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Abstract

This study evaluated solid-state fermentation (SSF) to improve the nutritional
profile and microbial composition of rice bran using three commercial prod-
ucts with different microbial/enzimatic complexity. The experiment was con-
ducted in triplicate at LCM-UFSC and assessed 0, 24, and 48 hours fermenta-
tions by measuring pH, proximate composition, amino acids, organic carbon,
and metagenomes (16S rRNA HTS for bacteria; ITS for fungi). Rice bran (250
um sieve) was autoclaved, mixed with deionized water and products (wa-
ter:bran:product ratio 1.5:1:0.025), and incubated at 30°C. Post-fermentation
samples were frozen (—20°C/-80°C), lyophilized, and analyzed. The products
contained probiotics (Bacillus, Lactobacillus), Saccharomyces cerevisiae, and
enzymes. SSF reduce pH and organic carbon while increasing protein, fiber,
ash, and essential amino acids such as methionine and lysine. Bacterial meta-
genomics showed Firmicutes dominance, particularly Bacillus and Lysini-
bacillus, while fungal profiles shifted toward S. cerevisiae. These results sug-
gest that SSF may help valorize rice bran as an agro-industrial byproduct for
future aquafeed applications.

Keywords
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1. Introduction

Aquaculture provides over 50% of global seafood for human consumption, yet
sustainability challenges persist due to high feed costs representing 70% - 80% of
operational expenses [1]. Alternative ingredients from agroindustrial by-products

offer cost-effective, environmentally friendly solutions aligned with circular econ-

DOI: 10.4236/fns.2026.179048  Sep. 14, 2026

739 Food and Nutrition Sciences


https://www.scirp.org/journal/fns
https://doi.org/10.4236/fns.2026.179048
http://www.scirp.org
https://www.scirp.org/
https://orcid.org/0009-0008-4404-4861
https://doi.org/10.4236/fns.2026.179048
http://creativecommons.org/licenses/by-nc/4.0/

A.D. Chacho et al.

omy principles [2] [3].

Aquaculture faces feed challenges such as fishmeal shortages and price volatil-
ity, which necessitate plant-based alternatives [4]. However, many contain anti-
nutritional factors (ANFs) that limit digestibility [5]. Fermentation has been pro-
posed as a strategy to reduce antinutritional factors, including phytates, and thus
may improve the nutritional quality of rice bran [6]. Rice bran, generated at 60 -
80 kg per ton of milled rice, provides 12% - 15% protein, lipids, vitamins, and
bioactive compounds (y-oryzanol, phytosterols) at low cost [5] [7]. Yet, high fiber
(8% - 12%), phytic acid, and spoilage fungi (Aspergillus, Fusarium, Penicillium)
restrict inclusion above 20% in aquafeeds [8].

Solid-state fermentation (SSF) enhances agro-byproducts by reducing ANFs,
improving protein/amino acid bioavailability, and modulating microbial commu-
nities through microbial/enzymatic action [9]. Unlike submerged fermentation
(95% water), SSF uses < 40% moisture, optimal for Bacillus and Saccharomyces
cerevisiae on solid substrates [10]. Previous studies report SSF rice bran increases
protein (+25%), essential amino acids (methionine, lysine +30-50%), and reduces
phytate (40% - 70%) [11] [12].

Brazil produces 11 million tons of rice annually, yielding ~800,000 tons of bran
ideal for feeds targeting dominant species like tilapia and shrimp (Litopenaeus
vannamer; 70.9% pisciculture, 19.3% shrimp production) [13] [14]. This study ad-
dresses this gap by evaluating commercial microbial blends (probiotics + en-
zymes) via SSF on rice bran with comprehensive metagenomic analysis (16S
rRNA for bacteria; ITS for fungi) under controlled conditions, providing insights

for sustainable aquafeeds.

2. Materials and Methods
2.1. Rice Bran Substrate

Rice bran (Sucesso Agroindustrial e Consultoria LTDA, Santa Catarina, Brazil), a
by-product of polished rice, was used as the substrate. According to Garofalo et
al. [15], it contained 15.70% crude protein, 1.70% crude ether extract, 3740 kcal/kg
gross energy, 13.70% crude fiber, 16.70% ash, 0.45% available phosphorus, 0.13%
total calcium, and 1.10 mg/kg folic acid.

2.2. Microbial Inoculants

Three commercial products containing Saccharomyces cerevisiae were used for
rice bran fermentation. According to the manufacturers’ labels, Product 1 (com-
plex) contained Bacillus subtilis, Enterococcus faecium, Lactobacillus acidophilus,
and Saccharomyces cerevisiae, together with phytase, protease, and mineral/nu-
tritional additives, including calcium, cobalt, copper, iron, magnesium, manga-
nese, potassium, selenium, zinc, lecithin, glyceryl ricinoleate, and mannan oligo-
saccharides. Product 2 (simple) contained Saccharomyces cerevisiae microspheres
at 1 x 10" CFU/g. Product 3 (+complex) contained Enterococcus faecium, Lacto-

bacillus acidophilus, Saccharomyces cerevisiae, dried/lyophilized yeasts, algae
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(Schizochytrium sp. and Chlorella vulgaris), cellulase, phytase, protease, f-glu-

cans, mannan oligosaccharides, vitamin C, copper, selenium, and zinc.

2.3. Experimental Design

A completely randomized design was used. The experimental units were 3.5-L
plastic containers (253 x 174 x 122 mm). Rice bran and deionized water were
autoclaved before use. The control consisted of dry rice bran without water or
commercial product. The fermented treatments consisted of rice bran mixed with
deionized water and one of three commercial products at a ratio of 1.5:1:0.025
(water:rice bran:product), corresponding to 750 mL of deionized water, 500 g of
rice bran, and 12.5 g of product per container. The mixtures were covered with
parafilm and incubated at 30°C for 48 h.

The experiment included four treatments: (i) dry rice bran control without wa-
ter or product; (ii) rice bran fermented with Product 1; (iii) rice bran fermented
with Product 2; and (iv) rice bran fermented with Product 3. Each treatment was
performed in triplicate, totaling 12 experimental units. The same experimental
units were sampled non-destructively at 0, 24, and 48 h.

The 3.5-L container served as the experimental unit. pH was measured inde-
pendently in each replicate at 0, 24, and 48 h, and proximate composition was
determined from replicate samples collected from each unit. In contrast, amino
acid, organic carbon, and metagenomic analyses were performed on pooled com-
posite samples prepared by combining material from the corresponding treatment
and sampling time; accordingly, these results are descriptive and not intended for

formal replicated treatment-level statistical inference.

2.4. pH Measurement

At each sampling time (0, 24, and 48 h), 10 g of substrate from each experimental
unit was mixed with 10 mL of deionized water, and pH was measured using a TEC-
11/EL-M pH meter [16].

2.5. Bromatological Analysis

Proximate composition was determined on wet samples (100 g) collected from
each experimental unit. At each sampling time (0, 24, and 48 h), material from all
10 containers (dry rice bran plus three replicate containers per treatment) was
frozen at —20°C, freeze-dried, vacuum-sealed, and sent individually to Analises
Laboratoriais Ltda. CBO (Valinhos, SP, Brazil). Analyses followed the Compéndio
Brasileiro de Alimentagcdo Animal (2017) and AOCS methods, including: mois-
ture/volatiles (Method 53), crude protein (Method 45, Dumas), ether extract
(AOCS Am 5-04/ANKOM 12), crude fiber (ANKOM 200, Method 18), and min-
eral matter (Method 5, modified) [17].

2.6. Amino Acid Analysis

For amino acid analysis, material from the three replicate containers was pooled
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for each selected treatment and sampling time to form composite samples (n = 7
conditions: dry bran, Products 1 - 3 at 24 h, and Products 1 - 3 at 48 h). The pooled
samples (=50 g wet) were freeze-dried and analyzed by HPLC after acid hydrolysis
[18]-[21]. Because these analyses were performed on pooled composites rather
than independent biological replicates, amino acid results are presented descrip-
tively and are not intended for formal treatment-level statistical inference. Cys-
tine/methionine was determined after oxidation, and taurine was co-analyzed us-
ing methods MA-001 R5 and MA-009 RO.

2.7. Organic Carbon Determination

Organic carbon was determined on the same pooled composite samples used for
amino acid analysis (=50 g wet per condition). The pooled samples were dried at
65°C for 48 h, sieved to 0.250 mm, and analyzed at Laboratério Agronémico
Unithal using the Walkley-Black method [22] [23]. As with amino acids, these
values are descriptive and reflect treatment x time composites rather than repli-
cated experimental units; consequently, they do not support formal treatment-level

statistical inference.

2.8. Bacterial Metagenomics

For bacterial metagenomic analysis, samples from the same treatment and sam-
pling time were pooled before sequencing. A total of seven pooled composite sam-
ples were prepared from dry rice bran and Products 1 - 3 at 24 h and 48 h (1 g wet;
n = 7 conditions). Total DNA was extracted from each pooled sample, and bacte-
rial community profiling targeted the V3-V4 region of the 16S rRNA gene using
the 314F/806R primers [24] [25].

Sequencing was performed on an Illumina MiSeq platform using 300 bp single-
end reads, and raw reads were processed with the Sentinel pipeline [26]. Quality
control included FastQC, primer removal, trimming of bases with Phred scores
below 20 using Trimmomatic v0.36, and removal of clusters with fewer than 5
reads [27] [28]. VSEARCH was used to remove chimeras and cluster reads into
OTUs at 97% identity [29]. Taxonomic assignment was performed by BLASTn
against the proprietary reference database used by the platform; the database in-
corporated GenBank and SILVA v132, with a 90% identity threshold for classifi-
cation [30]-[32]. Because the samples were pooled, the community profiles are

reported descriptively and not used for formal statistical inference.

2.9. Fungal Metagenomics

For fungal metagenomic analysis, samples from the same treatment and sampling
time were pooled before sequencing. Pooled composite samples (1 g wet; n = 7
conditions: dry rice bran and Products 1 - 3 at 24 h and 48 h) were analyzed by
high-throughput sequencing (HTS) of the ITS1 region using the ITS1 (GAAC-
CWGCGGARGGATCA) and ITS2 (GCTGCGTTCTTCATCGATGC) primers

[33]. Sequencing was performed on an Illumina MiSeq platform using the Senti-
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nel/Neobiome workflow, with a minimum alignment length of 300 bp and 100,000
reads per sample [34]. Quality control included FastQC, trimming of primer se-
quences and bases with Phred scores below 20, and removal of clusters with fewer
than 5 reads to reduce low-quality and potentially chimeric signals [27] [29]. Tax-
onomic assignment was performed by BLASTn v2.6.0+ against the NeoRefDB
proprietary database, with species-level classification defined at 97% identity [35]
[36]. Raw-read accession numbers will be provided once deposited in a public re-
pository. Shannon and dominance indices were calculated using PAST 4.04 [37]
[38].

Because the analyses were based on pooled composite samples, the fungal com-
munity patterns are interpreted descriptively and not used for formal treatment-

level statistical inference.

2.10. Statistical Analysis

Data were first checked for normality and homogeneity of variances using Shapiro-
Wilk and Levene tests. For variables measured repeatedly in time on the same ex-
perimental units (e.g., pH), a two-way repeated-measures ANOV A was applied,
followed by Tukey’s post-hoc test when appropriate (a = 0.05; Jamovi 2.3.21).
Multivariate analyses of bacterial community data were performed in PAST 4.04
[39]. Amino acid, organic carbon, and metagenomic results from pooled compo-
site samples were treated as descriptive and were not subjected to formal repli-

cated inferential statistics.

3. Results
3.1. Temperature and pH

Temperature remained stable throughout fermentation (30°C). pH decreased sig-
nificantly over time (repeated-measures ANOVA, p < 0.001; Figure 1). The dry
rice bran control showed pH values of 6.00 (0 h), 5.91 (24 h), 5.19 (48 h). Product
3 showed the greatest initial drop at 0 h (5.67 + 0.01; —5.5% vs. control). At 24 h,
Product 1 acidified most (5.29 + 0.04; -10.5% vs. control); at 48 h, Product 1
reached 5.09 + 0.02 (—1.9% vs. control). Post-hoc Tukey tests indicated no differ-
ence between 0 and 24 h (p = 0.136, NS), but significant differences between 0 and
48 h (p = 0.008) and between 24 and 48 h (p = 0.011). No product effect on pH (p
=0.51).

3.2. Bromatological Composition

Compositions (n = 10 experimental units per sampling time; Figure 2) varied by
product and time (ANOV A, p < 0.05 unless otherwise noted).
Moisture/volatiles showed no significant differences among treatments (p =
0.147). The greatest reductions were observed for Product 2 at 0 h (2.36 +
0.43%; —44% vs. dry bran control) and at 24 h, and for Product 1 at 48 h (2.70
+ 0.37%).
Crude protein differed significantly among treatments (p < 0.001). Product 2
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Temporal variation of pH in experimental treatments. Data represent means * standard
deviation from repeated measures analysis. Different uppercase letters indicate significant
differences over time (p < 0.05). Different lowercase letters indicate significant differences
between treatments (p < 0.05).

Figure 1. pH of three microbial blends before fermentation (0 h), after 24 h and 48 h fer-
mentation, and FA with water (control).

showed increases of approximately 13.9% at 24 and 48 h (14.39% + 0.16% and
14.93% =+ 0.20%, respectively), whereas Product 1 at 0 h showed a slight decrease
of 1.3% relative to the control.

Ether extract also differed significantly (p < 0.001). Initial reductions were ob-
served for Product 2 at 0 h (14.49% * 1.08%; —9.8% vs. control), while post-fer-
mentation increases were detected for Product 3 at 24 h (+28%) and for Product
2 at 48 h (+39.8%).

Crude fiber showed no significant treatment or time effect (p = 0.561), although
Product 3 exhibited a 7.7% decrease at 48 h.

Mineral matter (ash) differed significantly (p < 0.001), with Product 1 showing
a 15.8% increase at 48 h. These patterns likely reflect both fermentation-driven
changes and direct nutrient contributions from the commercial inoculants, con-

sistent with their label composition [40] [41].

3.3. Amino Acid Profile

Fermented samples (n = 7 pooled composite conditions; Table 1 and Table 2)
showed descriptively higher amino acid contents than dry rice bran. Patterns in
essential amino acids suggest increases in the fermented treatments; for example,
lysine was 82% higher in Product 1 at 48 h, and methionine was 71.4% higher in
Product 2 at 48 h, relative to dry bran. Non-essential amino acids appeared highest
in Product 3 at 48 h, with aspartic acid showing an increase of 13.7% relative to dry

bran. Because these measurements are based on pooled composite samples for each
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condition rather than independent biological replicates, amino acid data are inter-

preted descriptively and are not used for formal treatment-level statistical inference.
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Figure 2. Proximate composition (% dry matter) of dry rice bran (control) and solid-state fermented rice bran with commercial

products at 0, 24, and 48 h.
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Table 1. Guaranteed composition levels of three commercial microbial products.

Composition of commercial products

Product 1 Product 2 Product 3
Bacillus subtilisV Saccharomyces cerevisiaeV Beta-glucans®
Calcium® Cellulase®
Cobalt® Copper®
Copper® Enterococcus faecium™®
Enterococcus faecium® Phytase®
Iron® Lactobacillus acidophilus®
Phytase Mannan-oligosaccharides”
Lactobacillus acidophilus® Protease®
Lecithin® Saccharomyces cerevisiae®
Magnesium!? Selenium@?
Mannan-oligosaccharidesV Vitamin C'V
Manganese'? Zinc?

Potassium?
Protease®
Glyceryl ricinoleate®®
Saccharomyces cerevisiae'®

Selenium®”

Zinc1®

Values in UFC/g (microbial counts), U/g (enzymes), mg/kg or g/kg (minerals/nutrients).
Product 1: V20,000 x 109 UFC/g"; @70,000 g/kg; 16,720 mg/kg; #3910,018 mg/kg; 91850
x 106 UFC/g; ©3,483,417 mg/kg; 2520 U/G; ©1850 x 106 UFC/g™; 300,000 mg/kg;
(192004,363 mg/kg; 17500,000 mg/kg; 122,786,730 mg/kg; 110,450 g/kg; 192540 U/G;
(193000,000 mg/kg; 196850 x 107 UFC/g; 142,867 mg/kg; ¥361,269 mg/kg. Produto 2:
W1 x 10 UFC/g™. Produto 3: (1) 17.9 mg/kg; (2) 0.55 u*2/g; (3) 2133 mg/kg; (4) 4 x 106
UFC/g™; (5) 4 u*3/g; (6) 4 x 106 UFC/g™%; (7) 2500 mg/kg; (8) 250 u*1/g; (9) 8 x 107 UFC/g-
1; (10) 75 mg/kg; (11) 2470 mg/kg; (12) 1249 mg/kg.

Table 2. Amino acid profile (% of total protein) of fermented rice bran versus dry control.

FA Productl Productl Product2 Product2 Product3 Product3

Aminodcidos " " /b -48h -24h  -48h  -24h  -48h
Asparticacid  1.01  1.01 1.03 1.14 1.10 1.07 1.17
Glutamicacid 1.63  1.57 1.69 1.85 1.87 1.84 1.77
Serine 057 053 058 066 062  0.63 0.58
Glycine 070 067 069 072 072 070 078
Histidine* 030 029 030 032 034 033 0.32
Taurine 001  0.03 0.04 004 001 0.01 0.01
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Continued
Arginine* 0.81 0.86 0.86 0.96 0.79 0.88 0.90
Threonine* 0.50 0.45 0.50 0.58 0.53 0.53 0.54
Alanine 0.92 0.92 0.90 0.92 0.90 0.86 1.01
Proline 0.60 0.59 0.62 0.64 0.65 0.65 0.63
Tyrosine 0.27 0.34 0.37 0.41 0.44 0.44 0.41
Valine* 0.70 0.65 0.67 0.70 0.72 0.71 0.78
Methionine* 0.04 0.12 0.12 0.13 0.14 0.13 0.11
Cystine* 0.12 0.15 0.16 0.16 0.20 0.20 0.15
Isoleucine* 0.43 0.42 0.44 0.45 0.46 0.45 0.49
Leucine* 0.89 0.90 0.94 0.99 0.99 0.97 0.98
Phenylalanine* 0.57  0.51 0.56 0.60 0.61 0.60 0.62
Lysine* 0.55 2.39 3.06 0.82 0.68 0.66 0.67
Hydroxyproline 0.04 0.09 0.07 0.08 0.10 0.10 0.05

Amino acid profile (% of total protein) of rice bran SSF with commercial microbial prod-
ucts 1 - 3 at 24 and 48 h versus dry control (FA; n=7 pools per treatment). Essential amino
acids marked (¥) meet Penaeus vannamei requirements (lysine: 1.6% diet; Hardy et al,,
2011). Greatest improvements: lysine +457% (Product 1 - 48 h), methionine +250% (Prod-
uct2 - 48 h).

3.4. Organic Carbon

Fermented samples showed descriptively lower organic carbon than dry rice bran
(e.g., Product 2 at 24 h: —19%; Figure 3). Between 24 and 48 h, organic carbon in
Product 2 increased by approximately 11%, suggesting partial recovery of carbon
content over time. The distribution of organic carbon values did not meet nor-
mality assumptions (Shapiro-Wilk test), and because measurements were ob-
tained from pooled composite samples for each condition, these patterns are in-
terpreted descriptively and are not used for formal treatment-level statistical in-

ference.

3.5. Bacterial Microbiome

A total of 276,966 sequences corresponding to 76 species were identified in the
bacterial microbiome analysis (Figure 4). The community was dominated by
Firmicutes across all samples, representing 99.84% in the control and approxi-
mately 98% - 99.8% in Products 1 - 3, whereas Proteobacteria showed a transient
increase in Product 1 at 24 h, reaching 42.5%. Actinobacteria remained below
0.03% in all conditions. The most abundant species were Rummeliibacillus pycnus
(33.86%; 92,970 sequences), Clostridium butyricum (26.18%), and Pediococcus
acidilactici (22.20%). Principal coordinate analysis explained 68.88% of the vari-
ation in PC1 and separated the samples into two main groups: Group A, compris-

ing Product 1 at 48 h and Product 3 at 24 h, and Group B, comprising the control
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Organic carbon content (pool %) in rice bran fermented with commercial products 1 - 3
at 24 and 48 h versus dry rice bran control. Reductions occurred at 24 h (maximum 19%
for product 2), with increases from 24 to 48 h (3% - 11%).

Figure 3. Organic carbon content (pool, %) of fermented rice bran at 24 and 48 h compared
to dry rice bran control.

24 hours 48 hours

100

Product 2 Product 1

(%)
ce (%

Rice Bran Rice Bran

50

Product 3 Product 3

Product 1 OI

Actinobacteria Firmicutes Proteobacteria Actinobacteria Firmicutes Proteobacteria
Relative abundance (%) of major bacterial phyla (Actinobacteria, Firmicutes, Proteobacteria) at 24 h (left panels) and 48 h (right
panels) fermentation across three commercial products (P1, P2, P3) and dry rice bran control. Data derived from 16S rRNA se-
quencing analysis.

Relative Abundance
Relative Abundan

Product 2

Figure 4. Relative abundance (%) of major bacterial phyla at two fermentation times (24 and 48 h) across three commercial products
and dry rice bran control.

and Product 2 at 24 h (Figure 5). Venn analysis showed that Product 1 at 24 h
contained the highest number of taxa, with 55 species detected (Figure 6). Because
these microbiome profiles were derived from pooled composite samples, the re-

sults are reported descriptively and interpreted accordingly.

3.6. Fungal Microbiome

750,732 sequences (24 genera; Figure 7). Dominant: Ascomycota (69.47%),
Mucoromycota (30.51%). Saccharomyces cerevisiae 65.38% (490,885 seq.). PCoA:
72.84% PCI1; 48 h clustering (Figure 8). Venn: P1 - 24 h 29 taxa; P1 - 48 h 47 taxa
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(Figure 9). As with the bacterial data, these fungal community results derive from
pooled composite samples and are interpreted descriptively rather than used for

formal treatment-level statistical inference.
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Coordinate 1
PCoA of bacterial communities in fermented rice bran (products 1 - 3 at 24 and 48 h) versus dry control. Clusters: A (product 1 -
48 h, product 3 - 24 h); B (dry bran, product 2 - 24 h).

Figure 5. Principal coordinates analysis (PCoA) of bacterial communities showing relationships between commercial products and
fermentation times (24 and 48 h).
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Venn diagram of shared bacterial taxa in rice bran fermented with commercial products 1 - 3 at 24 h (highest: product 1, 55 taxa)
and 48 h (highest: dry bran, 50 taxa) versus dry rice bran control.

Figure 6. Venn diagram showing shared bacterial taxa between fermentation times (24 and 48 h) and microbial blends in solid-state
rice bran fermentation.
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Relative abundance (%) of major fungal phyla (Ascomycota 69.5%, Mucoromycota 30.5%) in rice bran fermented with commercial
products 1 - 3 at 24 and 48 h compared with the dry rice bran control.
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Figure 7. Relative abundance (%) of fungal phyla in rice bran fermented with three commercial microbial products at 24 and 48 h.
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Figure 8. Principal coordinates analysis (PCoA) of fungal communities showing relationships between commercial microbial prod-
ucts and fermentation times (24 and 48 h).
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A 2 g B

Venn diagrams of shared fungal taxa in rice bran fermented with products 1 - 3 at 24 h (A; highest: product 1) and 48 h (B; highest:
product 1) versus other treatments.

Figure 9. Venn diagram showing shared fungal taxa between fermentation times (24 and 48 h) and microbial blends in solid-state
rice bran fermentation.

4. Discussion

The three commercial products evaluated differ systematically in microbial com-
plexity and biochemical composition. Product 1 features a complex formulation
with probiotic consortia (Bacillus subtilis, Enterococcus faecium, Lactobacillus
acidophilus), exogenous enzymes (protease, phytase), and minerals, which may
have influenced the observed fermentation responses [40]. This contrasts with
Product 2 (second-generation microencapsulated Saccharomyces cerevisiae),
which prioritizes simplicity and prolonged stability [42], and Product 3, which
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contains a diverse microbiota including multiple yeasts, algae, and DHA-rich
Schizochytrium [41]. Because the commercial inoculants contained microorgan-
isms, enzymes, minerals, vitamins, algae, and other additives, some of the ob-
served changes may reflect both product composition and fermentation dynamics
rather than fermentation alone.

Progressive pH decline (Figure 1) is consistent with established S. cerevisiae
rice bran SSF patterns and may be associated with organic acid production (lac-
tic/acetic) and CO, release [43] [44]. A pH range of 4.5 - 5.0 is generally consid-
ered favorable for yeast activity and saccharification, while very acidic conditions
may reduce performance [45]. Complex inoculants (P1/P3) may have contributed
to faster initial acidification, possibly through enzymatic pre-digestion of bran
macromolecules by Bacillus-associated activities [46].

SSF-mediated increases in protein, fiber, and ash, together with reductions in
moisture and lipid content, are consistent with microbial proteolysis and biomass
accumulation during fermentation, although these mechanisms were not directly
quantified in the present study [47]. The initial crude protein decline observed in
Product 1 may indicate exogenous protease activity and early protein hydrolysis,
as reported for Rhizopus-based rice bran SSF systems [48]. Product 2 exhibited
the highest final protein levels, which may be associated with maintained viability
of microencapsulated S. cerevisiae; however, direct comparisons with bacterial
consortia should be interpreted cautiously [49].

The observed, non-significant increase in crude fiber may reflect the contribu-
tion of microbial biomass components, such as bacterial cell wall polysaccharides
and yeast chitin/glucan, as previously reported in SSF systems [50] [51]. Given the
lack of statistical significance, this interpretation remains tentative.

The observed descriptive organic carbon depletion (Figure 3) may indicate mi-
crobial assimilation associated with biomass and metabolite synthesis, including
amino-acid production [52].

SSF-treated rice bran descriptively showed higher levels of amino acids that are
considered limiting for Penaeus vannamei diets, notably lysine [53], and the lysine
increases observed in this study were greater than those reported by Vieira [54].
Patterns in methionine and other amino acids (Figure 2) suggest that SSF rice
bran may have potential as a partial fishmeal alternative; however, this potential
must be confirmed in feeding trials and performance studies [43]. Importantly,
amino acid, organic carbon, and metagenomic data were obtained from pooled
composite samples; therefore, these results are presented descriptively and are not
suited for formal treatment-level inferential statistics.

A limitation of the present study is that antinutritional factors (e.g., phytates)
were not directly measured; consequently, any reduction in ANFs should be in-
terpreted as a potential benefit inferred from previous studies rather than as an
experimentally demonstrated outcome of this work.

Post-SSF, Firmicutes remained the dominant phylum across the fermented

treatments, which is consistent with the composition of the commercial inocu-
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lants, as they contained Firmicutes-associated taxa such as Bacillus, Enterococcus,
Lactobacillus, Pediococcus, and Rummeliibacillus[55]. The observed transient in-
crease in Proteobacteria in Product 1 at 24 h (42.5%) likely reflects an early stage
of community adjustment during fermentation, whereas the return to near-com-
plete Firmicutes dominance at 48 h suggests a later stabilization of the bacterial
community. Thus, the Proteobacteria peak should be interpreted as a treatment-
and time-specific shift rather than as a contradiction of the overall Firmicutes-
dominated profile.

Probiotic acidogenesis may have contributed to conditions less favorable for
Clostridium while favoring the relative abundance of Enterococcus, Pediococcus,
and Rummeliibacillus, which is consistent with moisture- and nutrient-depend-
ent growth patterns reported in previous studies [56] [57].

Ascomycotal Saccharomyces succession may be associated with a reduction in
the relative abundance of native Rhizopus, possibly due to shifts in pH and mois-
ture that favor ascomycete growth and enzyme activity [8]. S. cerevisiae reached
near-monodominance in P2 and P3 (Figure 7), which may reflect its high com-
petitiveness under the fermentation conditions.

These microbial dynamics suggest that SSF rice bran may have promise as an
aquaculture ingredient and may potentially contribute to partial fishmeal replace-
ment, but these applications require confirmation in feeding trials. Product 2 may
offer practical advantages for protein enrichment at scale, whereas Product 1 may
be more favorable for improving amino acid content under the conditions tested.
Further feeding trials and safety evaluations are needed to confirm industrial ap-

plicability.

5. Conclusions

Commercial inoculants of differing complexity appeared to influence rice bran
SSF, as reflected in changes in pH, proximate composition, amino acid profiles,
and microbial community structure. Product 3 showed broader compositional
complexity, whereas Product 2 may offer practical advantages in formulation sim-
plicity and stability. Further studies, including feeding trials and challenge assays,
are needed to evaluate the potential of SSF rice bran as a sustainable ingredient

for Penaeus vannamei diets.
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