPN) of microorganisms in plant substrates was deter-
mined [27]. The initial sample (paste from cashews, soy or sunflower seeds) was homoge-
nized in sterile LB in a ratio of 1:10, successive tenfold dilutions were prepared (10~-1077),
and 1 mL of each dilution was added to 3 parallel tubes with LB nutrient medium. Af-
ter incubation at 30 °C for 3 days, the number of positively grown tubes was recorded
for each dilution, forming a code combination, and the most probable number of viable
microorganisms in 1 g (mL) of the sample was calculated using the NPVH tables with
confidence limits.

2.2. Preparation of Fermented Plant Substratest and Mechanical Property Analysis
2.2.1. Preparation of Fermented Plant Substrates for Mechanical Property Analysis and
Estimation of Gas Formation Activity

Dried cashew kernels, hulled sunflower seeds, and soybeans were soaked in an
excess of water for 12 h. The residual water was then decanted, and the hydrated seeds
were blended to a homogeneous paste consistency. Individual portions of the paste were
aseptically inoculated with bacterial suspensions. The bacterial suspensions were pre-
cultured in MRS broth to an optical density ODggp = 1.5 and added to wet substrate at a
concentration of 1% (w/w). The mixtures were thoroughly homogenized, and the initial
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pH of the substrates was measured. The inoculated paste was subsequently transferred
into sterile syringes with 20 mm internal diameter and incubated at 30 °C for 24 h. The pH
of the final fermented product was also determined using pH meter (Milwaukee MW102-
FOOD PRO+, Milwaukee Instruments, Inc., Rocky Mount, NC, USA). All experiments
were carried out in triplicate. As a control, non-sterile mass of the corresponding plant
substrate without the addition of lactic acid bacteria culture was used.

Gas formation was evaluated by determining the increase in fermented substrate
volume within a syringe. The cultures were classified as gas-forming if volume expansion
exceeded 10%.

2.2.2. Analysis of the Mechanical Properties of Fermented Plant Substrates

The mechanical properties of the samples were analyzed using a compression test
performed on an RSA-G2 mechanical analyzer (TA Instruments — Waters LLC, New Cas-
tle, DE, USA) [13]. Each sample was cut into a cylindrical shape (20 mm in height and
20 mm in diameter) and compressed by 5 mm at a constant speed of 1 mm/s using 25 mm
diameter parallel plates. The force required to achieve 5 mm compression was recorded,
representing the mechanical parameter used for comparison between different samples.
The mean value from three replicate measurements per sample was recorded. Firmness
was defined as the peak force recorded during this single compression cycle, corresponding
to the first-bite force typically reported in standard TPA protocols.

2.3. Milk Fermentation and Final pH Determination

The acidifying activity of lactic acid bacteria (LAB) strains was assessed in ultra-
pasteurized milk with an initial pH of 6.70. Bacterial cultures were inoculated into sterile
50 mL plastic tubes (Accumax Lab Devices Pvt. Ltd., Gandhinagar, India) at a concentration
of 10 CFU/mL, representing a 1% (v/v) inoculum. The inoculated samples were incubated
statically at 37 °C for 24 h. After fermentation, the final pH of the fermented milk was
measured at room temperature (23 & 2 °C) using a calibrated digital pH meter with a
glass electrode, following the procedure outlined in the Russian State Standard GOST
R 53359-2009 [28].

2.4. Determination of Dynamic Viscosity of Fermented Milk

Viscosity was measured on an AND SV-10 vibrational viscometer (A&D Company,
Limited, Tokyo, Japan) at 23 & 2 °C. Samples were homogenized through 3-5 gentle inver-
sions before transferring a minimum of 40.00 cm? into the measurement vessel, avoiding
air bubbles. With the probe immersed to the specified depth, measurements were taken
over 60 s until stabilization.

2.5. Determination of Proteolytic Activity

Proteolytic activity was evaluated by measuring zones of protein hydrolysis using
a modified milk agar assay. The MRS agar medium was supplemented with 5% (w/v)
of skimmed milk powder (fat content < 0.5%) and sterilized by autoclaving at 115 °C for
10 min to prevent protein denaturation. Wells were aseptically created in the solidified agar
using the reverse end of sterile pipette tips, and a 100 pL aliquot of the bacterial culture
(ODggo = 0.80 £ 0.05) was dispensed into each well.

The plates were incubated at 37 °C for 24 h. Proteolytic activity was indicated by the
formation of clear zones around the bacterial colonies resulting from casein hydrolysis. The
diameter of the zones was measured, with three replicate measurements taken per sample.
The hydrolysis zone width was calculated using the following formula:

HP = (D — Dy)/2 1)
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where HP is the casein hydrolysis zone width, D is the total diameter of the clear zone, and
Dy is the well diameter.
The results are expressed as the mean diameter of the proteolytic zones + standard deviation.

2.6. Determination of Amylolytic Activity

Amylolytic activity of the bacterial cultures was assessed by measuring the zones
of starch hydrolysis [29,30]. An agarized MRS medium supplemented with 2 g/L of
soluble starch was prepared and sterilized by autoclaving at 121 °C for 15 min. Wells were
aseptically punched into the solidified agar using the reverse end of sterile pipette tips. A
100 pL aliquot of the bacterial culture (ODgpp = 0.80 &= 0.05) was dispensed into each well.
The plates were incubated at 37 °C for 24 h under aerobic conditions.

Following incubation, the agar surface was flooded with Lugol’s solution (1% I, in 2%
KI, w/v) for 2 min to visualize starch hydrolysis. Amylolytic activity was indicated by the
formation of clear zones around the bacterial growth against a dark blue background. The
width of the hydrolysis zone was calculated using the following formula:

HA = (D — Dy)/2 ()

where HA is the hydrolysis zone width, D is the total diameter of the clear zone, and Dj) is
the well diameter.
The mean value from three independent measurements was recorded.

2.7. Correlation Analysis

To assess the potential relationship between final pH values and gel firmness on differ-
ent plant-based substrates, a correlation analysis was performed. For the calculations, mean
values obtained for each microbial strain were used. The Pearson correlation coefficient (r)
was calculated according to the standard formula as follows:

- Z(xlii)(yl_yzz (3)
V(i = %L~ 7)

where x; represents pH values and y; the corresponding firmness values.

All calculations were carried out in Python 3.11 using the NumPy and Pandas libraries.
Scatter plots with linear regression trend lines were generated for visualization of the
observed relationships (library matplotlib).

Given the limited number of observations (one mean value per strain), the correlation
analysis was considered descriptive and was used to illustrate general trends rather than
to provide strict statistical inference.

2.8. Statistical Analysis

Statistical data analysis was performed using GraphPad Prism version 8.4 (Graph-
Pad Software, Boston, MA, USA). To evaluate the significance of differences between the
control group and experimental samples, a one-way analysis of variance (ANOVA) was
employed, followed by Dunnett’s post hoc multiple comparisons test, which is specifically
designed for comparing all groups against a single control. Differences were considered
statistically significant at a threshold of p < 0.05. The results are presented as the mean
value + confidence interval (or £standard deviation), and on the graphs, statistical signifi-
cance is denoted by symbols (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).
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3. Results

To evaluate the potential of three plant-based substrates for the production of cheese-
like products through fermentation with different bacterial strains and to assess the influ-
ence of strain-specific properties on curd firmness, a series of analyses was performed. The
summarized results are presented in Table 1.

3.1. Analysis of the Mechanical Properties and Gas Formation of Fermented Plant Substrates

The evaluation of the rheological properties of fermented cashew paste revealed
statistically significant differences in firmness depending on the bacterial strain used
(Figure 1). Firmness was assessed by compression force, expressed in Newtons (N). The
results demonstrate a clear separation of the tested strains into two groups according to
their ability to modify the structural characteristics of the product.
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Figure 1. Comparative evaluation of the firmness of fermented cashew paste (a), sunflower seed
paste (b), and soy paste (c) obtained using different strains of lactic acid bacteria. Data are presented
as mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 by Dunnett’s post hoc test for
significant one-way ANOVA data.

In fermented cashew paste (a), the highest firmness values were observed in samples
inoculated with Lb. plantarum B-5466 (3.35 & 0.141 N, p < 0.0001), Lb. plantarum 729/23
(3.33 £ 0.158 N, p < 0.0001), and Lb. helveticus NK-1 (2.92 £ 0.144 N, p < 0.0001). These val-
ues were significantly greater than those of the control group (0.7 & 0.086 N), underscoring
the pronounced capacity of these strains to foster a dense protein matrix. In contrast,
Lb. helveticus AC-V (0.54 + 0.04 N, p = 0.3916) and L. mesenteroides H32-02 Ksu
(0.68 + 0.096 N, p = 0.9998) exhibited no substantial hardening effect, with firmness levels
statistically indistinguishable from the control.

These findings affirm that the selection of starter strain constitutes a pivotal factor in
dictating the textural attributes of fermented cashew paste. Notably, Lb. plantarum B-5466
and Lb. plantarum 729/23 emerge as the most promising candidates for the deliberate
engineering of products with tailored rheological profiles.

The evaluation of the rheological properties of fermented sunflower seed paste (b)
showed that none of the tested strains resulted in a significant increase in firmness compared
to the control sample (1.13 £ 0.102 N).
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Table 1. The functional profiles of the bacterial strains and characteristics of the resulting fermented plant-based gels. “+” indicates visible gas formation during

fermentation; “—” indicates no visible gas formation.
Gas
EN EN H pH Gas Formation Gas For- Final Milk Proteolytic =~ Amylolytic
( Cas’hews) (Sunflower E N (Soy) Cashews Sunflower pH Soy Formation in mation in pHin Viscosity, Activity, Activity,
Seeds) Seeds in Soy Sunflower Cashews Milk mPa-s mm mm
Seeds
Lb. helveticus NK-1 2924+0144 114+£0.046 1.61 +0.065 4.02 +0.02 4.28 +0.01 4.17 +0.03 + + - 3.48 102 2.25+0.25 5.00 £ 0.33
Lb. helveticus AC-V 054+004 095£0.147 1.78+£0.136  5.58 £ 0.02 434 +£0.01 433 £0.01 + + + 3.57 37 - -
L'g;;fgztegﬁ“ 0.68+0.09 097+0223 168+015 464+004 466+003  441+002 + + + 3.86 334 - 2.00 + 0.33
Lb. plantarum 729/23  3.33 4 0.158 1.06 £0.1 1.77 £ 0.037 3.98 £ 0.04 4.27 +0.03 4.05+0.03 + + — 4.61 107 2.254+0.25 -
Lb. plantarum B-5466  3.35+0.141  1.01 +0.119 1.93 £+ 0.86 4.04 +£0.02 4.35+0.01 4.07 + 0.07 + + - 4.82 84 350+0 7.0 £0.33
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In contrast, Lb. plantarum B-5466 (1.01 & 0.119 N, p = 0.7352), L. mesenteroides H32-02
Ksu (0.97 £ 0.223 N, p = 0.5015), Lb. plantarum 729/23 (1.06 = 0.1 N, p = 0.9482), and
Lb. helveticus AC-V (0.95 & 0.147 N, p = 0.3657) exhibited a tendency toward reduced
firmness compared with the control group. The results obtained with Lb. helveticus NK-1
(1.14 £ 0.046 N, p = 0.9999) were closest to the control. However, as evident from the data,
the variability among replicates was considerable, and confidence intervals overlapped
broadly. This indicates the absence of statistically significant differences among most of the
tested samples.

Thus, unlike the pronounced effects observed in cashew paste, fermentation with the
same strains did not lead to any significant modification of the structural characteristics of
sunflower seed paste under the conditions of this experiment.

The evaluation of the rheological properties of fermented soybean paste (c) revealed
a statistically significant influence of microbial strains on the firmness characteristics of
the product. As shown by the results, tested strains significantly increased the firmness of
soybean paste compared to the control (1.34 &£ 0.215 N).

The most pronounced strengthening effect was observed for strains Lb. helveticus
AC-V (1.78 £ 0.136 N, p = 0.0057), Lb. plantarum B-5466 (1.93 + 0.86 N, p = 0.0005), and Lb.
plantarum 729/23 (1.77 £ 0.037 N, p = 0.0067). A significant, albeit less marked, increase
in firmness was also recorded for L. mesenteroides H32-02 Ksu (1.68 & 0.15 N, p = 0.0287).
Conversely, the firmness value for the strain Lb. helveticus NK-1 (1.61 £ 0.065 N, p = 0.1015)
did not exhibit a statistically significant difference from the control.

Thus, it was established that fermentation with lactic acid bacteria is an effective
approach for modifying the structural characteristics of soybean paste.

Visible gas formation was observed in the majority of samples during fermentation, as
indicated by partial biomass extrusion from cultivation molds. However, this effect was
not universal: gas release was not detected in several cashew-based samples, specifically
those fermented with Lb. helveticus NK-1, Lb. plantarum 729/23, and Lb. plantarum B-5466.
Notably, these same samples, those in which no visible gas release was observed, exhibited
the highest firmness values among all tested combinations (2.92 4 0.144 to 3.35 & 0.141 N),
whereas samples that showed gas extrusion demonstrated considerably lower firmness
(0.54 £ 0.04 to 1.93 & 0.86 N). This indicates that gas formation during fermentation is
associated with a looser and less structured matrix.

Although gas formation was assessed using a semi-quantitative criterion (more than
10% biomass displacement from the syringe mold), this approach allowed for consistent
classification of samples into two distinct groups: with or without visible gas release.
Importantly, samples categorized as “non-gassy” did not exhibit any noticeable extrusion,
not even below the threshold, indicating a true absence of visible gas formation.

3.2. Acidifying Ability of Strains During Fermentation of Plant Substrates

In addition to rheological characteristics, changes in acidity (pH) during fermentation
of cashew paste with different microbial strains were investigated (Figure 2).

Analysis of the final pH values during fermentation of cashew paste (a) with various
microbial strains revealed substantial acidification of the substrate compared to the control
sample (pH 5.59 &+ 0.14).

The obtained data allowed for the investigated strains to be clearly divided into
two groups according to their acidifying capacity on this substrate.

The first group, which demonstrated the most pronounced acidification, included
Lb. helveticus NK-1, Lb. plantarum 729/23, and Lb. plantarum B-5466. The final pH values
in these samples were 4.02 £ 0.02 (p < 0.0001), 3.98 £ 0.04 (p < 0.0001), and 4.04 &+ 0.02
(p < 0.0001), respectively.
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Figure 2. The effect of fermentation by different microbial strains on the final pH value of cashew
(a), sunflower (b), and soybean plant pastes (c). Data are presented as the mean + SD. *** p < 0.001,
##** p < 0.0001 by Dunnett’s post hoc test for significant one-way ANOVA data.

The second group, represented by Lb. helveticus AC-V and L. mesenteroides H32-02
Ksu, was characterized by much weaker acidification. The final pH for Lb. helveticus AC-V
was 5.58 £ 0.02 (p > 0.9999), which was nearly identical to the initial level, whereas L.
mesenteroides H32-02 Ksu reached 4.64 + 0.04 (p < 0.0001).

Thus, it was established that Lb. helveticus NK-1, Lb. plantarum 729/23, and Lb.
plantarum B-5466 exhibit high fermentative activity toward cashew paste, as reflected in
the substantial decrease in pH, while Lb. helveticus AC-V and L. mesenteroides H32-02 Ksu
displayed a low acidification capacity under the tested conditions.

For sunflower seed paste (b), changes in pH during fermentation were investigated in
parallel with the assessment of rheological characteristics. Analysis of the data revealed
statistically significant acidification of the substrate in experimental samples compared to
the control (pH 4.64 & 0.02).

The strongest acidification capacity was observed for Lb. plantarum 729/23 and Lb.
helveticus NK-1, with final pH values of 4.27 & 0.03 (p < 0.0001) and 4.28 £ 0.01 (p < 0.0001),
respectively. Slightly less pronounced, but still statistically significant, acidification was
detected in samples fermented with Lb. plantarum B-5466 (4.35 £ 0.01, p < 0.0001) and Lb.
helveticus AC-V (4.34 £+ 0.01, p < 0.0001). Conversely, the final pH value for the sample
fermented with L. mesenteroides H32-02 Ksu (4.66 % 0.03, p = 0.6369) showed no statistically
significant difference from the control.

In soybean paste, changes in acidity (pH) during fermentation were also investigated
(c). The results demonstrated statistically significant acidification in all experimental
samples compared to the control (pH 5.24 £ 0.03).

Analysis of the final pH values revealed a clear differentiation of the tested strains ac-
cording to their acidification capacity in the soybean substrate. The most pronounced effect
was observed for Lb. plantarum 729 /23, which reached a pH of 4.05 & 0.03 (p < 0.0001).
Lb. plantarum B-5466 (4.07 £ 0.07, p < 0.0001) and Lb. helveticus NK-1 (4.17 £ 0.03,
p < 0.0001) also demonstrated strong acidification activity. Moderate acidification ca-
pacity was recorded for Lb. helveticus AC-V and L. mesenteroides H32-02 Ksu, with final pH
values of 4.33 £ 0.01 (p < 0.0001) and 4.41 £ 0.02 (p < 0.0001), respectively.

3.3. Analysis of Pearson Correlation Coefficients

In the analysis of the relationship between final pH and the strength of fermented
samples across different substrates, a general trend was observed: lower pH values were
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associated with higher gel strength. This effect was most pronounced in the cashew matrix,
with a strong negative correlation (r ~ -0.88), while soy and sunflower seed substrates
showed weaker associations (r ~ —0.43 and —0.55, respectively).

It should be noted that the correlation analysis has inherent limitations, as each strain
was represented by a single averaged value, and the dataset is therefore discrete and small
in size. These results should thus be interpreted cautiously. Nonetheless, the observed
trend aligns with established concepts regarding the role of acidity in protein gelation and
supports the hypothesis that pH reduction represents a critical determinant of the textural
properties of plant-based substrates.

3.4. Total Microbial Load of Raw Plant-Based Substrates

The MPN in the studied plant substrates varied in the range from 2.5 x 102 to
3.1 x 10* CFU/g depending on substrate. In the cashew paste, the MPN was
2.5 x 102 CFU/ g, indicating a low initial level of microbial contamination. In the sunflower
seed paste, this value was an order of magnitude higher, at 2.5 x 103 CFU/g, while the
soybean paste had the highest level of contamination (3.1 x 10* CFU/g).

3.5. Milk Fermentation and Final pH

Fermentation of ultra-pasteurized milk with the tested LAB strains for 24 h at 37 °C
resulted in a substantial decrease in pH.

The initial pH of milk (6.70) decreased to a range of 3.48-4.82 depending on the strain
used, corresponding to pH changes (ApH) of 1.88 to 3.22 units. The highest acidifying
activity was demonstrated by Lb. helveticus NK-1 (final pH 3.48; ApH 3.22) and Lb. helveticus
AC-V (final pH 3.57; ApH 3.13). L. mesenteroides H32-02 Ksu showed intermediate activity
(final pH 3.86; ApH 2.84), whereas the Lactiplantibacillus strains exhibited more moderate
acidification: Lb. plantarum 729/23 (ApH 2.09) and Lb. plantarum B-5466 (ApH 1.88).

3.6. Dynamic Viscosity of Fermented Milk

The dynamic viscosity of fermented milk varied widely from 33.4 to 107.0 mPa-s,
demonstrating substantial strain-specific differences in structuring capacity.

The highest viscosity was achieved by Lb. plantarum 729/23 (107.0 mPa-s), followed
by Lb. helveticus NK-1 (102.0 mPa-s). Moderate viscosity values were observed for Lb.
plantarum B-5466 (84.0 mPa-s), whereas Lb. helveticus AC-V (37.1 mPa-s) and Leuconostoc
mesenteroides H32-02 Ksu (33.4 mPa-s) produced samples with the lowest viscosity.

Analysis of the relationship between acidification and viscosity revealed no direct
correlation between these parameters. Strains exhibiting strong acidification (ApH > 2.5)
showed varying abilities to induce textural changes, with only Lb. helveticus NK-1 combin-
ing intensive acidification with high product viscosity.

3.7. Proteolytic and Amylolytic Activities of the Strains

Screening for extracellular enzymatic activities revealed substantial differences in
functional profiles among the tested strains (Figure 3). Proteolytic activity was detected in
four out of five strains, with clearing zone diameters ranging from 2.25 to 3.50 mm.

The highest proteolytic activity was demonstrated by Lb. plantarum B-5466 (3.50 + 0 mm),
followed by L. mesenteroides H32-02 Ksu (2.50 £ 0.50 mm), Lb. helveticus NK-1, and Lb.
plantarum 729/23 (both 2.25 £ 0.25 mm). Lb. helveticus AC-V exhibited no proteolytic
activity under the experimental conditions.

Amylolytic activity was detected in three out of the five tested strains.

The highest starch-hydrolyzing capacity was demonstrated by Lb. plantarum B-5466,
with an average clearing zone of 7.0 + 0.33 mm, followed by Lb. helveticus NK-1 with
a hydrolysis zone of 5.00 & 0.33 mm. Moderate amylolytic activity was observed in
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Figure 3. Widths of the enlightenment zones when assessing amylolytic (a) and proteolytic activities (b).

4. Discussion

The obtained results demonstrate a clear relationship between the acidifying capacity
of the strains and the rheological properties of the fermented cashew paste (Figure 4).
The highest firmness values were recorded for strains that provided the most significant
pH reduction (Lb. plantarum 729/23, Lb. plantarum B-5466, and Lb. helveticus NK-1). The
Pearson correlation coefficient, calculated with the corresponding assumptions, was —0.88.
This suggests that the key mechanism of texture formation in this case is the acid-induced
denaturation of cashew proteins, leading to the formation of a dense coagulated network.
An exception was the strain Lb. helveticus AC-V, which, despite moderate acidification, did
not induce gel strengthening. Therefore, the development of cashew-based products with a
defined dense texture requires strains possessing high and consistent acidifying activity.
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Figure 4. The dependence of the firmness of the gel obtained through fermentation of vegetable mass

on the final pH: cashew (a), sunflower (b), and soybean plant pastes (c).

Fermentation of the sunflower seed paste revealed a fundamentally different pattern

compared to cashew. Despite statistically significant acidification by all tested strains,
none resulted in a substantial increase in gel strength compared to the control. This
substrate-specific limitation can be attributed to several intrinsic factors of sunflower seeds.
Firstly, the inability of sunflower protein to form a strong gel under the conditions of our
fermentation protocol can be attributed to its poor intrinsic gelling properties, which are
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critically dependent on high temperature denaturation. As comprehensively reviewed by
Gonzalez-Pérez and Vereijken, gel formation by globular proteins like helianthinin, the main
sunflower storage protein, is a complex process requiring denaturation, aggregation, and
network formation, with denaturation typically achieved by heating [31]. Sunflower protein
isolates are known for their weak gelling capacity, forming irregular, foamy structures with
low mechanical strength even in concentrated dispersions. A direct comparison highlights
this limitation: a 10% (w/v) sunflower protein isolate dispersion forms a very weak gel with
a storage modulus (G') of only about 500 Pa after heating and cooling, whereas a similar soy
glycinin dispersion achieves a G’ above 5000 Pa under identical conditions [31,32]. A key
reason is that the denaturation temperature of sunflower protein isolate is approximately
100 °C, meaning that significant denaturation does not occur below this threshold [33].
Notably, some studies report that gelation may not occur even when heating to 110 °C [34].
This explains the observed lack of firmness increase despite active acidification in our
experiment. The pH shift alone was insufficient to overcome the innate poor gelling
functionality of non-thermally denatured sunflower proteins. Secondly, the major storage
proteins in sunflower, helianthinin and 2S albumins, exhibit isoelectric points in a relatively
broad and alkaline range (pI ~5.0-8.8), which is notably higher than the pH achieved during
lactic fermentation (4.27-4.66) [31,35]. Thirdly, sunflower seeds contain significant amounts
of phenolic compounds, primarily chlorogenic acid, which can constitute 1-4% of the kernel
weight [36]. Polyphenols are known to reduce the gel strength of sunflower seed protein
isolates [37]. Therefore, for modifying the texture of sunflower pastes, a strategy based
solely on biological acidification is insufficient and necessitates the search for additional
technological approaches (e.g., protein isolation, use of texture-modifying enzymes, or
blending with other plant proteins) or strains with alternative modes of action.

The results of soybean paste fermentation confirmed the efficacy of biological acidifi-
cation for modifying its rheological properties, yet revealed a more complex dependency.
All strains significantly increased the paste’s firmness, with the most pronounced effect
demonstrated by Lb. plantarum B-5466 and Lb. helveticus AC-V. However, a direct correlation
with the pH level was not absolute: the strain Lb. plantarum 729/23, which showed the
greatest pH reduction, did not form the firmest texture. This indicates that in the case
of soy protein, alongside acid denaturation, other factors also contribute significantly to
texture formation.

Lactic fermentation reduces substrate pH to approach protein isoelectric points (pI),
facilitating protein precipitation and enhancing substrate firmness. Cashew proteins exhibit
pl values at pH 3.0 and 5.0 [38,39], with optimal precipitation at pH 4.0-4.5 [39]. Soybean
proteins demonstrate optimal isoelectric precipitation at pH 4.5, with acid precipitation
at this pH resulting in distinct effects on protein composition and functional properties
compared to precipitation at pH 3.5 or 5.5 [40]. Sunflower seed proteins display pl ranges
from pH 4.1 to 5.6, varying by protein fraction [41]. Lactic acid bacteria used in our
study effectively target these critical pH ranges, with the majority of strains achieving pH
values below 4.5 necessary for protein coagulation. This pH reduction enables formation
of protein networks that enhance firmness while maintaining functional properties in
fermented plant-based products.

Texture profile analysis (TPA) is a standard method used to characterize the mechanical
behavior of food gels by simulating the action of chewing. It typically provides multiple
parameters, including firmness, cohesiveness, springiness, gumminess, and chewiness,
which together describe the texture and mouthfeel of the product. In the present study, we
focused exclusively on the firmness parameter, defined as the peak force during the first
compression cycle, as a primary indicator of gel strength.
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This decision was based on the exploratory nature of the current work, which aimed
to identify promising combinations of plant-based substrates and LAB strains capable of
forming dense, self-supporting gels suitable for further development as plant-based cheese
analogs. At this screening stage, firmness alone was sufficient to differentiate between
successful and unsuccessful fermentations. In subsequent stages, once optimal substrate—
strain pairs are selected, full TPA profiling will be performed to evaluate additional textural
properties relevant to sensory quality and product acceptability.

To account for the potential influence of structural heterogeneity introduced by gas
formation, we adapted our firmness assessment protocol. Prior to measurement, the fer-
mented material was gently extruded from the syringe mold to allow for gas release and
permit collection of a cohesive portion of the matrix. From this portion, a representative
sample was excised for texture analysis. While this approach enabled standardized sam-
pling across replicates, we acknowledge that gas-induced porosity and fragmentation could
introduce some variability, and firmness values obtained from such samples should be
considered indicative rather than absolute.

It is important to emphasize, however, that gas-forming samples were not considered
viable candidates for further development as plant-based cheese products. Gas production
in these cases was likely the result of native microbiota activity not sufficiently suppressed
by the added LAB strains. Given the importance of structural uniformity and visual
quality in cheese analogs, strains that failed to prevent excessive gas formation were
categorically excluded from consideration at this stage. Accordingly, although we reported
firmness values for such samples, the primary reason for their exclusion was gas production
itself. Texture measurements in this context primarily served to reinforce the functional
inadequacy of these fermentations, highlighting the lack of gel formation in addition to
their structural instability.

Comprehensive sensory evaluation, including the assessment of texture, mouthfeel,
and flavor acceptability, will be addressed in the next stage of formulation development,
where selected strains will be evaluated under refined processing conditions.

Direct comparison of published data, however, is complicated by considerable method-
ological heterogeneity. Tests have been conducted at different temperatures, on samples of
varying dimensions, and using a wide range of deformation rates and compression levels
(20-80% of the original sample height) [12,42,43]. Moreover, even within the same research
groups, distinct protocols have been applied in separate publications [13,44]. As a result,
reported values are not always directly comparable and must be interpreted with caution.

Nevertheless, ranges can be delineated from the literature. For dairy cheeses, firmness
values span from 4-5.8 N in soft varieties such as Camembert and Mozzarella to ~69 N
in Emmental and 74.9-126.8 N in Cheddar [12,43]. Plant-based analogs exhibit an even
broader spectrum, ranging from 4.4-5.7 N in cashew- and soy-based products (tofu) to
~90 N in formulations incorporating refined coconut oil and starch [43]. Cheddar-type
analogs have been reported with values of 56.7-101.9 N [12], high-protein cheeses based on
fava bean protein with 16.1-76.4 N [12], and soy—starch formulations with 89.8-116.6 N [45].
Collectively, these data show that plant-based products range from very soft matrices to
textures approaching those of semi-hard dairy cheeses.

In contrast, the values obtained in the present study were markedly lower, ranging
from 0.54 to 3.35 N. These values are an order of magnitude below those reported for most
plant-based analogs. The discrepancy is likely attributable to differences in formulation
and processing. Whereas the majority of studies describe multi-component formulations
containing starch, hydrocolloids, and vegetable fats prepared without microbial fermenta-
tion, our approach employed raw substrates fermented by lactic acid bacteria. The absence
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of structuring additives and the reliance on microbial activity alone may account for the
lower gel firmness observed.

The work most comparable in methodology is that of Masid et al. (2023) [13], in
which pea protein isolate gels fermented with different bacterial blends exhibited firmness
values of 3.5-7 N. In our study, the maximum firmness, achieved with cashew fermentation,
was 3.33-3.35 N. Differences can be attributed to the composition of the substrate (pea
protein isolate supplemented with sunflower oil, glucose, and sucrose in Masia’s study),
the bacterial consortia employed, and longer ripening of the analogs.

It is well established that the firmness of various cheeses, both dairy-based and plant-
based, increases during the maturation process [46—48].

For instance, studies by Lopusiewcz et al. demonstrated that the firmness of a plant-
based Camembert alternative made from lupin seeds increased from ~2.02 N to ~15.8 N
after 7 days of ripening [49], while a similar product made from flaxseed increased from
~2.1 N to ~3.66 or ~5.37 N, depending on the fungal component used [50].

Accordingly, the firmness values we obtained for cashew-based samples were com-
parable to the initial values observed in lupin- or flaxseed-based Camembert alternatives
without additional structuring ingredients, suggesting potential for further improvement
during the ripening stage of the final product.

In our study, we focused exclusively on the initial 24 h incubation phase, as the goal
of this study was to elucidate the relationship between the firmness properties of plant-
based cheeses and the key metabolic traits of bacterial strains used as starters, including
acidification, viscosity, and proteolytic and amylolytic activities.

Closer examination of individual substrates highlights the decisive influence of raw
material composition and processing parameters on gel firmness.

For cashew, our results (3.33-3.35 N) were lower than those reported by Campos et al.
(2024), who observed 6.0-9.7 N in cashew-based analogs compressed to 20% of sample
height [42]. The higher values may be explained by the inclusion of red seaweed, differences
in microbial cultures, and alternative fermentation conditions (temperature and duration),
all of which can promote a denser structure. Our cashew-based gels, in contrast, represent
a softer variant, which is consistent with a formulation lacking external stabilizers.

A similar trend was observed for soy. In the classic study of Yang & Taranto (1982) [51],
mozzarella-type analogs prepared from soy protein isolate with gelatin and other addi-
tives exhibited firmness values of 6.8-12.8 N, whereas our soy-based gels yielded only
1.61-1.93 N. The absence of texturizing agents and the higher moisture content of our
samples likely account for this difference. The negative correlation between water content
and firmness is well established for both dairy and plant-based cheeses [42,52] and the
higher hydration of the soy substrate in our experiments is expected to have markedly
reduced firmness.

For sunflower seeds, virtually no data on cheese-like products are available. However,
it is well known that polyunsaturated lipid content negatively correlates with the firm-
ness of both cheese analogs and other food matrices [42]. This relationship has also been
demonstrated in dough systems, where sunflower oil produced the softest textures [53].
Our results for fermented sunflower seeds (0.95-1.14 N) are consistent with these expecta-
tions, supporting the interpretation that the low firmness of sunflower-based products is
determined by their lipid composition.

Overall, the comparative analysis suggests that the low firmness of our samples
results from both the absence of starch-based stabilizers and the intrinsic properties of
the raw substrates: cashew and soy are characterized by high water content and the
presence of unsaturated fats, whereas sunflower additionally contains elevated levels of
polyunsaturated lipids, which hinder the formation of a dense protein matrix.
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Cashew showed particularly encouraging performance in our experiments. Even
without any additional structuring agents, and immediately after fermentation, the simple
combination of cashew paste and bacterial cultures reached firmness values of ~3.3 N. This
demonstrates that a clean-label substrate can already develop measurable firmness within
a short time frame. Considering that previous studies reported values of 6-10 N only after
supplementing the matrix with hydrocolloids or subjecting it to extended ripening, our
results indicate substantial potential for further improvement. With appropriate strain
selection and/or a short maturation period, cashew-based products potentially could
achieve textural properties comparable to soft dairy cheeses while retaining a minimal-
ingredient formulation.

In traditional cheese and dairy production, mild pasteurization is commonly applied
to ensure the suitability of milk for coagulation and to reduce the microbial load of the raw
material. Studies on the production of plant-based dairy alternatives also often employ
pasteurization or autoclaving, although this is mostly the case for products made from pro-
tein isolates and involving emulsification steps [54-57]. Dense plant-based pastes derived
from nuts, seeds, or legumes—as opposed to liquid plant “milks” or emulsified protein
systems—are difficult to pasteurize or sterilize evenly under laboratory conditions without
substantially altering their structure and nutritional properties. Moreover, methods ensur-
ing complete sterility (e.g., autoclaving) are generally unsuitable for industrial applications
due to high energy consumption and potential deterioration of product quality. This is
particularly relevant in the context of “clean-label” product development, where minimal
processing and the absence of artificial additives are prioritized.

In studies using homemade nut pastes as the starting material, hot water blanching
is commonly applied after soaking [42,58]. According to the Fermented Foods Guideline
(Plant-based Cheese) [59], blanching nuts in boiling water (>90 °C for 2 min) is con-
sidered sufficient to achieve a 5-log reduction in Salmonella prior to soaking, blending,
and fermentation.

It is well established that plant raw materials are often contaminated with spore-
forming bacteria such as Bacillus spp. and Clostridium spp., which are resistant to mild
thermal treatments [60] and may germinate during storage, leading to uncontrolled fer-
mentation and product spoilage.

Lactic acid bacteria are widely used as biopreservation agents that inhibit the growth
of undesirable microbiota. The addition of LAB strains such as Latilactobacillus sakei, Lacti-
caseibacillus casei, Lactiplantibacillus plantarum, and Leuconostoc mesenteroides—all of which
possess QPS (Qualified Presumption of Safety) status [61]—has been shown to inhibit
pathogens including Listeria monocytogenes, Salmonella sp., and E. coli O157:H7, as well
as spoilage organisms such as Pseudomonas sp. and Enterobacteriaceae [62]. Incorporat-
ing LAB into plant-based products enables the suppression of undesirable microbiota
through substrate competition and production of antimicrobial metabolites. Recent studies
have demonstrated the effectiveness of LAB in extending the shelf life and enhancing the
microbiological safety of meat analogs [63-66].

In strictly controlled laboratory experiments, substrate sterilization is often standard
practice for isolating the effects of the inoculated strains. However, the aim of our study
was to simulate conditions that closely resemble real-world industrial fermentation of plant
substrates, where complete sterilization is economically and technologically impractical.
This approach allows for an evaluation of strain performance in a competitive environment
that includes natural microbiota, which is more representative of actual production settings.
To account for the possible influence of native microbiota on the fermentation process,
we included parallel control samples without LAB inoculation, incubated under identi-
cal conditions (i.e., the same temperature and time). This setup was designed to assess
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whether inoculation performs better than spontaneous fermentation in terms of acidity and
texture development.

The results of acidity and texture measurements in the control samples were ana-
lyzed and compared to those of the inoculated variants (Figure 4). We observed that
in the absence of the added strains, acidification and gel formation occurred to a much
lesser extent or were not observed at all. Specifically, the strength of control samples was
0.7 £ 0.086 N (cashew, pH = 5.59 + 0.14), 1.13 £ 0.102 N (sunflower, pH = 4.64 £ 0.02),
and 1.34 & 0.215 N (soy, pH = 5.24 £ 0.03). The limited texturization and weak or absent
acidification in the control samples confirm that the observed gel structure and pH reduc-
tion in the tested substrates were primarily due to the metabolic activity of the inoculated
LAB, not the native microbiota. These findings support the dominant role of the added
cultures in shaping the final properties of the product. Therefore, the use of non-sterile
but controlled substrates combined with parallel controls allowed us to reliably assess the
contribution of inoculated LAB strains while maintaining the relevance of the experiments
for potential industrial application.

We also evaluated the total microbial load of the initial plant pastes. The total microbial
number of LAB inoculated into the substrates was ~1 x 107 CFU/g, which exceeded the
native microbiota levels by 3-5 orders of magnitude. Of course, when developing the final
product—a cashew-based cheese analog—it will be essential to monitor the presence of
both pathogenic and spoilage spore-forming microorganisms in the raw material and final
product, and to select an appropriate treatment method for the nut base. We propose that
mild thermal processing combined with LAB fermentation could eliminate the need for
additional preservatives to control undesirable microbiota, which is especially important
for clean-label formulations.

One of the goals of this study was to assess whether conventional technological charac-
teristics of lactic acid bacteria, routinely used in dairy fermentation, could be repurposed to
predict their functional performance in plant-based substrates. Such an approach is highly
relevant for the development of clean-label plant-based cheese alternatives, where rapid
and cost-effective screening of large LAB strain libraries is often necessary.

To this end, we evaluated the strains using two complementary strategies: (1) fer-
mentation performance in milk, a well-established model matrix for assessing acidifica-
tion and viscosity development, and (2) enzymatic activity on agar-based model systems
(proteolysis and amylolysis), commonly used to characterize LAB functional potential in
standardized conditions.

Fermentation of milk allowed us to measure final pH and dynamic viscosity—
two parameters directly associated with acidifying ability and texture-forming potential in
dairy contexts. Our results showed that the final pH in milk did not strongly correlate with
acidification or structural outcomes in cashew-based matrices. For instance, Lb. plantarum
729/23 and B-5466 displayed relatively mild acidification in milk but achieved the lowest
pH values and highest firmness in cashew paste. Conversely, Lb. helveticus NK-1, which
showed the most pronounced acidification in milk (pH 3.48), also performed well in cashew,
suggesting that pH in milk alone may not be a reliable predictor of performance across
diverse plant substrates.

In contrast, milk viscosity demonstrated a clearer relationship with cashew matrix
structuring. The two strains with the highest viscosity in fermented milk—Lb. plantarum
729/23 and Lb. helveticus NK-1—were also the ones that produced the firmest cashew
gels (over 3 N). Strains with low milk viscosities, such as L. mesenteroides H32-02 Ksu
and Lb. helveticus AC-V, failed to generate significant gelation in cashew. This suggests
that milk viscosity may serve as a practical screening criterion for selecting strains with
texture-forming potential in nut-based substrates.
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To further explore functional differentiation, we also assessed the enzymatic activity
profiles of the strains using agar-based model systems. While we acknowledge the limita-
tions of these assays—their inability to replicate the complex macromolecular environment
of real food matrices—the goal was not to draw direct mechanistic conclusions, but to
test whether enzymatic capacity assessed under standardized conditions could reflect
substrate-specific performance.

Strikingly, all three strains that demonstrated proteolytic activity on milk agar (Lb.
plantarum 729 /23, Lb. plantarum B-5466, and Lb. helveticus NK-1) were also the only ones
to successfully structure the cashew matrix into firm gels. This consistency suggests that
proteolytic potential, even when measured in simplified conditions, may be a relevant
marker for predicting structuring behavior in nut-based substrates. No such relationship
was observed for amylolytic activity, indicating that starch degradation capacity did not
influence textural outcomes in the tested matrices.

Together, these findings suggest that traditional dairy-based screening parameters—
particularly milk viscosity and proteolytic activity—may offer preliminary predictive value
when selecting LAB strains for plant-based cheese applications. While the correlations were
identified within a limited strain panel, they offer a foundation for future high-throughput
studies. Such studies could validate the utility of these markers and streamline the selection
of promising strains for fermentation trials in complex plant matrices.

Ultimately, integrating predictive screening tools with targeted plant-substrate evalu-
ations may help reduce the reliance on full factorial fermentation trials and accelerate the
development of high-quality, clean-label plant-based dairy alternatives.

5. Conclusions

In the evaluation of the mechanical properties of fermented plant substrates, significant
strain-dependent modulation of firmness was observed. Cashew paste fermented with
Lactiplantibacillus plantarum 729 /23 and Lacticaseibacillus helveticus B-5466 and NK-1 strains
exhibited markedly higher firmness (2.92-3.35 N) than the control (0.70 &£ 0.09 N), indicating
robust protein network formation, whereas Lacticaseibacillus helveticus AC-V (0.54 = 0.04 N)
and Leuconostoc mesenteroides H32-02 Ksu (0.68 £ 0.10 N) showed no strengthening effect.
Sunflower seed paste displayed no significant firmness enhancement across all strains,
with values comparable to control (1.13 & 0.10 N) and with wide confidence intervals.
Conversely, soybean paste firmness moderately increased for all strains (1.77-1.93 N)
versus control (1.34 4+ 0.22 N). These results underscore the critical influence of strain
selection on the texturizing capacity of fermented plant substrates.

This study demonstrates that the formation of a firm plant-based curd can be achieved
using only cashew paste and starter cultures, without the need for stabilizers or struc-
turing additives. Within just 24 h of fermentation, firmness values comparable to soft
cheese analogs were obtained, highlighting the potential of this approach for the devel-
opment of clean-label products. These findings open opportunities for further optimiza-
tion: the selection of strains with high texturing capacity, the incorporation of additional
natural ingredients, and variations in processing and ripening conditions could further
enhance firmness and improve sensory characteristics. The results also indicate that a
similar strategy may be applicable to soybean substrates, provided that moisture content is
carefully controlled.

Sunflower seeds did not form a dense curd; microbial fermentation nevertheless
occurred, as evidenced by pH reduction by all tested strains. This observation suggests
that combining different plant substrates may help balance the nutritional composition and
confer textural properties closer to those of traditional dairy cheeses.
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It is important to emphasize that the approach presented here relies specifically on
microbial fermentation. In contrast to most current plant-based cheese analogs, which are
typically blends of starch, fats, and hydrocolloids, the product obtained in this study is
formed through the natural activity of microorganisms. This makes it closer to the classical
principles of cheesemaking and opens new avenues for the development of fermented
plant-based products.

Future work should focus on (1) optimizing sterilization conditions, fermentation
parameters (time, temperature, inoculum size) and post-fermentation ripening for each
successful substrate-strain pair; and (2) investigating blends of plant substrates (e.g.,
cashew with soy) to improve nutritional balance and texture.

Key challenges for industrial implementation include (1) Scalability and cost-
effectiveness: transitioning from laboratory-scale fermentation in syringes to large vats
while maintaining texture and preventing phase separation; (2) Process control: developing
reliable biomarkers (e.g., specific pH endpoints, metabolite profiles, gas formation) for pro-
cess monitoring to guarantee product consistency; (3) Regulatory and consumer perception:
navigating food safety regulations for novel microbial starters and clearly communicating
the benefits of “fermented” versus “formulated” plant-based cheese to consumers.

Addressing these challenges through further research and industry collaboration
is essential to harness the full potential of LAB fermentation for the next generation of
sustainable, clean-label, and sensorily appealing plant-based cheeses.
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