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Abstract

Paraprobiotics offer safer alternatives to live probiotics without requiring cell viability.
Here, heat-inactivated bacterial preparations (paraprobiotics) were produced from Lacticas-
eibacillus paracasei subsp. paracasei 431 (L. casei 431) using thermal treatments (65–121 ◦C).
No viable colonies were detected by conventional plating in any treatment, and flow cy-
tometry indicated that more than 96% of cells were membrane-compromised or dead. The
most favorable condition (65 ◦C, 60 min) was identified using a TOPSIS multi-criteria
ranking approach integrating loss of culturability with antimicrobial activity against Entero-
coccus faecalis and Escherichia coli with inactivation efficiency. This paraprobiotic and the
corresponding probiotic were subjected to in vitro gastrointestinal digestion and colonic fer-
mentation, followed by short-chain fatty acid (SCFA) and 16S rRNA-based gut microbiota
analysis. The fecal inoculum was pooled from five healthy donors and used to run three
replicate fermentation vessels per group. Both probiotic and paraprobiotic supplementation
significantly increased acetate, butyrate, and total SCFA concentrations compared with
the control, and propionate and valerate concentrations were also significantly higher in
the paraprobiotic group than in the control. Both interventions increased Chao1 richness
and Simpson diversity (p < 0.05), although Shannon diversity did not differ significantly,
and induced significant shifts in beta diversity, alongside marked enrichment of butyrate-
and SCFA-producing taxa such as Roseburia, Anaerostipes, and Akkermansia muciniphila.
However, not all observed microbial changes were unequivocally beneficial; increases in
Bilophila wadsworthia and Collinsella aerofaciens warrant cautious interpretation given their
context-dependent associations with host health. Spearman correlation analysis identified
positive associations between enriched taxa and SCFA concentrations, which should be
interpreted as exploratory rather than evidence of causal metabolic cross-feeding. Under
the conditions of this in vitro fermentation model, no statistically significant differences
were detected between the viable and heat-inactivated preparations for most measured
outcomes, indicating that thermal inactivation did not markedly diminish the capacity of L.
casei 431 to influence gut microbial composition and short-chain fatty acid production. The
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multi-criteria selection strategy offers a practical approach for optimizing paraprobiotic
production for functional food applications.

Keywords: paraprobiotics; heat-inactivated probiotics; functional food; gut microbiota
modulation; short-chain fatty acids

1. Introduction
Over the past decades, increasing attention has been directed toward the role of probi-

otics in promoting human health, particularly through their modulation of gut microbiota
and gastrointestinal functions. Numerous studies have demonstrated that specific probiotic
strains may exert beneficial effects in a range of gastrointestinal disorders, including irrita-
ble bowel syndrome, Helicobacter pylori infections, inflammatory bowel disease, diarrhea,
and ulcerative colitis [1,2]. It should be emphasized, however, that these effects are largely
strain-specific and outcome-specific, and should not be generalized as inherent properties
of probiotics as a functional group. In addition to gastrointestinal health, probiotics have
also been associated with positive effects on allergic diseases, metabolic disorders such as
obesity and type 2 diabetes, non-alcoholic fatty liver disease, immune regulation, and oral
health [3–5]. These health-promoting properties have led to the widespread incorporation
of probiotics into functional foods and dietary supplements.

Probiotic microorganisms belong to a variety of genera, including Lactobacillus, Bifi-
dobacterium, Bacillus, and Pediococcus, as well as certain yeasts [6]. Among them, Lactobacillus
and Bifidobacterium species are the most widely studied and commonly used in food and
nutraceutical applications. Their beneficial effects are mainly associated with the regulation
of gut microbiota composition, inhibition of pathogenic microorganisms, and stimulation of
host immune responses. In particular, probiotics can influence microbial metabolism in the
colon and enhance the production of short-chain fatty acids (SCFAs), which are important
metabolites involved in maintaining intestinal health.

Despite these beneficial properties, the use of live probiotics in food systems presents
several technological and safety challenges. In order to exert their health benefits, probiotic
microorganisms must remain viable during food processing, storage, and gastrointestinal
transit. However, environmental stresses such as heat treatment, pressure, and oxygen
exposure can significantly reduce probiotic viability, limiting their application in many
food products [7]. In addition, the use of live microorganisms may pose potential risks for
immunocompromised individuals, and there is concern regarding the possible transfer of
antibiotic resistance genes to pathogenic bacteria [8,9]; however, such risks are population-,
strain-, and context-dependent rather than an inherent property of live probiotics in general.
These limitations have stimulated increasing interest in non-viable microbial alternatives
that can retain beneficial biological effects without the risks associated with live cells.

In this context, probiotic derivatives such as paraprobiotics and postbiotics have
recently emerged as promising alternatives to live probiotics [10]. Paraprobiotics, also
known as inactivated probiotics, are defined as non-viable microbial cells or cell compo-
nents that confer health benefits when administered in adequate amounts [7]. A clear
terminological distinction among probiotics, paraprobiotics, postbiotics, purified microbial
cell components, and cell-free metabolites is essential, and the present study follows the
internationally recognized consensus definitions for these categories. These preparations
can be obtained through various inactivation methods including heat treatment, sonication,
high pressure, ultraviolet radiation, and gamma irradiation [11,12]. Among these methods,
thermal inactivation is considered one of the most practical and scalable approaches for
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industrial applications. However, the applied inactivation conditions, particularly tem-
perature and treatment duration, may significantly influence the structural integrity and
biological activity of the resulting paraprobiotics [13,14]. Despite the growing interest
in paraprobiotics, studies investigating their effects on gut microbiota composition and
microbial metabolite production remain limited.

The human gastrointestinal tract harbors a highly complex microbial ecosystem com-
posed of approximately 3.8 × 1013 microorganisms (a number now considered roughly
comparable to that of human cells) that play critical roles in host metabolism, immune
regulation, and protection against pathogen colonization [15,16]. One of the most important
metabolic functions of gut microbiota is the fermentation of indigestible carbohydrates, re-
sulting in the production of short-chain fatty acids (SCFAs) such as acetate, propionate, and
butyrate. These metabolites contribute to intestinal homeostasis through anti-inflammatory,
antimicrobial, and immunomodulatory activities [17,18]. While the influence of probiotics
on gut microbiota composition and SCFA production has been extensively studied, investi-
gations focusing on the impact of paraprobiotics on gut microbiota dynamics and SCFA
formation are still scarce. In particular, the effects of heat-inactivated L. casei 431 on human
fecal microbial composition and SCFA production during in vitro colonic fermentation
have not previously been investigated, despite the established commercial use of this strain
in its viable form.

Therefore, the aim of the present study was to produce paraprobiotics from Lacti-
caseibacillus paracasei subsp. paracasei (L. casei 431) under different thermal inactivation
conditions and to determine the most effective treatment based on antimicrobial activity
and cell inactivation levels using a multi-criteria decision-making approach. The selected
paraprobiotic was subsequently evaluated for its effects on gut microbiota composition
and short-chain fatty acid production using in vitro gastrointestinal digestion and colonic
fermentation models. The findings of this study are expected to provide new insights
into the potential application of thermally inactivated probiotics as functional ingredients
targeting gut microbiota modulation.

2. Materials and Methods
2.1. Materials

Lacticaseibacillus paracasei subsp. paracasei 431 (L. casei 431) was obtained as a
lyophilized culture from Chr. Hansen (Copenhagen, Denmark) and stored at −18 ◦C
until use. The identity of the strain was based on the strain designation provided by the
manufacturer. The pathogenic strains Escherichia coli O157 CECT 4267 (Gram-negative) and
Enterococcus faecalis ATCC 29212 (Gram-positive) were obtained from the Culture Collection
of the Department of Dairy Technology, Ege University, İzmir, Türkiye. The identities of
these strains were based on their corresponding CECT and ATCC designations and culture
collection records.

2.2. Paraprobiotic Production
2.2.1. Activation of Probiotic Culture

Probiotic bacteria were activated by inoculating sterile MRS broth with the lyophilized
probiotic preparation at a concentration of 10 mg/L. The cultures were incubated under
anaerobic conditions at 37 ◦C for 24 h. Following incubation, the viable cell density was
determined by microbiological enumeration and was approximately 108 CFU/mL. Three
independent culture preparations were performed (n = 3). The growth level of the probiotic
cultures was monitored using the microbiological enumeration method described below.
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2.2.2. Heat Treatment and Paraprobiotic Production

Probiotic bacteria that had been propagated in MRS broth to reach the target con-
centration of 108 CFU/mL were transferred into 50 mL Falcon tubes and centrifuged at
7000× g for 10 min at 4 ◦C. Following centrifugation, the supernatant containing metabo-
lites was removed, and the pellet consisting of probiotic cells intended for inactivation was
collected. The pellet was subsequently washed three times with phosphate-buffered saline
(PBS) [19,20]. The resulting pellet was resuspended in 50 mL of sterile PBS and subjected to
heat treatment. Heat treatments were conducted in a water bath at temperatures ranging
from 65 to 100 ◦C and for different durations (15–60 min). The Falcon tubes were fully
immersed in the water bath to ensure effective heat transfer. The treatment time started
when the temperature of the sample inside the Falcon tube reached the target temperature.
Immediately after completion of each heat treatment, the tubes were transferred to an
ice-water bath for rapid cooling. The 121 ◦C treatment was conducted in an autoclave. The
specific heat treatment conditions are presented in Table 1. Each heat-treatment experiment
was independently repeated using three separate culture preparations (n = 3), while the
different temperature–time combinations were applied to the same culture preparation
within each experimental repetition.

Table 1. Heat-treatment design and culturability and flow-cytometric assessment of paraprobiotic
preparations.

Heat Treatment (Temperature–Time) Culturability Loss * Dead Cell Level (%)

65 ◦C–30 min
√

98.05 ± 1.06

65 ◦C–45 min
√

97.95 ± 0.77

65 ◦C–60 min
√

97.35 ± 0.21

75 ◦C–30 min
√

97.60 ± 0.99

75 ◦C–45 min
√

97.55 ± 0.77

75 ◦C–60 min
√

97.90 ± 0.28

85 ◦C–30 min
√

97.65 ± 0.21

85 ◦C–45 min
√

98.30 ± 0.14

85 ◦C–60 min
√

97.25 ± 0.63

95 ◦C–30 min
√

97.80 ± 0.14

95 ◦C–45 min
√

96.65 ± 1.34

95 ◦C–60 min
√

96.80 ± 1.13

121 ◦C–15 min
√

96.95 ± 0.49
* The check mark (

√
) indicates that no colonies were detected on MRS agar under the plating

conditions applied, indicating loss of culturability. This result does not by itself demonstrate complete
or irreversible cell death. Dead cell levels are presented as mean ± standard deviation of three
independent heat-treatment replicates (n = 3).

2.3. Cell Death Verification
2.3.1. Microbiological Analysis

From the heat-treated samples, 1 mL of the undiluted sample was aseptically trans-
ferred to sterile Petri dishes, followed by the addition of molten MRS agar using the
pour-plate method. No serial dilution was performed because the objective was to de-
termine whether any viable cells remained following heat treatment. The plates were
incubated under anaerobic conditions at 37 ◦C for 48–72 h [21]. One plate was prepared
for each independent culture preparation (n = 3) for each treatment condition. Samples
showing no colony formation after incubation were considered to have no detectable viable
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cells under the applied analytical conditions. With 1 mL of undiluted sample plated, the
detection limit was 1 CFU/mL. Under conditions where no colony growth was observed,
the obtained paraprobiotics were further analyzed to determine dead cell levels using flow
cytometry and to evaluate their antimicrobial activities.

2.3.2. Detection of Dead Cells by Flow Cytometry

Flow cytometry analysis of the samples was performed using a Fortessa FACS system
(BD Biosciences, Franklin Lakes, NJ, USA) following the method described by Müldür et al.
(2025) [22]. To distinguish between live and dead bacterial cells, the Live/Dead™ Ba-
cLight™ Kit (Thermo Fisher Scientific, Waltham, MA, USA) was used, which contains
Syto9 (stains live cells) and propidium iodide (PI; stains dead cells). To determine the
autofluorescence levels of unstained bacterial suspensions, these samples were analyzed
in FACS buffer consisting of PBS supplemented with 1% bovine serum albumin and 0.1%
sodium azide. An untreated bacterial suspension stained with both Syto9 and PI was used
as the live-cell control, whereas a heat-killed control obtained by treatment at 121 ◦C for
15 min was used as the dead-cell control. In addition, single-stained controls containing
either Syto9 or PI alone were included for fluorescence compensation. Prior to staining,
bacterial suspensions were adjusted to a 0.5 McFarland standard, washed with phosphate
buffer, and subsequently diluted 1:500 in FACS buffer. Each tube was supplemented with
10 µL Syto9 (150 µg/mL) and 10 µL PI (400 µg/mL), followed by incubation in the dark
at 4 ◦C for 20 min. After staining, the cells were fixed with 2% formaldehyde solution,
washed with PBS, and resuspended in FACS buffer for analysis. Fixation followed stain-
ing, so that the membrane-integrity-dependent distribution of Syto9 and PI was already
established before formaldehyde was added, and the same staining, fixation and washing
sequence was applied to all samples and controls. All procedures were conducted under
dark conditions. The excitation/emission wavelengths were set to 480/520 nm for Syto9
and 500/640 nm for PI. Dot plot analyses were performed using SSC-H and FL1-H channels,
and the threshold value for the FL1 channel was set to 50. The unstained control was used
to determine background autofluorescence, while the live and dead controls were used
to define the corresponding fluorescence regions. Single-stained controls were used for
fluorescence compensation and to assess potential spectral spillover between the Syto9
and PI channels. Gating was established using the dot plot of the positive control tube
containing only live cells. The live and dead control distributions were used as references
for defining the live/membrane-intact and dead/membrane-compromised populations.
Using this reference gate, the FL1-H plots of bacterial samples subjected to heat treatments
were overlaid for comparative analysis. Both fluorescence channels were recorded, FL1
for Syto9 and the 640 nm channel for PI, and populations were assigned on the combined
signal. Because PI displaces Syto9 and quenches its emission by fluorescence resonance
energy transfer, cells losing membrane integrity gain red and lose green fluorescence at the
same time [23]; FL1-H was therefore used as the display axis, and events outside the Syto9-
bright gate were checked against the PI channel before being counted as dead. Events with
intermediate staining were not counted as dead, since such states reflect graded membrane
damage rather than a binary transition [24]. Syto9 signal is also affected by photobleaching
and by dye affinity differences between intact and damaged cells [25], so the cytometric
values were treated as relative indicators of membrane integrity, with plate counting as the
primary criterion for loss of culturability [26].

2.4. Determination of Antimicrobial Activity

The antimicrobial activity assays were performed using three independently prepared
pathogen cultures for each pathogen. Fresh cultures of Escherichia coli and Enterococcus
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faecalis were prepared by incubating the strains in Tryptic Soy Broth (TSB) at 37 ◦C for 24 h
and subcultured 2–3 times. The turbidity of the cultures was adjusted to the 0.5 McFarland
standard (approximately 108 CFU/mL) to obtain standardized inocula [27]. Pathogen
suspensions were inoculated into TSB at a rate of 1% (v/v). The paraprobiotic suspension
was prepared by resuspending the heat-inactivated probiotic cell pellet obtained from 50 mL
of MRS broth in 50 mL of sterile 0.85% (w/v) physiological saline solution. The resulting
heat-treated cell suspension was added to the TSB medium at a final concentration of 5%
(v/v). Control groups received an equivalent volume of sterile 0.85% (w/v) physiological
saline solution. The inoculated tubes were incubated at 37 ◦C for 24 h. After incubation,
appropriate serial dilutions were prepared and plated onto Tryptic Soy Agar (TSA). Plates
were incubated at 37 ◦C for 24 h, and viable cell counts were determined for both the
treated samples and the pathogen-only control groups.

Antimicrobial activity (%) was calculated using the following equation:

Antimicrobial Activity (%) =
Control colony count − Sample colony count

Control colony count
×100

where Control colony count refers to the number of viable pathogen colonies (CFU/mL)
in the pathogen-only control group, and Sample colony count refers to the number of
viable pathogen colonies (CFU/mL) in the presence of the heat-inactivated paraprobiotic
preparation.

2.5. In Vitro Gastrointestinal Digestion and Colonic Fermentation of Paraprobiotics
2.5.1. In Vitro Gastrointestinal Digestion

In vitro gastrointestinal digestion (GID) was performed based on the standardized
INFOGEST 2.0 protocol described by Brodkorb et al. (2019) [28], with modifications accord-
ing to the experimental design. Probiotic (PRO) and selected paraprobiotic (PARA) cell
preparations were obtained from cultures adjusted to 108 CFU/mL prior to cell harvesting.
The cells were collected by centrifugation, washed with sterile PBS, and resuspended in
50 mL of sterile PBS. For the PARA preparation, the cell suspension was subjected to
the selected heat-treatment condition prior to digestion, whereas the PRO preparation
was not heat-treated. Equal volumes of the resulting PRO and PARA suspensions were
used for GID. The digestion procedure consisted of sequential oral, gastric, and intestinal
phases. For the oral phase, 5 mL of sample was mixed with 5 mL of simulated salivary
fluid (SSF) (1:1, v/v), and the pH was adjusted to 7.0. No α-amylase was added. The
samples were incubated for 2 min at 37 ◦C in a shaking water bath. For the gastric phase,
10 mL of simulated gastric fluid (SGF) containing pepsin was added to the 10 mL oral
bolus, resulting in a final volume of 20 mL. Pepsin was added to achieve a final activity
of 2000 U/mL, and the pH was adjusted to 3.0. The samples were incubated for 2 h at
37 ◦C in a shaking water bath. Gastric lipase was not used. For the intestinal phase, 20 mL
of simulated intestinal fluid (SIF) containing pancreatin and bile salts was added to the
gastric chyme, resulting in a final volume of 40 mL. Pancreatin was added to provide a
final trypsin activity of 100 U/mL, and bile salts were added at a final concentration of
10 mM. The pH was adjusted to 7.0, and the samples were incubated for 2 h at 37 ◦C in a
shaking water bath. At the end of the digestion process, samples were cooled in an ice bath
for 15 min and centrifuged at 10,000× g for 10 min at 4 ◦C to separate the undigested solid
fraction (pellet). The obtained pellet was used for subsequent in vitro colonic fermentation.
For the blank digestion control, sterile water was used instead of paraprobiotic samples.
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2.5.2. In Vitro Colonic Fermentation

In vitro colonic fermentation was performed according to the method described by
Pérez-Burillo et al. (2021) [29]. Fecal samples were obtained from five healthy volunteers
aged 18–45 years who had not used antibiotics, probiotics, or prebiotics within the previous
three months and were non-smokers. All donors were free of reported gastrointestinal
disorders at the time of sample collection. Ethical approval was obtained from the Non-
Interventional Clinical Research Ethics Committee of Aydın Adnan Menderes University
(E-15189967-050.04-635366, 31 October 2024). Fecal samples from the five donors were
pooled to obtain a standardized fecal inoculum. Fecal samples were mixed with an equal
amount of 20% (v/v) glycerol solution at a 1:1 (w/v) ratio and stored at −80 ◦C until
use. This resulted in a final glycerol concentration of approximately 10% (v/v). Prior to
fermentation, samples were thawed, centrifuged (4000× g, 10 min, 4 ◦C) to remove glycerol,
and the supernatant was discarded. The fecal inoculum was prepared by homogenizing
pooled fecal samples in autoclaved phosphate buffer (pH 7.0) to obtain a final concentration
of 32% (w/v), followed by centrifugation (550× g, 5 min) to remove large particles. The
resulting supernatant was used as the fecal inoculum. For colonic fermentation, 0.5 g
of the pellet obtained from each GID sample was recombined with its corresponding
digestion supernatant. The resulting GID sample was then supplemented with 2 mL of
fecal inoculum and 7.5 mL of sterile fermentation medium under anaerobic conditions.
The mixture was flushed with nitrogen gas and incubated at 37 ◦C for 20 h at 20 rpm in a
shaking incubator. After fermentation, samples were placed in an ice bath for 15 min to stop
microbial activity and centrifuged at 10,000× g for 2 min. The supernatant was stored for
SCFA analysis, while the bacterial pellet was stored at −80 ◦C for gut microbiota analysis.
The control group was prepared using fermentation medium supplemented with ultrapure
water instead of probiotic or paraprobiotic samples to evaluate the baseline activity of the
colonic microbiota and the associated SCFA production. The blank was subjected to the
same complete GID procedure, including all digestion fluids, enzymes, electrolytes, bile,
pH adjustments, incubation steps, and centrifugation procedures.

2.6. Determination of SCFAs

SCFAs including acetate, propionate, butyrate, isobutyrate, isovalerate, and valerate
were determined using gas chromatography with flame ionization detection (GC-FID)
(7697A, Agilent Technologies, Santa Clara, CA, USA). Separation was performed using a
DB-WAX capillary column (30 m × 0.25 mm × 0.25 µm; Agilent, Santa Clara, CA, USA). The
oven temperature was initially set at 85 ◦C for 1 min, increased to 160 ◦C at 5 ◦C/min and
held for 1 min, then raised to 240 ◦C at 40 ◦C/min and maintained for 2 min. Nitrogen was
used as the carrier gas at a flow rate of 25 mL/min. Samples (1 µL) were injected without
split. The injector and detector temperatures were set at 260 ◦C and 280 ◦C, respectively.
Hydrogen and air were supplied to the FID at flow rates of 40 and 400 mL/min, respectively,
while nitrogen was used as the make-up gas at 25 mL/min. Following the 20-h in vitro
colonic fermentation, the fermentation samples were centrifuged at 27,670× g for 10 min,
and the resulting supernatants were filtered through a 0.45 µm cellulose acetate membrane
filter. No acidification step was applied prior to GC-FID analysis. An internal standard (4-
methylvaleric acid, 1 mg/mL) was added to each sample prior to analysis. SCFA standards
were obtained from WSFA-2 Sigma-Aldrich (Steinheim, Germany).

2.7. Characterization of Fecal Microbial Community Composition After In Vitro Colonic
Fermentation by 16S rRNA Gene Sequencing

Samples obtained after in vitro colonic fermentation were stored at −80 ◦C un-
til DNA extraction. Genomic DNA was extracted from the fermentation pellets us-
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ing the GeneMATRIX Stool DNA Purification Kit (E3525, EURx Ltd., Gdańsk, Poland)
according to the manufacturer’s instructions. DNA concentration and purity were
determined using a NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Prior to sequencing, DNA quality was additionally verified by
the sequencing provider using fluorometric quantification (Qubit) to ensure samples
met the minimum quality thresholds required for library preparation. Negative ex-
traction controls were included during DNA isolation to monitor for potential environ-
mental or kit-derived contamination. The bacterial community composition was ana-
lyzed by next-generation sequencing of the 16S rRNA gene targeting the V3–V4 hyper-
variable region (~460 bp) using the Illumina MiSeq platform (2 × 300 bp paired-end
reads). Library preparation and sequencing were performed by a commercial sequencing
provider. The V3–V4 region was amplified using the following primers: forward primer 5′-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′ and
reverse primer 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGG
TATCTAATCC-3′. PCR amplification was performed using KAPA Taq EXtra HotStart
ReadyMix (2X) in a 25 µL reaction volume (95 ◦C for 3 min; 25 cycles of 95 ◦C for 30 s, 55 ◦C
for 30 s, 72 ◦C for 30 s; final extension at 72 ◦C for 5 min). PCR products were purified using
the AMPure XP magnetic bead system. Dual indexing was performed using the Nextera XT
Index Kit (8 cycles; 95 ◦C for 3 min; 8 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 30 s;
final extension at 72 ◦C for 5 min). Libraries were quantified by real-time PCR, normalized
using magnetic beads, and pooled prior to sequencing. No-template PCR controls were
included in each reaction set to monitor for contamination; any batch showing amplification
in negative controls was excluded and repeated. Sequence data were processed using the
QIIME2 software package (v. 2023.2) [30]. Quality filtering, truncation, and denoising were
performed using the DADA2 pipeline, generating an amplicon sequence variant (ASV)
feature table. Taxonomic assignment was performed using a naïve Bayes classifier trained
on the SILVA reference database (release 138), with a confidence threshold of 0.7, specific to
the targeted 16S rRNA region. Species-level taxonomic assignments derived from V3–V4
16S rRNA sequencing should be regarded as putative identifications throughout this study,
as this amplicon region has inherent resolution limitations for species-level classification
of many intestinal taxa. Alpha diversity indices (Chao1, Shannon, and Simpson) and beta
diversity analyses were performed using the MicrobiomeAnalyst platform (v3.0). Prior to
analysis, data were rarefied to 24,379 reads and normalized using total sum scaling (TSS).
Beta diversity was evaluated using Bray–Curtis dissimilarity and visualized by principal
coordinate analysis (PCoA). Differences in microbial community structure among groups
were assessed using permutational multivariate analysis of variance (PERMANOVA) with
999 permutations.

2.8. Statistical Analysis

Three independent culture preparations were used as experimental replicates (n = 3),
with two parallel technical measurements per preparation. The Technique for Order Prefer-
ence by Similarity to the Ideal Solution (TOPSIS) was used to rank the heat-treated para-
probiotic preparations based on dead-cell percentage and antimicrobial activities against E.
faecalis and E. coli [31]. These three criteria were considered complementary and assigned
equal weights (1/3 each). The decision matrix was normalized using vector normalization,
and all criteria were treated as benefit criteria. The positive and negative ideal solutions
were determined accordingly, and the relative closeness coefficient was calculated to rank
the heat-treatment conditions. Equal weighting was selected because no prior evidence
was available to justify assigning greater importance to any individual criterion. Dead-cell
percentage was considered an indicator of the extent of heat-induced inactivation, whereas
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antimicrobial activity represented the residual functional activity of the preparations. To
assess the robustness of the TOPSIS ranking to variations in criterion weights, an additional
sensitivity analysis was performed. A total of 100,000 alternative weight combinations sum-
ming to 1 were generated using a Dirichlet distribution. For each weighting combination,
the TOPSIS relative closeness coefficients and rankings were recalculated using the same
vector-normalization procedure. The frequency with which each heat-treatment condition
achieved the first rank and its mean rank across the weighting scenarios were determined.
Statistical analyses were conducted using one-way analysis of variance (ANOVA) with
SPSS software (version 27.0, SPSS Inc., Chicago, IL, USA). The assumptions of normality
and homogeneity of variances were assessed using the Shapiro–Wilk and Levene’s tests,
respectively. Differences among samples were evaluated using Tukey’s honest significant
difference (HSD) post hoc test at a significance level of p < 0.05. Differential abundance of
microbial taxa across groups was assessed using Kruskal–Wallis test applied to relative
abundance data following total sum scaling (TSS) normalization. To account for multiple
comparisons, the Benjamini–Hochberg (BH) false discovery rate (FDR) correction was
applied across all taxonomic comparisons (phylum, genus, and species levels), diversity
endpoints, and microbial–metabolite Spearman correlation matrices. Adjusted p-values
(p_adj < 0.05) were considered statistically significant after correction. Spearman’s rank
correlation analysis was performed to evaluate the relationship between microbial genera
and species and short-chain fatty acid concentrations using the same software. Correlations
were calculated across all fermentation vessels encompassing all three treatment groups
and should be interpreted as exploratory associations driven by treatment-group separation
rather than as independent evidence of direct metabolic interactions, given that all samples
were derived from a single pooled fecal inoculum.

3. Results
3.1. Standard Colony Counting

Classical microbiological plating demonstrated complete loss of culturability of L. casei
431 under all heat-treatment conditions tested. No colony formation was detected on MRS
agar following incubation, regardless of the applied temperature (65–121 ◦C) or treatment
duration, confirming the absence of detectable viable cells by the culture-based method.
These findings confirmed that all thermal treatments effectively eliminated the culturability
of L. casei 431 and therefore generated non-culturable preparations.

3.2. Dead Cell Levels Determined by Flow Cytometry

Flow cytometric analysis demonstrated consistently high levels of cell death following
all heat treatments, ranging from 96.65% (95 ◦C for 45 min) to 98.30% (85 ◦C for 45 min)
(Table 1). The remaining fraction of gated events (1.7–3.4%) may represent cells with altered
membrane integrity that were not classified as dead by the applied gating criteria and/or
background events; such intermediate patterns are common in flow cytometric Live/Dead
BacLight staining and reflect graded membrane damage rather than a binary transition [24].
Importantly, this residual fraction did not correspond to detectable culturability, as no
colony growth was observed on MRS agar for any of the heat treatments tested.

Representative dot plots of cells treated at 85 ◦C for 45 min are presented in Figure 1,
where Q2, Q3, and Q4 represent dead, viable, and damaged cells, respectively. No signifi-
cant differences in dead cell percentages were observed among the different temperature–
time combinations (p > 0.05). These findings were consistent with the plate count results,
which showed complete loss of culturability under all treatment conditions.
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Figure 1. Representative flow cytometry dot plot (SSC-H vs. FL1-H) of L. casei 431 following
heat treatment at 85 ◦C for 45 min, based on SYTO9/propidium iodide (PI) co-staining. Q2, Q3,
and Q4 denote the dead (PI-positive; red), viable (SYTO9-positive only; green), and membrane-
damaged/intermediate (blue) cell populations, respectively, gated relative to an untreated live-cell
positive control; values indicate the percentage of total gated events within each quadrant. Quadrants
were assigned from the combined Syto9 (FL1) and PI signals; SSC-H versus FL1-H is shown because
PI displaces and quenches Syto9, so membrane-compromised cells lose green fluorescence.

3.3. Antimicrobial Activity of Heat-Treated L. casei 431 Paraprobiotics

The antimicrobial activities of heat-treated L. casei 431 preparations against Entero-
coccus faecalis and Escherichia coli are presented in Table 2. Antimicrobial efficacy differed
significantly according to both the target microorganism and the applied heat treatment
(p < 0.05). The heat-treated L. casei 431 preparations resulted in only limited changes in
the viable counts of the tested pathogens. Although statistically significant differences
were observed among some treatment conditions, the magnitude of the observed changes
was small, indicating limited biological relevance under the experimental conditions. It
should be noted, however, that the absolute magnitude of inhibition was modest through-
out, ranging from 0.34% to a maximum of 4.33%. Therefore, despite statistical differences
among some treatments, these effects should be interpreted as limited inhibitory effects
with limited biological relevance rather than strong antimicrobial efficacy. The highest
inhibition against E. faecalis (4.33%) was observed in samples treated at 121 ◦C for 15 min.
In contrast, inhibition against E. coli was generally lower, and no inhibitory activity was
detected following treatment at 121 ◦C. Among the moderate heat treatments, extending the
treatment time at 65 ◦C from 45 to 60 min resulted in increased antimicrobial activity against
both pathogens. Overall, the sample treated at 65 ◦C for 60 min exhibited relatively higher,
though still modest, antimicrobial activity, whereas several higher-temperature treatments
showed reduced or no inhibitory effects despite a comparable loss of culturability.

3.4. Selection of the Optimal Paraprobiotic by TOPSIS Analysis

The complete TOPSIS ranking and relative closeness coefficients for all heat-treatment
conditions are presented in Table 3, while the results of the additional sensitivity analysis are
presented in Supplementary Table S1. Under the equal-weighting scheme, the preparation
obtained at 65 ◦C for 60 min achieved the highest relative closeness coefficient (C = 0.840),
indicating the most favorable overall performance across the evaluated criteria. Although
the differences in dead-cell percentages and absolute antimicrobial inhibition values were
relatively small, these criteria were considered jointly in the TOPSIS analysis. Notably,
the 65 ◦C for 60 min treatment remained the highest-ranked alternative across all tested
weighting scenarios, indicating that its selection was not dependent on the equal-weighting
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assumption. Accordingly, the 65 ◦C for 60 min treatment was selected as the preferred
condition for subsequent analyses.

Table 2. Antimicrobial activity of heat-treated L. casei 431 paraprobiotics against E. coli and E. faecalis
under different temperature–time conditions.

Heat Treatment Antimicrobial Activity
Against E. coli (%)

Antimicrobial Activity Against
E. faecalis (%)

65 ◦C–30 min ND 1.59 ± 0.17 cde

65 ◦C–45 min 0.69 ± 0.01 a 1.95 ± 0.11 e

65 ◦C–60 min 1.40 ± 0.26 d 3.42 ± 1.18 g

75 ◦C–30 min ND 2.19 ± 0.31 ef

75 ◦C–45 min 1.20 ± 0.08 bcd ND

75 ◦C–60 min 1.36 ± 0.19 cd 1.72 ± 0.19 de

85 ◦C–30 min 0.97 ± 0.29 abc 2.87 ± 0.24 fg

85 ◦C–45 min ND ND

85 ◦C–60 min ND 0.34 ± 0.03 ab

95 ◦C–30 min ND 0.92 ± 0.03 bcd

95 ◦C–45 min 0.87 ± 0.13 ab 0.68 ± 0.03 ab

95 ◦C–60 min 1.24 ± 0.06 bcd 0.77 ± 0.15 abc

121 ◦C–15 min ND 4.33 ± 0.49 h
Data are presented as mean ± standard deviation (n = 3). Means within the same column followed
by different letters are significantly different (p < 0.05). ND: No inhibition detected.

Table 3. TOPSIS ranking of L. casei 431 paraprobiotic preparations obtained under different heat-
treatment conditions.

Heat Treatment
(Temperature–Time)

Antimicrobial
Activity Against E.

faecalis (%)

Antimicrobial Activity
Against E. coli (%) Dead Cells (%) TOPSIS Relative

Closeness Coefficient

65 ◦C–30 min 1.59 0 98.05 0.429

65 ◦C–45 min 1.95 0.70 97.90 0.569

65 ◦C–60 min 3.42 1.40 97.35 0.840

75 ◦C–30 min 2.19 0 97.60 0.534

75 ◦C–45 min 0 1.20 97.55 0.260

75 ◦C–60 min 1.72 0.91 97.90 0.532

85 ◦C–30 min 2.87 1.36 97.65 0.824

85 ◦C–45 min 0.35 0 98.30 0.230

85 ◦C–60 min 0.92 0 97.25 0.237

95 ◦C–30 min 0.68 0 97.80 0.208

95 ◦C–45 min 0.77 0.87 96.65 0.308

95 ◦C–60 min 0.73 1.24 96.80 0.341

121 ◦C–15 min 4.33 0 96.95 0.685

Note: The highest TOPSIS relative closeness coefficient is shown in bold.
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3.5. SCFA Levels After In Vitro Colonic Fermentation

Following simulated gastrointestinal digestion and in vitro colonic fermentation, the
concentrations of individual and total SCFAs were quantified in the PRO, PARA, and control
groups (Table 4). Acetate was the predominant SCFA detected in all groups, followed by
propionate and butyrate.

Table 4. SCFA levels detected after in vitro colonic fermentation (µg/mL).

SCFA/Sample C PRO PARA

Acetate 763.32 ± 35.32 b 984.04 ± 28.49 a 1007.41 ± 21.03 a

Propionate 166.51 ± 11.64 b 189.77 ± 11.37 ab 203.80 ± 2.57 a

Butyrate 49.47 ± 1.7 b 59.94 ± 2.32 a 61.70 ± 2.64 a

Isovalerate 30.18 ± 2.29 a 30.89 ± 2.50 a 31.77 ± 0.68 a

Valerate 6.05 ± 0.70 b 7.61 ± 0.65 ab 8.78 ± 0.60 a

Total SCFA 1015.53 ± 22.81 b 1265.33 ± 39.51 a 1280.80 ± 58.2 a
Data are presented as mean ± standard deviation (n = 3) fermentation vessels obtained from a
single pooled fecal inoculum. Total SCFA was calculated as the sum of acetate, propionate, butyrate,
isovalerate, and valerate concentrations. Means within the same row followed by different letters are
significantly different (p < 0.05). PRO: probiotic group; PARA: paraprobiotic group; C: control group.

Both the PRO and PARA groups produced significantly higher concentrations of
acetate (C vs. PRO: p < 0.001; C vs. PARA: p < 0.001), butyrate (C vs. PRO: p = 0.003; C
vs. PARA: p = 0.001), and total SCFAs (C vs. PRO: p = 0.001; C vs. PARA: p = 0.001) than
the control group. No statistically significant differences were detected between the PRO
and PARA groups for these metabolites (acetate: p = 0.610; butyrate: p = 0.628; total SCFA:
p = 0.899) under the conditions tested. It should be noted that the absence of a statistically
significant difference between the PRO and PARA groups does not, by itself, demonstrate
equivalence between the two preparations, since the study was not statistically powered
for formal equivalence testing. Valerate concentrations were significantly higher in the
PARA group than in the control group (C vs. PARA: p = 0.005), whereas the PRO group
showed intermediate values without differing significantly from either group (C vs. PRO:
p = 0.059; PRO vs. PARA: p = 0.150). Propionate concentrations were also significantly
higher in the PARA group than in the control group (C vs. PARA: p = 0.007), while the
difference between the control and PRO groups did not reach statistical significance (C
vs. PRO: p = 0.055; PRO vs. PARA: p = 0.246). In contrast, isovalerate concentrations did
not differ significantly among the experimental groups (C vs. PRO: p = 0.902; C vs. PARA:
p = 0.617; PRO vs. PARA: p = 0.855).

3.6. Gut Microbiota Composition After In Vitro Colonic Fermentation

Gut microbiota diversity and composition were assessed at the phylum, genus, and
species levels following 20 h in vitro colonic fermentation with probiotic and paraprobiotic
treatments. All species-level identifications are presented as putative throughout, reflecting
the inherent resolution limitations of V3–V4 16S rRNA sequencing for unambiguous species-
level classification.

At the phylum level, Bacillota and Bacteroidota predominated in all groups (Figure 2A).
Several low-abundance phyla, including Verrucomicrobiota, Actinomycetota, Fusobacteri-
ota, and Pseudomonadota, were detected at low levels in the control group but showed
markedly higher relative abundances in both PRO and PARA groups, suggesting treatment-
associated expansion rather than de novo emergence. Candidatus Melainabacteria, by
contrast, showed reduced relative abundance following both treatments. The Bacil-
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lota/Bacteroidota (F/B) ratio differed significantly among groups (PARA: 1.51; PRO: 1.73;
C: 1.62; p < 0.05) (Figure 2B).

Figure 2. Effect of C, PRO and PARA on gut microbiota composition. (A) Relative abundance
of gut microbiota at phylum level; (B) the relative abundance ratio of Bacillota/Bacteroidota (Fir-
micutes/Bacteroidetes, F/B); (C) β-diversity of gut microbiome assessed by Principal Coordinate
Analysis (PCoA) based on Bray–Curtis dissimilarity (PERMANOVA: F = 120.26, R2 = 0.976, p = 0.007);
α-diversity of gut microbiome based on (D) Chao1 index (p = 0.046), (E) Shannon index (p = 0.06),
and (F) Simpson index (p = 0.043). Statistical significance was determined by Kruskal–Wallis test. ns:
not statistically significant. * p < 0.05.

Alpha diversity was evaluated using the Chao1, Shannon, and Simpson indices
(Figure 2D–F). Significant differences among groups were observed for Chao1 richness
(p = 0.046) and Simpson diversity (p = 0.043), whereas Shannon diversity showed no signif-
icant difference (p = 0.066).

Principal coordinate analysis (PCoA) based on Bray–Curtis dissimilarity demonstrated
distinct clustering of microbial communities according to treatment (Figure 2C). PER-
MANOVA confirmed significant differences in overall community composition among the
three groups (Pseudo-F = 120.26, R2 = 0.976, p = 0.007). PERMDISP analysis showed no sig-
nificant differences in multivariate dispersion (F = 1.623, p = 0.273), indicating comparable
within-group variability across groups.

At the genus level, both treatments significantly increased the relative abundances of
Roseburia, Anaerostipes, Coprococcus, Eubacterium, Flintibacter, Dysosmobacter, Butyribacter,
Mediterraneibacter, Bifidobacterium, Akkermansia, Collinsella, Dorea, Gemmiger, Faecalibacterium,
Odoribacter, and Streptococcus (p < 0.05, FDR-corrected) (Figure 3A,B). At the species level,
corresponding increases in relative abundance were observed for Roseburia hominis, Rose-
buria faecis, Anaerostipes hadrus, Coprococcus catus, Eubacterium ramulus, Flintibacter butyricus,
Dysosmobacter welbionis, Bifidobacterium longum, Bifidobacterium pseudocatenulatum, Akker-
mansia muciniphila, Collinsella aerofaciens, Dorea longicatena, and Streptococcus thermophilus
(p < 0.05, FDR-corrected) (Figure 3C). It should be noted that these represent changes in rel-
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ative abundance and do not necessarily reflect changes in absolute cell numbers, given the
compositional nature of 16S rRNA sequencing data. Bacteroides genus showed increased
relative abundance in both treatment groups; however, this change did not reach statistical
significance after FDR correction (p_adj > 0.05) and should be interpreted with caution.
Bilophila at the genus level and Bilophila wadsworthia at the species level also increased
significantly in both intervention groups (p < 0.05, FDR-corrected). Conversely, Phocaeicola
and Ruminococcus at the genus level—and Phocaeicola vulgatus and Ruminococcus champan-
ellensis at the species level—decreased markedly following both interventions; however,
these changes did not reach statistical significance after FDR correction (p_adj > 0.05) and
should be interpreted with caution. No statistically significant differences were detected
between the PRO and PARA groups for any of the taxa evaluated (p > 0.05). It should be
noted, however, that the absence of a statistically significant difference does not demon-
strate equivalence between the two treatments, as this study was not designed as a formal
equivalence trial.

Figure 3. Effect of PRO and PARA on gut microbiota composition. (A) Relative abundance of
gut microbiota at genus level for each group; (B) heatmap of abundance changes at genus level;
(C) relative abundance of gut microbiota at species level.

3.7. Correlation Between Gut Microbiota Composition and SCFA Production

Spearman correlation analysis conducted at both genus and species levels identified
associations between microbial taxa and SCFA concentrations (Figure 4A,B). Benjamini–
Hochberg FDR correction was applied to the complete correlation matrices. At the species
level, the strongest positive associations were observed for Anaerostipes hadrus, Butyribacter
intestini, and Dorea longicatena, which correlated significantly with acetate, butyrate, and
valerate (r = +0.943, p < 0.01; p_adj = 0.028), as well as with total SCFA (r = +0.886, p < 0.05).
Streptococcus thermophilus and Roseburia faecis showed equally strong associations across
acetate, propionate, butyrate, valerate, and total SCFA (r = +0.943, p < 0.01; p_adj = 0.028).
These associations remained statistically significant after FDR correction. Positive associ-
ations with acetate, butyrate, and valerate were also observed for Bifidobacterium longum
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(r = +0.812, p = 0.050), Bifidobacterium pseudocatenulatum, Roseburia hominis, Flintibacter
butyricus, Coprococcus catus, Dysosmobacter welbionis, Eubacterium ramulus, Bacteroides uni-
formis, and Collinsella aerofaciens (r = +0.829, p < 0.05); however, these associations did not
reach statistical significance after FDR correction (p_adj > 0.05) and should be regarded as
nominally significant only. Similar association patterns were observed at the genus level,
where correlations with r = +0.943 remained significant after FDR correction (p_adj = 0.045)
(Figure 4A). Species-level correlations are subject to the same resolution limitations noted
above. Bilophila wadsworthia showed positive associations with propionate (r = +0.943,
p < 0.01; p_adj = 0.028) and with acetate, butyrate, and valerate (r = +0.829, p < 0.05). In
contrast, Ruminococcus champanellensis showed negative associations with acetate, butyrate,
and valerate (r = −0.886, p < 0.05) and total SCFA (r = −0.829, p < 0.05); however, these did
not reach significance after FDR correction (p_adj > 0.05). No significant associations were
detected for Phocaeicola vulgatus, while isovalerate showed no significant associations with
any microbial taxon at either taxonomic level. Despite significant changes in abundance,
Faecalibacterium prausnitzii and Akkermansia muciniphila were not significantly correlated
with any measured SCFA.

Figure 4. Spearman’s rank correlation between the relative abundance of selected microbial gen-
era (A) and putative species (B) and short-chain fatty acid (SCFA) concentrations detected after
in vitro colonic fermentation. Taxa were selected based on their consistent presence across treatment
groups and their biological relevance to SCFA production. Correlations were calculated across
all fermentation vessels encompassing all three treatment groups (C, PRO, and PARA). The color
scale indicates Spearman’s r values from −1 (strong negative correlation, blue) to +1 (strong posi-
tive correlation, red). Bold values indicate correlations that remained statistically significant after
Benjamini–Hochberg false discovery rate (FDR) correction (p_adj < 0.05). Asterisks indicate nominal
significance prior to FDR correction (* p < 0.05; ** p < 0.01). SCFA concentrations are expressed
in µg/mL.

4. Discussion
The present study demonstrates that thermal inactivation of L. casei 431 can success-

fully generate paraprobiotic preparations while largely preserving several of the specific
functional attributes assessed in this study, namely antimicrobial activity, SCFA-stimulating
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capacity, and effects on relative microbial taxonomic profiles, under the applied in vitro con-
ditions. Although all heat treatments resulted in complete loss of culturability, their effects
on antimicrobial activity and microbiota modulation differed according to the processing
conditions. Notably, the preparation obtained at 65 ◦C for 60 min was ranked as the most
favorable among the conditions tested by the TOPSIS multi-criteria analysis, based on the
combination of loss of culturability and antimicrobial activity. These findings highlight that
optimization of heat-inactivation processes should consider not only bacterial inactivation
but also the preservation of biological activity.

Loss of culturability of L. casei 431 was consistently confirmed by conventional plate
counting, and flow cytometry indicated a high proportion of membrane-compromised cells
across all treatments. While plate counting demonstrated complete loss of culturability
under all treatment conditions, flow cytometry revealed uniformly high dead-cell propor-
tions (96.7–98.3%) with no significant differences among temperature–time combinations
(Table 1). Similar observations have been reported for heat-treated lactic acid bacteria,
where extensive thermal inactivation was achieved across a broad range of processing
conditions [22,32,33]. Compared with conventional culture-based methods, flow cytometry
provides complementary information by assessing membrane integrity and therefore offers
a more comprehensive evaluation of heat-induced cellular damage. It should be empha-
sized that membrane-integrity-based flow cytometry assesses cell permeabilization rather
than directly confirming irreversible cell death, and a small proportion of events (1.7–3.4%)
fell outside the dead-cell gate in every treatment; these are most plausibly damaged but
not fully permeabilized cells rather than residual viable, culturable organisms, consistent
with the complete absence of colony growth on plating.

Importantly, loss of culturability did not necessarily result in loss of the specific func-
tional attributes measured in this study. Moderate heat treatment, particularly at 65 ◦C for
60 min, maintained antimicrobial activity against both tested microorganisms while achiev-
ing a comparable loss of culturability. In contrast, several higher-temperature treatments
exhibited reduced or no antimicrobial activity despite similar dead-cell percentages. These
findings suggest that preservation of biological function depends not only on bacterial
viability but also on the stability of heat-sensitive cell-associated components. Although
this explanation is biologically plausible, the relevant structural components were not
directly measured in the present study, and this interpretation should therefore be regarded
as speculative pending direct structural or biochemical confirmation. Moderate thermal
treatments may better preserve biologically relevant structures, including peptidoglycan,
teichoic acids, surface proteins, extracellular polysaccharides, and other bioactive molecules
that contribute to antimicrobial and microbiota-modulating activities [14,33]. Conversely,
more severe heat treatments are likely to promote structural disruption or protein denatu-
ration, thereby reducing functional activity. Similar observations have been reported for
other heat-inactivated lactic acid bacteria, in which moderate thermal processing preserved
functional properties more effectively than excessive heat exposure [13,22,34].

The multi-criteria TOPSIS analysis provided a structured ranking framework inte-
grating loss of culturability and antimicrobial activity into a single decision-making score,
rather than constituting independent experimental validation of these findings [31]. Among
all thermal treatments, heating at 65 ◦C for 60 min achieved the highest overall performance
score under the applied equal-weighting scheme, indicating a favorable balance between
microbiological safety and functional efficacy among the conditions tested. Identifying this
favorable processing condition may inform future process-optimization efforts; however,
translation to industrial-scale production would additionally require evaluation of scale-
up heating kinetics, energy consumption, drying and storage stability, and formulation
compatibility, none of which were assessed in the present study.
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Following simulated gastrointestinal digestion, both the viable probiotic and the
heat-inactivated preparation significantly enhanced SCFA production compared with the
untreated control. Because the viability of the PRO preparation following simulated
gastrointestinal digestion was not directly assessed, it cannot be determined with certainty
whether the responses observed in this group originated from surviving viable cells, cells
inactivated during digestion, or cell-associated substrates released during processing.
Acetate remained the predominant fermentation metabolite, whereas butyrate and total
SCFA concentrations increased significantly in both intervention groups. Notably, no
significant differences were detected between viable and heat-inactivated L. casei 431,
suggesting that bacterial viability may not be essential for promoting microbial fermentative
activity under the present in vitro conditions. These observations support the growing
concept that non-viable microbial preparations can produce microbiota-modulating effects
that are not significantly different from those of their viable counterparts under the specific
conditions tested [7,35].

The slightly higher propionate and valerate concentrations observed in the paraprobi-
otic group may reflect structural alterations induced by thermal processing. Heat treatment
may increase the accessibility of bacterial cell-associated components, including peptidogly-
can, teichoic acids, and extracellular polysaccharides, thereby facilitating their utilization
by resident gut microorganisms during fermentation. Although these mechanisms were
not directly evaluated in the present study, similar effects have previously been proposed
for heat-inactivated probiotic cells, which can retain—or in some cases enhance—biological
activity despite loss of viability [13,14,34]. Nevertheless, SCFA profiles are highly strain-
dependent and may vary according to environmental conditions, fermentation substrates,
and processing treatments such as heat inactivation [36], which may partly explain the
modest differences observed between the PRO and PARA groups for these two metabolites.

The increased SCFA production observed following both interventions is biologically
relevant because these metabolites play fundamental roles in maintaining intestinal home-
ostasis. Acetate serves as an important substrate for microbial cross-feeding, whereas
butyrate is recognized in the literature as the principal energy source for colonocytes, con-
tributing to epithelial barrier integrity, immune regulation, and suppression of intestinal
inflammation in vivo [37]; these host-level effects were not directly assessed in the present
cell-free in vitro fermentation system. Therefore, the comparable SCFA responses observed
in the probiotic and paraprobiotic groups suggest that thermal inactivation was not asso-
ciated with a statistically detectable reduction in the capacity of L. casei 431 to influence
microbial metabolism during colonic fermentation.

Both viable and heat-inactivated L. casei 431 supplementation altered the composition
of the pooled fecal microbial community during in vitro colonic fermentation. The signifi-
cant alterations observed in alpha diversity, together with the clear separation of microbial
communities in the beta diversity analysis, demonstrate that both preparations produced a
comparable community-level shift under the closed batch fermentation conditions used
in this study. Importantly, the absence of significant differences between the viable and
heat-inactivated groups across diversity indices, community composition, and individ-
ual taxa suggests that heat inactivation was not associated with a statistically detectable
reduction in this microbiota-altering capacity under the present experimental conditions.
These findings are consistent with growing evidence indicating that non-viable microbial
preparations can exert microbiota-modulating effects comparable to those of their viable
counterparts [7,35,38–41].

Although the ecological significance of the Bacillota/Bacteroidota ratio has recently
been questioned as a universal biomarker of gut health, its modulation in the present study
occurred concurrently with increased SCFA production and enrichment of fermentative
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bacteria. Rather than interpreting this ratio as a primary outcome or health indicator, it is
presented here as a descriptive compositional parameter to be considered alongside the
broader microbial and metabolic responses [42]. One of the most prominent microbial
responses was the coordinated enrichment of several butyrate-producing genera, including
Roseburia, Anaerostipes, Butyribacter, Flintibacter, Dysosmobacter, Mediterraneibacter, Coprococ-
cus, and Eubacterium. These microorganisms play central roles in complex carbohydrate
fermentation and butyrate biosynthesis [43–51]. Their simultaneous enrichment, together
with the observed increase in butyrate concentrations, is consistent with enhanced saccha-
rolytic fermentation, although it should be noted that increases in relative abundance do
not necessarily reflect increases in absolute cell numbers or directly demonstrate enhanced
metabolic activity. Absolute quantification or functional-gene analysis would be required
to confirm enhanced saccharolytic activity.

In addition, both treatments increased the relative abundance of Bifidobacterium spp.
and Akkermansia muciniphila, two microbial groups frequently associated with intestinal
homeostasis [52,53]. Bifidobacterium longum and B. pseudocatenulatum contribute to carbo-
hydrate fermentation through the production of acetate and lactate, which may serve as
substrates for secondary butyrate producers [54–57]. Regarding A. muciniphila, it should be
noted that this organism is primarily a mucin-utilizing bacterium [58,59], and the present
fermentation medium was not supplemented with mucin. Its apparent enrichment in
this system may therefore reflect utilization of alternative substrates present in the fecal
inoculum rather than mucin degradation per se. The increase in A. muciniphila relative abun-
dance is reported as an observational finding and should not be interpreted as evidence of
mucin-related activity under these in vitro conditions.

Not all microbial alterations can be interpreted as unequivocally beneficial. Bilophila
wadsworthia increased significantly following both interventions. Although this species is
detected in healthy individuals, elevated abundance has been associated with intestinal
inflammation under certain conditions, and its ecological role depends largely on the
overall microbial community context [60]. Its increased abundance should therefore be
interpreted cautiously. Similarly, the increase in Collinsella aerofaciens should be viewed
with caution given its context-dependent associations with host health [61]. Conversely,
the reductions in Phocaeicola vulgatus and Ruminococcus champanellensis most likely reflect
ecological restructuring during substrate fermentation [41,62]. The correlation analysis
identified associations between SCFA concentrations and the bacterial taxa enriched fol-
lowing supplementation. These associations should be interpreted as exploratory findings,
potentially influenced by treatment-group separation, rather than as evidence of direct
metabolic interactions or an integrated microbial network, given the small sample size and
the compositional nature of the relative-abundance data. It should be emphasized that
correlation cannot establish causality, and direct demonstration of cross-feeding would
require isotope tracing, targeted substrate experiments, metatranscriptomics, or defined
microbial consortia—none of which were performed in the present study.

Among the strongest associations were those involving Anaerostipes hadrus, Roseburia
faecis, and Butyribacter intestini, all well-characterized butyrate-producing bacteria [43–51].
Dorea longicatena also showed positive associations with acetate, butyrate, valerate, and
total SCFA concentrations [63]. The concordance between microbial enrichment, SCFA
production, and the known metabolic functions of these bacteria provides biological plau-
sibility for the observed associations, though causal interpretation requires confirmation
through functional analyses.

The simultaneous enrichment of Bifidobacterium longum, B. pseudocatenulatum, Anaerostipes,
and Roseburia is consistent with previously described cross-feeding mechanisms whereby
bifidobacteria-derived acetate and lactate may serve as substrates for secondary fermenters
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promoting butyrate production [64,65]. However, cross-feeding was not directly measured
in this study, and these observations should therefore be regarded as consistent with, but not
confirmatory of, such mechanisms. Direct validation would require functional approaches
such as isotope tracing, targeted substrate-utilization experiments, metatranscriptomics, or
defined microbial consortia.

Faecalibacterium prausnitzii and Akkermansia muciniphila did not show significant SCFA
correlations despite increased relative abundance, consistent with their beneficial effects
extending beyond direct SCFA synthesis to include epithelial barrier maintenance and
immune modulation—functions that cannot be directly inferred from taxonomic abundance
data in a cell-free in vitro fermentation model [58,59,66–71]. Similarly, the absence of
significant isovalerate correlations may suggest that branched-chain fatty acid production
was more closely related to amino acid metabolism than to the enriched carbohydrate-
fermenting taxa [72].

Overall, the microbial–metabolite associations were broadly consistent between the
viable and heat-inactivated preparations. Under the conditions of this in vitro pooled-fecal
batch fermentation model, heat-inactivated L. casei 431 showed no statistically detectable
differences from the viable strain across several measured microbiota and metabolic end-
points. These exploratory findings require confirmation using independent donor-level
fermentations, validated microbial and metabolic analyses, and in vivo studies before
health or functional equivalence claims can be made.

A notable strength of the present study is the integration of technological optimization
with biological characterization within a single experimental framework, combining multi-
criteria optimization (TOPSIS), antimicrobial activity, SCFA production, gut microbiota
profiling, and microbial–metabolite correlation analysis. This integrated approach provides
a broader assessment of paraprobiotic characteristics than evaluations based solely on
bacterial viability. However, it should be acknowledged that this strength does not over-
come the principal limitation of the study—namely, the lack of independent donor-level
biological replication—and the findings should be interpreted accordingly.

Several limitations of the present study should be acknowledged. First and most
importantly, fecal samples from five donors were pooled prior to fermentation, and all
replicate vessels were derived from this single composite inoculum. This design removes
information on inter-individual variability and means that the observed microbial and
metabolic responses reflect a single composite community rather than independently
replicated biological responses. Donor identity could not therefore be incorporated as a
biological replicate or random effect in the statistical analysis, and donor-level replication
will be required before broader inferential claims can be supported. Second, the correlation
and differential-abundance analyses were based on relative-abundance data, which are
compositional in nature, and were performed on a small number of observations; the
reported associations should therefore be regarded as exploratory. Third, species-level
taxonomic assignments derived from V3–V4 16S rRNA gene sequencing carry inherent
resolution limitations for several taxa. Fourth, the findings were obtained using an in vitro
gastrointestinal digestion and colonic fermentation model, which cannot fully reproduce
the complexity of host–microbiota interactions occurring in vivo. Fifth, microbial func-
tion was inferred primarily from 16S rRNA gene-based taxonomic profiling and SCFA
measurements rather than being directly assessed. Complementary approaches such as
metatranscriptomics and metabolomics would provide deeper mechanistic insight into
the functional responses of the gut microbiota. Finally, the biological effects of the heat-
inactivated L. casei 431 preparation were not evaluated in animal models or human subjects.
Future in vivo studies integrating microbial, metabolic, and host-response analyses are
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warranted to confirm the physiological relevance of these findings and to elucidate the
mechanisms underlying the microbiota-modulating effects of heat-inactivated L. casei 431.

5. Conclusions
This study demonstrates that, under the conditions of this pooled-fecal batch fer-

mentation model, viable and heat-inactivated L. casei 431 significantly increased several
short-chain fatty acids and altered the relative microbial community profile of a pooled fecal
inoculum compared with the control, including enrichment of butyrate-producing taxa
and significant shifts in alpha and beta diversity. It should be noted, however, that not all
observed microbial changes can be interpreted as unequivocally beneficial; in particular, the
increases in Bilophila wadsworthia and Collinsella aerofaciens warrant cautious interpretation
given their context-dependent associations with host health. For most of the measured
outcomes, the heat-inactivated preparation was not statistically distinguishable from its
viable counterpart, indicating that thermal inactivation did not markedly compromise these
specific functional attributes under the tested conditions.

Multi-criteria optimization using TOPSIS ranked heating at 65 ◦C for 60 min as the
most favorable condition among those tested, based on the combination of loss of cultura-
bility and antimicrobial activity against the selected indicator strains. These exploratory
findings should be regarded as hypothesis-generating and require confirmation through
independent donor-level fermentations, validated microbial and metabolic analyses, and
in vivo or clinical studies before firm conclusions can be drawn regarding the health or
industrial applicability of heat-inactivated L. casei 431 as a functional food ingredient.
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