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Abstract

The growing demand for aquaculture has driven the search for sustainable practices and
utilization of agro-industrial residues. Brown rice bran, an abundant and low-cost by-
product, has emerged as a promising raw material. This dissertation aimed to evaluate
solid-state fermentation (SSF) of rice bran using the fungus Rhizopus oryzae and the yeast
Saccharomyces cerevisine with the goal of improving its nutritional value for use in diets
formulated for zebrafish (Danio rerio). Proximate composition analyses revealed the strong
biotransformation potential of Rhizopus oryzae. Fermentation with this fungus resulted in a
significant 36.45% increase in protein content, a 51.62% increase in total polyphenols, and a
13.7% reduction in lipid content. In an in vivo experiment, zebrafish fed a diet containing
rice bran fermented by R. oryzae showed the best zootechnical performance, with higher
weight gain, specific growth rate, and improved feed conversion. Gene expression analysis
showed a significant difference only for glut6, which is related to glucose transport. In
summary, the fermentation of brown rice bran with Rhizopus oryzae represents an effective
strategy to enhance its nutritional profile, establishing it as a viable alternative for the
formulation of more sustainable and efficient diets in aquaculture.

Keywords: animal nutrition; agro-industrial by-product; proximate composition; Rhizopus
oryzae; Saccharomyces cerevisiae; Danio rerio; rice fermentation; solid-state Fermentation

1. Introduction

Aquaculture has recently experienced accelerated growth, becoming an important pro-
ductive activity worldwide [1]. This growth is supported by the formulation of appropriate
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diets for each species, with adequate nutritional factors to reach their full potential. These
diets were long based on fishmeal; however, besides its high cost and limited availability,
fishmeal is insufficient to meet the increasing dietary demands of aquaculture [2-4]. As a
result, there is a growing search for alternative feed ingredients, particularly agro-industrial
by-products, which are low-cost and widely available [5]. According to the Agricultural
Market Information System [6], rice (Oryza sativa) is the third most cultivated and con-
sumed cereal in the world. Its production for the 2025/26 cycle is expected to reach an
all-time high of 551.47 million tons. Rice processing generates the polished grain and a
series of by-products, such as rice polish, broken rice, rice husk (RH), full-fat rice bran
(FFRB), and, after oil extraction, defatted rice bran (DRB) [7]. It is estimated that global
annual production of rice bran reaches 76 million tons [8], representing about 13% of total
polished rice production. This by-product has various applications and is widely used in
animal feed formulations for poultry, swine, and cattle [9]. Bran-based feed is included in
different diets due to its diverse nutritional profile, rich in lipids, proteins, minerals, and
carbohydrates, as well as containing B-complex, E, and K vitamins, phenolic compounds,
tocopherols, and y-oryzanol [10,11].

However, the use of rice bran in diets for aquatic vertebrates, such as fish, is limited
due to the presence of antinutritional factors [12]. Studies indicate that rice bran contains
phytic acid, which reduces mineral bioavailability, has low protein digestibility, and a high
concentration of lipids with enzymatic activity (lipase, lipoxygenase, and peroxidase) that
promote rancidity, in addition to instability during storage. Nevertheless, studies report
that one way to increase the availability of nutrients in raw materials is through fermen-
tation processes, which involve the use of microorganisms to promote transformations
resulting from their metabolic activity [7,13]. Among the microorganisms used for this
purpose, the fungus Rhizopus oryzae and the yeast Saccharomyces cerevisiae stand out [7,14].
These microorganisms are known for their fermentative capabilities and for promoting
the biotransformation of compounds, enriching the substrate with essential nutrients such
as amino acids, vitamins, and organic acids, and for reducing antinutritional factors [13].
The fungus R. oryzae is an important filamentous microorganism of great interest, as it is
Generally Recognized As Safe (GRAS), meaning it is not toxigenic [15]. Notably, fermen-
tation by this fungus activates endogenous phytases, reducing phytic acid content and
increasing the protein content of rice bran [7]. Baker’s yeast, S. cerevisiae, stands out as an
excellent protein source, not only for its ability to synthesize proteins and other compounds,
but also for its non-pathogenic nature, which allows its use in both human food and feed
formulations [16]. S. cerevisiae offers significant advantages as a biotransformation agent,
including the simplicity of its cultivation technique, which is widely known, its GRAS
classification [17], and its contribution to the production of B-complex vitamins, improved
protein profile, and reduced fiber content, resulting in a more digestible and nutritious
ingredient for animal feeding [13,14].

The use of Danio rerio as an experimental model to test diets with fermented rice bran
represents an effective approach to investigate intestinal effects of alternative ingredients
through gene expression analyses, as this species is well-established in aquatic physiology
and biotechnology, with a well-annotated genome, accessible genetic tools, low mainte-
nance cost, and well-characterized reproductive and metabolic responses. Moreover, from
a translational perspective, the knowledge gained can be adapted and applied to economi-
cally important aquaculture species, such as tilapia or pacu [18]. Furthermore, intestinal
health is a central component in evaluating the nutritional quality of alternative feed ingre-
dients for aquatic organisms. The intestinal epithelium serves as an immunological barrier
and is directly involved in nutrient digestion and absorption, being sensitive to dietary
changes. The expression of genes related to inflammatory processes (il1b, ifng1), antioxi-
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dant activity (sod1, cat), and nutrient transport, such as peptides (pept1), has been widely
used as a molecular tool to monitor physiological changes in fish [19,20]. Thus, the use of
R. oryzae and S. cerevisiae in the fermentation of rice bran for animal feed production may
not only add value to an agricultural by-product but also contribute to the development of
healthier and more nutritious diets for fish, with positive impacts on the sustainability of
aquaculture. Therefore, this study aims to evaluate the effects of fermenting full-fat rice
bran with R. oryzae and S. cerevisiae on its nutritional composition and its impact on the
zootechnical performance and gene expression in zebrafish (D. rerio).

2. Materials and Methods
2.1. Source of Inputs

Full-fat rice bran was obtained from a rice processing plant located in the southern
region of Rio Grande do Sul State, Brazil. The filamentous fungus Rhizopus oryzae CCT 7560
was acquired from the André Tosello Tropical Foundation Culture Collection. Saccharomyces
cerevisiae was purchased from local commerce (Fleischmann’s Dry Yeast, AB Brasil Inddstria
e Comércio de Alimentos Ltda., Jundiai, SP, Brazil) and used as the source of cells.

2.2. Solid-State Fermentation (SSF) of Rice Bran by Rhizopus oryzae

The fermentation process was carried out at the Mycotoxin Laboratory of the School
of Chemistry and Food at FURG using full-fat rice bran as the substrate. R. oryzae CCT
7560 cultures were maintained on Potato Dextrose Agar (PDA) at 4 °C, and spores were
incubated for 7 days at 30 °C. For biomass generation, a standardized methodology [21]
was used, which consisted of adding a nutrient solution (KH,PO,4, MgSO4, NH,CONHy)
and a spore suspension at an initial concentration of 4 x 10° spores per gram of bran.
The moisture content of the medium was adjusted to approximately 50% by the addition
of sterile water. The fermentation lasted 96 h at a constant temperature of 30 °C, and
the obtained product was immediately frozen at —20 °C. Subsequently, the biomass was
lyophilized for 48 h, ground, and then stored in a freezer until the experimental diets
were formulared.

2.3. Fermentation of Rice Bran by Saccharomyces cerevisiae

For yeast fermentation, full-fat rice bran was spread in a 1 cm layer in tray bioreactors
(29 cm x 17 cm x 5.5 cm) and sterilized. Subsequently, previously hydrated Saccharomyces
cerevisiae yeast (3% w/w), was added, and the moisture content of the substrate was
adjusted to 30% by adding sterile water. This process was conducted in an incubator with
air circulation at 30 °C. A biomass aliquot was collected after 96 h of fermentation, ground,
and stored in a freezer for later use in the formulation of experimental diets [22].

2.4. Proximate Composition of the Brans

The proximate composition analyses followed the methodologies described by the
AOAC [23], as detailed in Table 1. Moisture content was determined by the gravimetric
method using an oven (Marconi™ MA-035/3, Piracicaba, Brazil) at 105 °C for 5 h. Ash
content was quantified by muffle furnace incineration (Marconi™ MA-385, Piracicaba,
Brazil) at 600 °C for 5 h. Crude protein was determined by the micro Kjeldahl method
(Marconi™ MA-036, Piracicaba, Brazil), while crude fiber was analyzed according to the
method described by Silva and Queiroz [24]. Lipids were quantified by cold extraction
following the Bligh and Dyer method [25].
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Table 1. Formulation, proximate composition, and total polyphenol content of the experimental diets.

Treatments
Ingredients (%)
Control Yeast Fungus
Fish meal 32 32 32
Soybean meal 15 15 15
cornflour 12 12 12
Rice bran 25 0 0
Rice bran fermented by yeast 0 25 0
Rice bran fermented by fungus 0 0 25
Casein 10 10 10
Gelatin 2 2 2
Premix mineral and vitamin 2 2 2
Cellulose 2 2 2
TOTAL 100 100 100
Total polyphenol content (mg/g) 3.55 £ 0.02 3.72 £0.01 4.56 £+ 0.05
Crude protein (%) 4215+ 0.27 44.16 £ 0.83 4713 £ 0.67
Lipids (%) 10.4 £ 0.78 11.22 +0.42 10.03 4 0.59
Humidity (%) 1.03 4+ 0.05 431 +£0.14 2.02 +0.02
Ash (%) 13.49 £+ 0.10 13.35 £ 0.24 13.84 4+ 0.25

Treatments: Control: Diet formulated with non-fermented rice bran; Yeast: Diet formulated with rice bran
fermented with the yeast Saccharomyces cerevisine; Fungus: Diet formulated with rice bran fermented with the
fungus Rhizopus oryzae. Results are expressed as the mean + standard deviation (n = 3).

Total polyphenols were quantified using the Folin—-Ciocalteu colorimetric method,
as described by Singleton and Rossi [26], with some modifications. Samples were re-
acted with Folin—Ciocalteu reagent and sodium carbonate (Nay,COj3), and absorbance was
measured with a spectrophotometer at 765 nm after the established reaction time. Re-
sults were expressed as gallic acid equivalents (C;HgOs) in mg/g, based on a standard
calibration curve.

2.5. Experimental Diet Formulation

Experimental diets were prepared at the Aquatic Organisms Nutrition Laboratory
(LANOA). The ingredients were ground, sieved, and weighed in the appropriate pro-
portions. Subsequently, water was added, and the mixture was homogenized manually.
Finally, the resulting dough was pelleted using a meat grinder (Metaltirgica 9000, PC-221,
Piracicaba, Brazil), dried in an oven (Marconi, MA035, Piracicaba, Brazil) at 60 °C for 24 h,
and stored in a freezer at —18 °C until use. Proximate composition analyses of the diets
were performed according to AOAC [23] for moisture, protein, and ash, and Bligh and
Dyer [25] for lipids. The total polyphenols content in the diets were measured according to
Singleton and Rossi [26]. The formulation, proximate composition, and total polyphenol
content of the diets are shown in Table 1.

2.6. Quantification of Fatty Acids (FA) in the Diets

Lipids were extracted from the samples as described by Folch et al. [27] and trans-
esterified using sulfuric acid (1%) in methanol [28]. Butylated hydroxytoluene (BHT)
(50 mg L) was used to prevent fatty acid oxidation. The samples were incubated at 40 °C
for 16 h in a nitrogen atmosphere. Subsequently, a hexane/ether solution (1:1 v/v) was
used to extract the fatty acids, and potassium bicarbonate (KHCO3) (20 g L~1) was used
to wash the hexane/ether solution. Finally, the fatty acids were dried for 24 h, diluted
in chloroform at 30 mg mL~!, and stored under nitrogen atmosphere at —20 °C until
chromatographic analysis.

Fatty acids were quantified using a gas chromatograph (Hewlett Packard 5890, Wilm-
ington, NC, USA) equipped with a fused silica capillary column (30 m x 0.32 mm internal
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diameter; Supelco, Bellefonte, PA, USA). Nitrogen was used as the carrier gas, and injec-
tions were performed in the split mode. The injector and detector temperatures were both
set at 250 °C. The initial temperature was 180 °C for 10 min, then increased to 212 °C ata
rate of 2.5 °C/min and held at this temperature for 13 min. Chromatogram data processing
was performed using Chromatography Station for Windows software (version CSW 1.7,
Data Apex, Prague, Czech Republic).

2.7. Experimental Design

The biological assay was approved by the Animal Use Ethics Committee (CEUA)
under protocol number 23116.007908/2024-28. The experiment consisted of three treat-
ments: Control (diet containing non-fermented rice bran), Yeast (diet containing rice bran
fermented with Saccharomyces cerevisiae), and Fungus (diet containing rice bran fermented
with Rhizopus oryzae). Each group was assigned to a recirculating system and stocked
with 60 fish, with an initial average weight of 0.09 &+ 0.02 g for the control treatment,
0.09 £ 0.01 g for the yeast treatment, and 0.09 & 0.008 g for the fungus treatment. The fish
were randomly distributed into six aquaria (10 L) following the recommendations of [29],
with a stocking density of 1 fish /L, totaling 10 fish per tank. For 47 days, fish were fed to
apparent satiation twice daily.

The experiment was conducted in a recirculating system equipped with physical and
biological filters, UV light and heater. To ensure water quality throughout the experiment,
physicochemical parameters, such as pH, salinity, and conductivity were measured twice
a week using a multiparameter probe (Akso, Sao Leopoldo, Brazil). Nitrite and total
ammonia were analyzed on the same day using commercial kits (Labcon, Alcon, Camborit,
Brazil). The photoperiod was set to 12 h of light and 12 h of darkness. Water temperature
was maintained at 25 °C and pH was maintained at 6.8. When necessary, pH corrections,
cleaning, and siphoning of the aquariums were performed.

2.8. Biometry

Every 15 days, the animals were subjected to weighing measurements to evaluate the
zootechnical performance in response to the experimental diets. For weighing measure-
ments, fish were anesthetized by immersion in buffered tricaine methanesulfonate (MS-222,
Sigma-Aldrich, Darmstadt, Germany), pH 7.2, at a dose of 100 mg-L~!. Subsequently, they
were individually weighed on a precision scale and measured in lateral recumbency by
using a digital caliper to obtain the total length. After biometry, fish were returned to their
respective tanks after confirming recovery of consciousness and swimming movements.

At the end of the experiment, all animals were subjected to a 24 h fasting period to
empty the digestive tract. Subsequently, the final biometrics were performed, followed
by euthanasia by immersion in tricaine at a dose of 400 mg-L~!. Four individuals were
randomly selected from each aquarium for intestinal tissue collection, totaling 24 fish per
experimental group. The intestinal tissues were preserved in TRIzol reagent (Invitrogen,
Sao Paulo, Brazil) and stored in an ultrafreezer at —80 °C until use in molecular analyses.
The zootechnical performance was assessed using the following indices:

Weight Gain (WG, g) = Final Weight (FW, g) — Initial Weight (IW, g), (1)

Final number of fish

Survival (%) = (Initial number of fish

) x 100, )

(InFW — InIW)

Specific Growth Rate (SGR, %) = [m

] x 100, 3)
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. . g Feed of fered (g)
Feed Conversion Ratio (FCR,2) = , @)
( 8 ) WG (g)
Condition Factor (CF) = Body Weight (mg) 5)

[Total Length (mm)®]

2.9. Total RNA Extraction and Complementary DNA (cDNA) Synthesis

Four individuals were randomly selected per aquarium for intestinal tissue collection,
totaling 24 fish per experimental group. Total RNA extraction was performed using
TRIzol reagent (Invitrogen, Brazil), following the manufacturer’s protocol. To reduce
individual variability and maintain statistical power, samples were pooled into groups
of four intestines randomly selected within each treatment, resulting in six pools per
experimental group (n = 6). The extracted RNA was treated with DNase I (Amplification
Grade, Invitrogen, Brazil) to eliminate possible genomic DNA contamination. RNA quality
and concentration were assessed by spectrophotometry (BioDrop, Isogen Life Science,
BV, Veldzigt, The Netherlands) and RNAhile integrity was verified by 1% agarose gel
electrophoresis. Subsequently, complementary DNA (cDNA) was synthesized from 1 pg of
total RNA using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Sao Paulo, Brazil), according to the manufacturer’s instructions.

2.10. Quantitative PCR (gPCR)

To investigate the effects of the three experimental diets on zebrafish, the gene ex-
pression associated with different physiological processes was evaluated. The analyzed
genes included (i) peptide transport—PepT1la (sic15a2) and PepT1b (slc15a1b); (ii) pro-
inflammatory response—interferon gamma 1 (ifng) and interleukin 1 beta (il-1b); (iii) an-
tioxidant response—superoxide dismutase 1 (sod1) and catalase (cat); and (iv) glucose
transport—glut2 and glut6. Gene expression quantification was performed by real-time
quantitative PCR (qPCR) using the PowerUP SYBR Green Master Mix kit (Applied Biosys-
tems), with the following thermal protocol: 50 °C for 2 min, 95 °C for 2 min, followed by
40 cycles of 95 °C for 15 s and 60 °C for 60 s.

For relative expression normalization, the reference genes eflx and rpl13a, which
encode eukaryotic elongation factor 1 alpha and ribosomal protein L13 alpha, respectively,

were used. Data analysis was conducted using the 2744¢T

method as described by Livak
and Schmittgen [30]. All the procedures were performed according to the manufacturer’s

recommendations, and the primer sequences used are listed in Table 2.

Table 2. Target genes and primer sequences used in the gPCR analysis.

Gene Sequence (5'-3') Efficiency (%)  GenBank Accession

F: cacagccggagaagtcatgt
R: gaacggatttcatgctegec
F: gcatctacgcaaagcagagc
R: atgagggcaaccaccatgag

ifng1 F: acgcttgcaaaggattgggttge 99 NM001020793
R: acacagcctggcaagtgcagg

slc15a2 98 NM_001039828.1

slc15alb 98 NM_198064.1

F: ccacgtatgcgtcgeccagt

il-1b R: 100 NM212844
: gggraacaggccaggtacagg
E: tctatttcaat
sod1 R e 588 114 BC055516
: agaatgttggcctgacaaagtta
cat F: aacaacacccccatcttctttat 103 BC051626

R: atgtgtgtctgggtaggagaaaa
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Table 2. Cont.

Gene Sequence (5'-3') Efficiency (%) GenBank Accession

F: ttaacaggcacgctcgctct

ghut2 R: ttcatgctctgtgecatttce o8 NMO001042721
glut6 RF: tttggectgattttgeegtg 98 XM684000

: gtggtaacgtggagaggtcg
e f1 N E: caaaattggaggtattggaactgtac 99 NM131263

R: tcaacagacttgacctcagtggtt

rpl13a F: tctggaggactgtaagaggtatgc 99 NM212784
R: agacgcacaatcttgagagcag

F: forward; R: reverse.

2.11. Statistical Analysis

Data were subjected to the Shapiro-Wilk test for normality and the Bartlett test for
homogeneity of variances. When assumptions of normality and homoscedasticity were
met, one-way analysis of variance (ANOVA) was applied to compare the experimental
groups. Tukey’s post hoc test was performed for multiple comparisons when significant
differences were detected (p < 0.05). The diet fatty acid composition was analyzed by the
Mann—Whitney test. The results are presented as mean + standard deviation.

3. Results
3.1. Proximate Composition of Rice Bran

The results showed that rice bran fermented with Rhizopus oryzae presented higher
crude protein content (21.26 & 0.52%) compared to the control (15.58 £ 0.15%) and the
bran fermented with Saccharomyces cerevisiae (16.18 £ 0.62%). A higher crude fiber con-
tent was also observed in the fungal fermentation treatment (16.43 4 0.68%) compared
to the control (6.81 £ 0.43%) and yeast treatment (10.03 £ 0.99%). The total polyphenol
concentration was greater in the R. oryzae-fermented bran (9.24 £ 0.02 mg/g) compared
to the control (4.47 + 0.01 mg/g) and yeast-fermented bran (3.17 &+ 0.05 mg/g). In con-
trast, lipid content was lower after fungal fermentation (15.46 £ 0.64%) compared to
the control (17.91 £ 0.79%) and yeast treatment (17.20 & 1.73%). These results indicate
that fermentation with R. oryzae improves the nutritional and functional properties of
rice bran (Table 3).

Table 3. Proximate composition (%) and total polyphenol content of the rice bran used in the
experimental diets.

Component Control Yeast Fungus
Ash % 948 £0.13b 8.68 £0.09 a 9.65+0.10b
Crude protein % 15.58 £0.15¢ 16.18 £ 0.62 bc 21.26 £ 0.52 a
Lipids % 1791+ 0.79Db 17.20 £ 1.73 ab 1546 + 0.64 a
Crude fiber % 6.81 £0.43 ¢ 10.03 £ 0.99b 16.43 + 0.68 a
Total polyphenol content (mg/g) 447 +0.01c 3.17 £0.05b 924+0.02a

Treatments: Control: Non-fermented rice bran; Yeast: Rice bran fermented with the yeast Saccharomyces cerevisiae;
Fungus: Rice bran fermented with the fungus Rhizopus oryzae. Means followed by different letters in the same row
indicate significant differences according to Tukey’s test (p < 0.05). Values are expressed on a dry matter basis and
presented as mean + standard deviation (n = 3).

3.2. Fatty Acids

The fatty acid compositions of the diets are presented in Table 4. A progressive reduc-
tion in the levels of saturated (SAFA), monounsaturated (MUFA), and polyunsaturated
(PUFA) fatty acids was observed in the diets containing rice bran fermented by S. cerevisiae
and R. oryzae compared to the control diet.



Fermentation 2025, 11, 567

8of 17

Regarding the long-chain polyunsaturated fatty acids (PUFAs) of the n3 and n6 series,
which are essential for fish, the n6 content was higher in the control diet (1.38 £ 0.01),
with a decrease in the S. cerevisiae (1.15 £ 0.05) and R. oryzae (1.02 = 0.01) treatments. The
n3 fatty acids showed comparable levels among the treatments, with a slightly higher n3
HUFA value in the R. oryzae group (0.53 & 0.02). The n6/n3 ratio, an important indicator of
lipid balance, was lower in R. oryzae treatment (1.64 =+ 0.03).

The EPA /DHA ratio remained close to 1.3 across all treatments, suggesting a balanced
proportion between these two highly unsaturated long-chain fatty acids, which are crucial
for fish development and health.

Table 4. Fatty acid composition (mg/g) of the different diets containing rice bran fermented with
fungus or yeast.

Fatty Acids Control Yeast Fungus
8:00 0.08 & 0.06 ac 0.06 & 0.01 ab 0.09+£0.01c
10:0 0.02 £ 0.00 0.01+£0.01 0.02 4 0.00
11:0 0.00 £ 0.00 0.00 & 0.00 0.00 4 0.00
12:0 0.07 £ 0.01 0.07 £ 0.01 0.07 £ 0.01
13:0 0.05 £ 0.00 0.05 £ 0.00 0.06 & 0.00
14:0 133 £0.02a 127 £0.07 a 140 £0.01b
14:1n-5 0.09 £ 0.00 0.09 & 0.00 0.10 4 0.00
15:0 0.25+0.01a 0.24 £0.02a 0.27 £0.01b
15:1n-5 0.06 & 0.00 0.06 & 0.01 0.07 4+ 0.00
16:0 14.12+0.02 a 12.36 £ 0.59b 11.62 £ 0.06 ¢
16:1n-9 0.23 £0.00a 0.22 £0.03a 0.28 £0.01b
16:1n-7 2.83+0.02a 280+ 0.13a 3.05+0.01b
16:1n-5 0.05 £ 0.00 0.05 £+ 0.00 0.05 4 0.00
16:2 0.13 £0.00 0.13+0.01 0.1540.00
16:2n-4 0.03 & 0.00 0.02 +0.02 0.05 4+ 0.00
17:0 030 £0.01a 029+001a 0.32+0.02b
17:1n-7 0.17 £ 0.00 0.17 £ 0.00 0.20 & 0.02
16:3n-4 0.15 4 0.00 0.15 4 0.00 0.16 +0.01
16:4 0.01 £ 0.01 0.03 & 0.02 0.02 +0.00
18:0 275+£0.01a 2.62£0.13b 279 £0.02a
18:1n-11 0.04 £ 0.01 0.03 £ 0.00 0.06 4 0.00
18:1n-9 18.66 +0.12 a 16.38 £ 0.76 b 1541 +0.13 ¢
18:1n-7 1.39+£0.02a 1.31 £ 0.06 b 1.44+0.00 ¢
18:1n-5 0.06 & 0.00 0.05 4 0.01 0.06 4 0.00
18:2n-6 12.55+0.07 a 1025+ 0.44 b 8.57 £0.05¢
18:2n-4 0.00 £ 0.00 0.00 & 0.00 0.00 & 0.00
18:3n-6 0.07 £ 0.00 0.09 &+ 0.01 0.33 +0.02
18:3n-4 0.06 £ 0.01 0.07 £ 0.01 0.07 £ 0.01
18:3n-3 0.94 £0.01a 0.82 £0.07b 0.69 £ 0.01c
18:4n-3 0.17 £+ 0.00 0.17 +0.00 0.19 4+ 0.00
18:4n1 0.01 £ 0.01 0.01 £ 0.00 0.00 & 0.00
20:0 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
20:1n-11 0.26 £0.01a 0.25+0.00a 0.28 +0.00 b
20:1n-9 0.62 £0.02a 0.58 £0.01b 0.65+0.00 ¢
20:In-7 0.12 4+ 0.01 0.124+0.01 0.14 4 0.00
20:2n-9 0.16 & 0.00 0.15+0.01 0.14 4 0.00
21:0 0.00 £ 0.00 0.00 & 0.00 0.00 & 0.00
20:3n-6 0.10 £ 0.00 0.10 & 0.02 0.10 4 0.02
20:4n-6 (ARA) 0.55+0.01a 0.56 £ 0.02a 0.61 +0.01b
20:3n-3 0.07 £ 0.01 0.07 +£0.01 0.06 & 0.00
20:4n-3 0124+ 0.01a 0.11+001a 0.134+0.01b
22:0 0.00 £ 0.00 0.00 & 0.00 0.00 4 0.00
20:5n-3 (EPA) 1.82+0.01a 176 £0.10a 195 £0.05b
22:In-11 0.12 4 0.00 0.12 4 0.00 0.13 4+ 0.00
22:1n-9 0.09 £ 0.00 0.08 & 0.00 0.09 4 0.00
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Fatty Acids Control Yeast Fungus
22:1n-7 0.00 & 0.01 0.07 £ 0.01 0.06 £ 0.00
22:2n-6 0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
21:5n-3 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
23:0 0.05 £+ 0.01 0.05 +0.01 0.03 £ 0.00
22:4n-6 0.18 £ 0.00 0.17 £0.01 0.19 £ 0.01
22:5n-6 0.20 £ 0.01 0.19 £ 0.01 0.21 £0.01
24:0 025+0.01a 0.24 £0.00b 030+ 0.01c
22:5n-3 (DPA) 0.57 £0.01a 0.56 £0.02a 0.63 £0.01b
24:1n-9 0.11£0.00a 0.12 £0.00 a 2.63 £0.10b
22:6n-3 (DHA) 2.33+0.03a 226 £0.13a 2.62+0.10b
SAFA 19.22 +0.09 a 1721 +£0.84b 16.90 + 0.06 b
MUFA 2499 £0.04a 22.50 £1.03b 2222 +£0.09b
PUFA 20.23 £0.01a 17.65 +0.88 b 1692+ 0.11b
n-9 19.77 £ 0.08 a 1745+ 0.81b 16.64 £ 0.11 ¢
n-6 13.81 £ 0.05a 11.50 £ 0.49b 10.19 £ 0.07 ¢
n-3 595+ 0.05a 5.68 £ 0.33a 621+0.19b
n-3 HUFA 4.84 £0.06 a 470+026a 533 £0.17b
n-6/n-3 2.32+£0.03a 2.03 £0.03b 1.64 £ 0.06 ¢
DHA/EPA 128+ 0.01a 128 +0.00 a 1.34+0.02¢

Treatments: Control:

Diet formulated with non-fermented rice bran; Yeast:

Diet formulated with rice

bran fermented with the yeast Saccharomyces cerevisiae; Fungus: Diet formulated with rice bran fermented
with the fungus Rhizopus oryzae. SAFA = Saturated fatty acids; MUFA = Monounsaturated fatty acids;
PUFA = Polyunsaturated fatty acids (n = 3). Means followed by different letters in the same row indicate
significant differences according to Mann-Whitney test (p < 0.05).

3.3. Zootechnical Performance

The results show significant differences in the evaluated zootechnical parameters
(Table 5). The group fed rice bran fermented by Rhizopus oryzae exhibited the best zootech-
nical performance, with the highest weight gain (0.127 £ 0.02 g) and the highest specific
growth rate (1.78 &£ 0.27%), which differed significantly from the other treatments (p < 0.05).

Table 5. Effects of the diets on the zootechnical performance parameters of D. rerio fed experimental

diets for 47 days.
Control Yeast Fungus

IW (g) 0.09 £ 0.02 0.09 &+ 0.01 0.09 £ 0.008

FW (g) 0.17 £ 0.037 b 0.18 £ 0.02 ab 0.22£0.02a
WG (g) 0.075 £ 0.01b 0.091 £0.02b 0.127 £0.02 a

SGR (%) 130 £0.16 b 140 +0.20b 178 £ 0.27 a

S (%) 100 100 100
FCR (g/g) 1.09+0.10b 0.82£0.18a 0.71 £0.09 a
CF 184+0.11a 1.64 £ 0.08 b 1.82+£0.05a

Treatments: Control: Diet formulated with non-fermented rice bran; Yeast: Diet formulated with rice bran
fermented by Saccharomyces cerevisine; Fungus: Diet formulated with rice bran fermented by Rhizopus oryzae.
IW: Initial weight; FW: Final weight; WG: Weight gain; SGR: Specific growth rate; S: Survival; FCR: Feed
Conversion Ratio; CF: Condition factor. Means followed by different letters in the same row indicate significant
differences according to Tukey’s test (p < 0.05). Data are expressed as the mean =+ standard deviation (n = 6).

The survival rate was 100% in all the groups, indicating suitable cultivation condi-
tions. Regarding feed conversion, the highest value was observed in the Rhizopus group
(0.71 £ 0.09 g/g). The condition factor of the fish was similar between the Control and
Rhizopus groups, but lower in the yeast group.

3.4. Gene Expression

The results obtained for the expression of PepTla (slc15a2), PepT1b (slc15a1b), ifng1,
il1b, sod1, cat, and glut2 were not significantly different (Figure 1a—g).
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Figure 1. (a,b) Relative expression of genes related to peptide transport, PepTla (slc15a2) and
PepT1b (slc15a1b). (c,d) Relative expression of genes related to antioxidant response—superoxide
dismutase 1 (sod1) and catalase (cat). (e,f) Relative expression of genes related to pro-inflammatory

0-

response, interferon gamma 1 (ifng) and interleukin 1 beta (il-10). (g,h) Relative expression of genes
related to glucose transport, glut2 and glut6. The bars represent the mean expression of each gene per
treatment with standard error. Treatments showing statistically significant differences are indicated by
asterisk (n = 24).

The expression of the glut6 gene was significantly higher in the group treated with
R. oryzae than in the Control and Yeast groups (Figure 1h). This indicated that the diet fer-
mented with the fungus positively modulated the expression of glut6, a glucose transporter
potentially associated with cellular uptake processes or metabolic responses.

4. Discussion
4.1. Bioconversion of Macromolecules in Rice Bran

The increase in protein content observed in rice bran in the present study, especially in
the Rhizopus oryzae treatment (21.26% vs. 15.58% in the control), is fundamentally attributed

to the synthesis of nitrogen-rich microbial biomass during Solid-State Fermentation (SSF)
and the preferential consumption of non-protein components. The superiority of Rhizopus
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over yeast (Saccharomyces cerevisiae, 16.18%) in increasing protein content highlights its
robust bioconversion capacity in the SSF environment, corroborating previous findings [31].
For aquaculture, this protein enhancement is highly relevant, since alternative ingredients
with improved protein quality are crucial to reducing the dependence on more expensive
and limited resources, such as fishmeal. This nutritional improvement resulted in better
zootechnical performance in Danio rerio, as demonstrated by the increase in weight gain
and specific growth rate. This benefit extends to other commercially valuable species, such
as tilapia and shrimp, in which dietary protein optimization is a cornerstone of productivity
and sustainability [5,32,33].

In line with the fungal mechanism of catabolizing carbon sources for energy and
anabolism, the reduction in lipid content observed in rice bran fermented by Rhizopus
(from 17.91% to 15.46%, a 13.7% reduction) can be attributed to the lipolytic activity of
its enzymes [34]. Although this reduction is more moderate than some reported in the
literature [35], it reflects lipid modulation that can positively impact feed stability and the
fatty acid profile available to fish. The balance of polyunsaturated fatty acids, especially
those of the n-3 series, is vital for fish development and health [36], and fermentation may
optimize the bioavailability of these essential nutrients, as suggested by the lipid profile of
the tested diets.

Beyond macronutrient bioconversion, fermentation with R. oryzae promoted a remark-
able increase in total polyphenol content (from 4.47 mg g~ ! in the control to 9.24 mg g~ 1),
reinforcing the potential of this process to release and synthesize bioactive phenolic com-
pounds [18,37]. These compounds, known for their antioxidant and anti-inflammatory
properties, play an important functional role. The high polyphenol content in the feed
may explain the absence of sod1 and cat expression, since these compounds exhibit di-
rect antioxidant properties. In other words, if fish received a polyphenol-rich diet, the
internal oxidative pressure may have been so low that there was no need to activate these
endogenous antioxidant genes. Thus, the presence of polyphenols contributes to overall
stress resistance and health maintenance—an increasingly desirable benefit in intensive
aquaculture diets, where oxidative stress can be a major challenge [38,39].

Additionally, rice bran fermentation resulted in an increase in crude fiber content,
with the R. oryzae treatment showing the highest value (16.43%). Interestingly, this increase
did not negatively affect the growth of Danio rerio, suggesting that fiber properties were
modified by microbial action. This modified fiber may act as a prebiotic, stimulating
beneficial intestinal microbiota and promoting the production of short-chain fatty acids
that nourish enterocytes and contribute to intestinal barrier integrity. This mechanism,
fundamental for digestive health, is relevant to various aquatic species and may explain part
of the improvement in zootechnical performance observed [13,40]. Microbiota modulation
may also influence the expression of nutrient transporter genes, such as glut6, whose
expression was significantly increased in the R. oryzae group, indicating greater activation
of glucose uptake and transport, evidence of improved metabolic efficiency [41,42].

4.2. Characterization of the Dietary Lipid Profile

Lipid profile analysis of the diets revealed interesting variations among the treatments.
A reduction in saturated fatty acids (SAFA) was observed in the diets with fermented bran
compared with the control diet. Massarolo [43] also observed a reduction in saturated fatty
acids (SAFA). However, the most significant difference was observed at the level of highly
unsaturated fatty acids, where the Rhizopus diet showed higher levels of polyunsaturated
fatty acids, especially of the n3 series and, in particular, n3 HUFA, which seems to enhance
the contribution of these fatty acids derived from fishmeal. This point is particularly
important because it is well known that fish depend on these sources of fatty acids and on
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the beneficial effects that even small increases, such as the one observed, can have on most
species, both marine and freshwater [36].

4.3. Zootechnical Performance

After a 47-day experimental period, fish fed diets fermented with Rhizopus oryzae
and Saccharomyces cerevisiae showed significant improvements in zootechnical performance
compared with the control group. The groups treated with fermented diets exhibited higher
final weights: 0.22 £ 0.02 g in the R. oryzae group and 0.18 &+ 0.02 g in the S. cerevisiae group,
compared to 0.17 &= 0.037 g in the control. Weight gain was also higher in the R. oryzae
group (0.127 £ 0.02 g) than in the control group (0.075 & 0.01 g), representing an increase
of 69.33%, followed by the yeast group (0.091 & 0.02 g). Similarly, the specific growth rate
(SGR) was significantly higher in the fungal group (1.78 £ 0.27%), followed by the yeast
group (1.40 & 0.20%), compared to the control (1.30 & 0.16%), corresponding to a 36.92%
increase in the R. oryzae group.

Survival was 100% for all treatments, indicating suitable cultivation conditions during
the experiment. Regarding feed conversion (FC), the R. oryzae group showed the best
index (0.71 £ 0.09), followed by the yeast group (0.82 % 0.18) and control (1.09 £ 0.10),
demonstrating greater efficiency in diet utilization. The condition factor was similar
between the control and R. oryzae groups, whereas the S. cerevisiae group had a lower
value. These performance improvements may be attributed to the beneficial effects of
fermentation, which acts as an effective strategy to increase protein content, improve
palatability and digestibility of rice bran, and reduce antinutritional factors such as phytic
acid and tannins, especially when carried out by filamentous fungi [7,13,31]. In addition,
this process promotes the release of metabolites with potential functional effects, among
which stand out organic acids (such as lactic and acetic acids), bioactive peptides, phenolic
compounds, and molecules with antioxidant activity [44,45]. These compounds may
contribute to improved nutrient digestibility, modulation of the intestinal microbiota, and
promotion of gut health in fish, which helps to explain, at least in part, the superior
zootechnical performance observed [46].

In this context, the increase in fiber content resulting from fermentation, particularly
in the R. oryzae treatment, emerges as another relevant factor to explain the improvement
in zootechnical performance. Although carnivorous fish have a limited capacity to utilize
complex carbohydrates, the structural modification of fibers during fermentation may have
enhanced their prebiotic effect, stimulating the proliferation of lactic acid bacteria (LAB) in
the intestinal tract [46].

Studies have shown that microorganisms used for fermentation can modulate the
intestinal microbiota of fish, with the most common changes observed after the administra-
tion of fermented ingredients being an increase in LAB concentration, while reducing the
proliferation of pathogenic bacteria [46]. In a study with Atlantic salmon fed fermented
sunflower meal, a significant increase in Lactiplantibacillus and Lactobacillaceae was ob-
served [47]. Juvenile turbot (Scophthalmus maximus) fed soybean meal fermented with
Enterococcus faecium showed a significant increase in Lactobacillus and the anti-inflammatory
bacterium Faecalibaculum [48]. This is likely due to the acidifying effects of fermented meals
in the intestine, which create ideal conditions for LAB colonization [49]. In addition, a study
by Wang et al. [50] found that the solid-state fermentation of rice bran and soybean meal
with Bacillus subtilis increased the abundance of gut health-promoting bacteria Fusobacteriota
and Cetobacterium in zebrafish (Danio rerio).

Furthermore, studies report that the fermentation of these fibers by the microbiota
results in the production of short-chain fatty acids, which exert a trophic effect on entero-
cytes, strengthen the intestinal barrier, and modulate metabolic pathways related to energy
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utilization efficiency [51,52]. This scenario may partially explain the significant increase
in glut6 gene expression in the group treated with R. oryzae, suggesting the activation of a
compensatory mechanism of greater glucose uptake in response to the higher availability
of fermentable carbohydrates. Thus, the interaction among diet composition, intestinal
microbiota activity, and gene expression regulation emerges as a robust explanatory axis
for the superior zootechnical performance observed. The functional impact of fermented
fiber transcends its quantitative effect on proximate composition, involving a cascade of
metabolic and physiological processes of high adaptive relevance.

4.4. Gene Expression Analysis

Analysis of intestinal gene expression using real-time PCR provided important molec-
ular insights, reaffirming the benefits of diets containing fermented rice bran. Notably, the
diet treated with the fungus Rhizopus oryzae promoted a significant increase in the expres-
sion of the gene glut6, glucose transporter. This finding suggests a greater activation of
glucose uptake and transport, contributing to the observed metabolic efficiency. Although
glut6 is primarily associated with glucose transport, its ability to mediate the transport of
other hexoses, such as fructose and mannose [41], supports the role of fermentation in the
release and utilization of simple sugars [42], optimizing the modulation of gene expression
related to carbohydrate metabolism in fish intestines. Conversely, the expression of the
gene glut2 showed no statistically significant differences among the groups.

No significant differences were observed in the expression of peptide transporters
between treatments. Peptide transporters play an essential role in the absorption of di- and
tripeptides in fish intestines and are modulated by various factors such as diet composition,
nutritional status, and environmental conditions [53]. Their regulation may be species-
specific and highly dependent on the physiological context.

For example, in tilapia, Con et al. [54] demonstrated that the expression and localiza-
tion of peptide transporters along the intestine vary according to environmental salinity;,
demonstrating the fine and multifactorial control of gene expression. In the present study,
the lack of a significant effect of fermented diets on gene expression of these transporters
suggests that although fermentation may alter nutrient availability, these changes might not
have been sufficient to induce measurable transcriptional regulation of peptide transporter
genes in Danio rerio under the experimental conditions adopted.

The evaluation of pro-inflammatory gene expression of i/1b and ifng1 aimed to verify
the possible immunological effects of diets formulated with fermented rice bran, and the
results showed no significant differences in the expression of these genes compared to the
control group, which can be positively interpreted as indicating that the tested ingredients
did not promote intestinal inflammation or excessive immune response activation.

The gene il1b is a classical inflammatory marker in fish and is related to neutrophil ac-
tivation, cytokine production, and cellular recruitment to inflammation sites [55]. The ifngl
gene encodes interferon gamma, a pro-inflammatory cytokine essential for the adaptive
immune response, particularly in macrophage activation and Th1 response modulation [19].
The absence of induction of these genes suggests that the fermented residues did not trigger
a detectable inflammatory response, thus being immunologically safe.

According to Coronado et al. [19], diet can directly modulate the intestinal environment
of zebrafish and influence inflammatory gene expression. However, the impact strongly
depends on diet composition, presence of antinutritional factors, associated microbiota,
and intestinal mucosal integrity. Thus, the results of this study indicate that diets with
fermented rice bran are nutritionally safe, as they do not induce differential expression of
il1b and ifng1, genes associated with intestinal inflammation.
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Antioxidant enzymes sod1 and cat are essential components of the defense system
against reactive oxygen species (ROS), which are generally modulated by environmental,
inflammatory, or nutritional stress [38]. However, the lack of differential regulation of
sod1 and cat genes among groups indicates that diets formulated with fermented rice bran
were well tolerated by the animals, without inducing ROS accumulation or triggering
transcriptional activation of the antioxidant response.

These findings partially contrast with those of Zhang et al. [20], who observed in-
creased antioxidant activity and expression of oxidative stress-related genes in juvenile
coho salmon (Oncorhynchus kisutch) fed fermented soybean meal. Therefore, the mainte-
nance of basal expression of sod1 and cat in different groups indicated that the inclusion of
fermented rice bran, both by S. cerevisiae and R. oryzae, did not compromise the oxidative
balance in Danio rerio. These results are positive from the nutritional and physiological
viewpoints, suggesting that these ingredients can be used without the risk of oxidative
stress induction in fish maintained under normal rearing conditions.

The results demonstrated the efficiency of rice bran fermentation and its application
in an aquatic vertebrate, with emphasis on the group treated with R. oryzae compared to
other experimental groups. These findings indicate the potential of the composition and
bioavailability of nutrients in fermented diets.
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