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Abstract

Previous studies evaluating bentonite in Nile tilapia have largely employed high-dose AFB1

challenge models (≥2 ppm in the diet), whereas information on its efficacy under sub-acute
contamination conditions is limited. This study evaluated the effects of a bentonite-based
binder on growth performance and selected gross health-related indices in juvenile Nile
tilapia exposed to 250 ppb dietary AFB1. In a 42-day feeding trial, 320 fish were randomly
assigned to four treatments: a negative control (NC; no AFB1 or binder), a positive control
(PC; 250 ppb AFB1), and two AFB1-contaminated diets supplemented with bentonite at
1 kg/ton (TMX-1) or 2 kg/ton (TMX-2). Dietary AFB1 exposure to 250 ppb impaired
growth and feed intake and increased body-weight variability compared with the NC
group (p < 0.01). Bentonite supplementation elicited inclusion-level-dependent responses.
Fish fed TMX-2 had higher final body weight (+7.0%) and average daily gain (+7.9%) than
those fed the PC diet (p < 0.01), whereas TMX-1 performed similarly to the PC group.
Feed conversion ratio differed among treatments, with TMX-2 lower than TMX-1 (p = 0.02)
but not significantly different from the NC or PC groups. Mortality, condition factor,
body-weight variation and organosomatic indices did not differ among AFB1-challenged
treatments. These findings indicate that dietary bentonite supplementation, particularly at
2 kg/ton, partially alleviated adverse responses associated with sub-acute AFB1 exposure,
primarily through improvements in final body weight and average daily gain, in juvenile
Nile tilapia under the conditions of the present study.

Keywords: aflatoxin B1; bentonite; mycotoxin binder; Nile tilapia; smectite

1. Introduction
Aflatoxins are toxic secondary metabolites produced by Aspergillus flavus and As-

pergillus parasiticus and remain a persistent concern for aquafeed safety [1]. Among these
compounds, aflatoxin B1 (AFB1) is the most prevalent and toxic, with well-documented
hepatotoxic, immunotoxic, and carcinogenic effects across aquatic species [2–7]. In Nile
tilapia (Oreochromis niloticus), AFB1 has been associated with impaired growth, hepatic
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lesions, oxidative stress, and altered physiological responses [2,5,8]. It may also compro-
mise immune competence and disease resistance, thereby increasing health risks under
production conditions [6].

Mycotoxin binders are widely used to reduce AFB1 bioavailability in animal produc-
tion systems, and their application in aquaculture has increased with the growing inclusion
of plant-based feed ingredients [9–12]. Greater reliance on soybean and oilseed meals has
reduced pressure on marine resources but has also increased the risk of fungal contami-
nation and mycotoxin formation during production, harvest, and storage [6,7]. Although
improved ingredient screening and storage practices are essential, complete prevention
remains challenging. In-feed binders are therefore often used to adsorb aflatoxins in the
gastrointestinal tract and limit their absorption [12–14]. Smectite clays, including bentonite
and montmorillonite, are particularly effective because their expandable interlayer struc-
ture and high surface area allow them to bind aflatoxins through hydrogen bonding and
van der Waals interactions, forming stable complexes across a wide range of gastrointestinal
pH conditions and thereby reducing systemic toxin exposure [12,15,16].

Aquaculture studies have shown that bentonite can mitigate the adverse effects of
AFB1 in tilapia. Dietary calcium bentonite (0.5–1.0%) improved growth performance, feed
efficiency, and tissue integrity in Nile tilapia challenged with 2–4 ppm AFB1 [17], while
sodium bentonite enhanced immune responses and reduced hepatic damage at AFB1

concentrations of 10–40 ppm [2,18]. Although these studies demonstrate the protective
potential of bentonite, they were conducted under relatively high AFB1 challenge levels that
exceed the concentrations typically reported in commercial aquafeeds. Survey data indicate
that AFB1 contamination in fish feeds is generally within the range of 10–50 ppb, although
higher concentrations may occur because of poor ingredient quality, fungal growth, or
inadequate storage [3,10,19]. Consequently, there is limited information on the efficacy of
bentonite under more moderate contamination levels that may better represent practical
production conditions. Evaluating bentonite supplementation under elevated but sub-acute
AFB1 exposure is therefore important for developing evidence-based recommendations for
its use in aquafeeds.

The objective of this study was to evaluate the effects of dietary bentonite supplemen-
tation at two inclusion levels (1 or 2 kg/ton of feed) on growth performance and selected
gross health-related indices, including survival, condition factor, hepatosomatic index, and
viscerosomatic index, in Nile tilapia exposed to a 250-ppb dietary AFB1. This concentration
was selected as a controlled sub-acute, non-lethal challenge level that is substantially lower
than commonly used high-dose models (≥2 ppm), but sufficient to induce measurable
biological responses during a 42-day feeding period. The study was designed to deter-
mine whether bentonite supplementation could mitigate adverse responses associated
with sub-acute AFB1 exposure, particularly growth impairment, under an elevated-risk
contamination scenario relevant to aquaculture feed production.

2. Materials and Methods
2.1. Ethical Approval

All experimental procedures, animal handling, and research activities were carried
out in compliance with the Law on Animal Health (No. 79/2015/QH13) and the Law on
Fisheries (No. 18/2017/QH14) of Vietnam.

2.2. Experimental Fish, Treatments and Diet Preparation

Healthy juvenile Nile tilapia (Oreochromis niloticus; initial weight: 1.0 ± 0.1 g at procure-
ment) were obtained from a certified hatchery in Dong Thap Province, Vietnam. Before
transport, fish were screened for Streptococcus agalactiae, Streptococcus iniae, and Aeromonas
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spp. using polymerase chain reaction (PCR). Fish were then transferred to the experimental
facility and reared for two months in 3000 L tanks equipped with airlift biofilters under
controlled conditions. Temperature, dissolved oxygen (DO), and pH were maintained
within ranges suitable for Nile tilapia under a 12 h light:12 h dark photoperiod.

After the two-month pre-trial rearing period, 320 fish (mean body weight ≈ 11.3 g)
were assigned to four dietary treatments according to a randomized block design and
stocked into 250 L tanks (20 fish per tank; four replicate tanks per treatment) for a 42-day
feeding trial following a 2-day acclimation period. The treatments were: (1) a negative
control (NC) diet without AFB1 or binder; (2) a positive control (PC) diet containing
250 ppb AFB1; (3) the PC diet supplemented with TOXO-MX at 1 kg/ton (TMX-1); and
(4) the PC diet supplemented with TOXO-MX at 2 kg/ton (TMX-2). TOXO-MX (Trouw
Nutrition, Amersfoort, The Netherlands) is a bentonite-based product with a high content
of smectite minerals, designed to support growth performance and health under mycotoxin
exposure conditions.

2.3. Diets

Four experimental diets were formulated according to the following objectives. First,
a common basal diet was formulated to meet the nutritional requirements of tilapia [20]
using fish meal, soybean meal, rice bran, and wheat flour (Table 1). Second, to establish an
aflatoxin challenge, purified AFB1 was added at 250 ppb to the basal diet, resulting in three
challenged diets: the PC, TMX-1, and TMX-2. Third, to evaluate the efficacy of a bentonite-
based binder (TOXO-MX), the product was included at 0.1% and 0.2% in TMX-1 and
TMX-2, respectively. Thus, all treatment groups received the same basal diet with identical
ingredient composition and nutrient content, with the only differences among treatments
being the inclusion of AFB1 and/or TOXO-MX according to the experimental design.

Table 1. Ingredient composition and analyzed nutrient composition of the experimental basal diet
(as-fed basis).

Ingredient Inclusion Rate (%)

Wheat flour 16.5
Soybean meal 40.0
Rice bran meal 14.5
Fish meal 20.0
Fish oil 1.0
Soya lecithin 2.0
Premix Fish 1 2.0
CMC (pellet binder) 4.0
Analyzed nutrient composition
Gross energy (kcal/kg) 2 3692
Moisture (%) 7.60
Crude protein (%) 38.19
Crude fiber (%) 1.79
Ash (%) 8.19
Crude fat (%) 6.47

1 Commercial vitamin–mineral premix with the following composition (per kg of premix): Vitamin A
(min) 300,000 IU; Vitamin D3 (min) 150,000 IU; Vitamin E (min) 3000 mg; dicalcium phosphate (min–max)
135,000–165,000 mg; iron (FeSO4) (min–max) 18,000–22,000 mg; copper (CuSO4) (min–max) 9000–11,000 mg; zinc
(ZnO) (min–max) 9900–12,100 mg; manganese (MnSO4) (min–max) 1800–2200 mg. 2 Gross energy was calculated
based on ingredient composition. CMC = carboxymethyl cellulose.

The basal diet was prepared in mash form from a single batch of ingredients, after
which the experimental diets were produced using a manual pelletizer according to the
treatment design. Purified AFB1 (Pribolab Pte. Ltd., Singapore) was premixed with wheat
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flour for 10 min before incorporation into the designated diets. TOXO-MX was then added
to the appropriate diets, homogenized, pelleted into 1.3-mm sinking pellets, and dried at
40 ◦C for 5–6 h. After drying, a Nustic binder (Bayer AG Crop Science Division, Monheim
am Rhein, Germany) was applied, followed by re-drying to ensure uniform coating and
pellet integrity. Diets were stored at 4 ◦C until use.

Representative samples of the basal diet were collected for proximate composition and
background aflatoxin analysis before supplementation. Following AFB1 addition, samples
of the challenged diet were analyzed to confirm the target AFB1 concentration (Table 2). Di-
etary AFB1 concentrations were quantified using high-performance liquid chromatography
with fluorescence detection (HPLC-FLD; CH038.2021 method) at a commercial laboratory
in Vietnam.

Table 2. Analyzed aflatoxin B1 (AFB1) content of the experimental diets.

Treatment AFB1 (ppb)

Negative control (basal diet) ND 1

Positive control (AFB1-challenged diet) 251.6
1 ND = not detected, below the analytical detection limit. Aflatoxin B1 was quantified using HPLC-FLD
(CH038.2021 method) at a commercial laboratory in Vietnam. The analysis confirmed no detectable AFB1
in the basal diet and verified the intended challenge level in the AFB1-contaminated diet. The AFB1-challenged
basal diet was used to prepare the PC, TMX-1, and TMX-2 diets.

2.4. Management

Fish were offered feed to apparent satiation, divided into four meals per day at 08:00,
11:00, 14:00, and 17:00. The feeding rate was adjusted daily based on the estimated biomass
in each tank and observed feeding behavior. Biomass was estimated by periodically
weighing a representative sample of fish from each tank and extrapolating to the total
population. Feed consumption in each tank was recorded daily. After each meal, uneaten
feed was removed using a fine-mesh net to collect floating pellets, followed by siphoning
to recover any sinking or fragmented feed. The collected material was dried at 60 ◦C for
5–6 h and weighed to determine the amount of uneaten feed.

2.5. Water Quality Monitoring

Water quality was monitored and maintained throughout the trial. Temperature,
DO, and pH were measured daily, whereas total ammonia nitrogen (TAN) and nitrite
(NO2

−) were measured twice weekly. Across treatments, water temperature ranged from
27.90 ± 0.12 to 27.96 ± 0.11 ◦C, DO from 6.44 ± 0.06 to 6.51 ± 0.07 mg L−1, pH from
7.94 ± 0.09 to 7.96 ± 0.09, TAN from 0.89 ± 0.45 to 0.93 ± 0.55 mg L−1, and nitrite from
1.71 ± 1.07 to 1.93 ± 0.92 mg L−1 (Table 3). To prevent nutrient accumulation and maintain
stable water quality, 30% of the water in the 250 L static tanks was replaced every five days.

Table 3. Water quality parameters recorded during the 42-day feeding trial.

Treatment Temperature
(◦C)

DO
(mg L−1) pH TAN

(mg L−1)
Nitrite

(mg L−1)

NC 27.96 ± 0.11 6.51 ± 0.07 7.96 ± 0.09 0.93 ± 0.55 1.71 ± 1.07
PC 27.94 ± 0.10 6.46 ± 0.07 7.95 ± 0.09 0.93 ± 0.55 1.79 ± 0.89
TMX-1 27.93 ± 0.09 6.44 ± 0.06 7.96 ± 0.09 0.91 ± 0.57 1.86 ± 1.03
TMX-2 27.90 ± 0.12 6.49 ± 0.09 7.94 ± 0.09 0.89 ± 0.45 1.93 ± 0.92

Values are presented as mean ± SD (n = 4 replicate tanks per treatment). DO = dissolved oxygen; TAN = total
ammonia nitrogen.
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2.6. Measurements

Fish were monitored for growth performance, survival, condition factor, and organoso-
matic indices throughout the trial. On day 42, individual body weight was recorded. Av-
erage daily feed intake (ADFI) was calculated as the total dry matter consumed per tank
per day divided by the number of fish to obtain average daily dry matter intake per fish.
Growth indices, including average daily gain (ADG), specific growth rate (SGR), and feed
conversion ratio (FCR), were calculated. The coefficient of variation (CV) of body weight
at the end of the study was calculated from the individual final body weights recorded
within each replicate tank. Mortality was recorded daily, and survival was calculated
at the end of the experiment. In addition, three fish per replicate (12 fish per treatment)
were randomly selected on day 42 for organ sampling. Before biometric measurements
and tissue collection, fish were sedated by immersion in ice-chilled water (approximately
5–10 ◦C) until cessation of swimming activity and loss of the righting reflex, consistent with
a surgical plane of sedation. Fish were then euthanized using the same ice-water immersion
method and maintained in the ice-water bath until opercular and body movements had
ceased, followed by an additional period to confirm death before sample collection. Fish
were blotted dry with sterile gauze to minimize contamination. The liver and viscera
were carefully dissected using clean surgical scissors, with a consistent technique applied
across all specimens. Organs were weighed immediately after removal to calculate the
hepatosomatic index (HSI) and viscerosomatic index (VSI).

Growth performance, feed utilization, and somatic indices were calculated as follows:

Survival rate (%) = Final number of fish/Initial number of fish × 100, (1)

ADG (g day−1) = (Final weight − Initial weight)/Culture period (days), (2)

SGR (% day−1) = [ln (Final mean weight) − ln (Initial mean weight)]/Culture
(period days) × 100,

(3)

FCR = Total feed intake (g DM)/Fish biomass gain (g), (4)

CV of body weight (%) = (Standard deviation/Mean body weight) × 100, (5)

Condition factor = Body weight (g)/Body length3 (cm3) × 100. (6)

HSI (%) = Liver weight (g)/Body weight (g) × 100, (7)

VSI (%) = Viscera weight (g)/Body weight (g) × 100, (8)

2.7. Statistical Analysis

All data were assessed for normality using the Shapiro–Wilk test and for homogeneity
of variance using Levene’s test. Model assumptions were met for all response variables;
therefore, no data transformations were required. Data were analyzed using the MIXED
procedure in SAS Studio 3.8/SAS 9.4 (SAS Institute Inc., Cary, NC, USA), with treatment
included as a fixed effect and block included as a random effect. When a significant
treatment effect was detected, treatment means were separated using Tukey–Kramer’s
test. Statistical significance was declared at p ≤ 0.05. Exact p-values are reported to two
decimal places, except values below 0.01, which are reported as p < 0.01. Values between
0.05 and 0.10, when present, were interpreted descriptively and were not considered
statistically significant.
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3. Results
3.1. Water Quality

Water quality parameters were maintained within ranges suitable for Nile tilapia
throughout the experimental period (Table 3), ensuring that environmental variables did
not confound treatment effects.

3.2. Growth Performance

Dietary AFB1 at 250 ppb impaired growth performance, whereas survival remained
100% across all treatments (Table 4). Relative to the NC group, fish in the PC group showed
lower final body weight (−13.6%), ADG (−15.8%), SGR (−7.3%), and ADFI (−11.2%)
(p < 0.01), while FCR did not differ between the NC and PC groups.

Table 4. Growth performance, coefficient of variation, and condition indices of Nile tilapia fed
experimental diets for 42 days.

Treatment
Final Body

Weight
(g fish−1)

ADG
(g fish−1 day−1)

ADFI
(g fish−1 day−1)

SGR
(% day−1) FCR

CV Final Body
Weight

(%)
Condition

Factor

NC 80.63 ± 2.08 a 1.65 ± 0.06 a 1.79 ± 0.02 a 4.67 ± 0.16 a 1.09 ± 0.04 ab 18.61 ± 1.91 b 2.09 ± 0.05 a

PC 69.68 ± 2.13 c 1.39 ± 0.06 c 1.59 ± 0.01 b 4.33 ± 0.12 b 1.15 ± 0.04 ab 25.41 ± 2.60 a 2.22 ± 0.05 b

TMX-1 69.59 ± 2.01 c 1.39 ± 0.06 c 1.61 ± 0.01 b 4.32 ± 0.18 b 1.16 ± 0.06 a 23.17 ± 3.73 ab 2.32 ± 0.06 b

TMX-2 74.54 ± 3.46 b 1.50 ± 0.08 b 1.62 ± 0.03 b 4.47 ± 0.14 ab 1.07 ± 0.05 b 23.00 ± 2.20 ab 2.32 ± 0.04 b

p-value <0.01 <0.01 <0.01 <0.01 0.02 0.02 <0.01

Values are presented as mean ± SD of replicate tanks (n = 4 tanks per treatment; 20 fish per tank). Different
superscript letters within a column indicate significant differences based on Tukey–Kramer’s test (p ≤ 0.05).
NC = negative control; PC = positive control diet containing 250 ppb AFB1; TMX-1 = PC diet supplemented with
TOXO-MX at 1 kg/ton; TMX-2 = PC diet supplemented with TOXO-MX at 2 kg/ton; ADG = average daily gain,
ADFI = average daily feed intake, SGR = specific growth rate, FCR = feed conversion ratio, CV = coefficient
of variation.

TMX-2 supplementation increased final body weight (+7.0%) and ADG (+7.9%) com-
pared with both the PC and TMX-1 groups (p < 0.01; Figure 1). SGR in the TMX-2 group
was intermediate between the NC and PC groups and did not differ significantly from
either group. FCR differed among treatments (p = 0.02); however, TMX-2 did not differ
from either the NC or PC group. In contrast, TMX-1 did not differ from the PC group for
any measured growth performance parameter.

Figure 1. Effects of dietary bentonite supplementation on final body weight (A) and average daily
gain (B) in juvenile Nile tilapia under sub-acute aflatoxin B1 exposure. Values are presented as mean
± SD of replicate tanks (n = 4). Different letters above bars indicate significant differences among
treatments based on Tukey–Kramer’s test (p ≤ 0.05). NC = negative control; PC = positive control diet
containing 250 ppb AFB1; TMX-1 = PC diet supplemented with TOXO-MX at 1 kg/ton; TMX-2 = PC
diet supplemented with TOXO-MX at 2 kg/ton.
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Supplementation with TMX-1 or TMX-2 reduced the CV of final body weight relative
to the PC group; however, these differences were not statistically significant. ADFI and
condition factor remained comparable among the AFB1-challenged treatments (Table 4).

3.3. Hepatosomatic and Viscerosomatic Indices

No significant differences in HSI or VSI were observed among treatments (p > 0.05;
Table 5), suggesting that dietary AFB1 exposure at 250 ppb and bentonite supplementa-
tion did not induce detectable changes in these organosomatic indices during the 42-day
experimental period.

Table 5. Hepatosomatic index (HSI) and viscerosomatic index (VSI) of Nile tilapia at day 42 of the
feeding trial.

Treatment HSI (%) VSI (%)

NC 2.01 ± 0.52 8.41 ± 1.34
PC 1.73 ± 0.21 8.32 ± 0.83
TMX-1 1.76 ± 0.71 8.48 ± 1.11
TMX-2 1.75 ± 0.45 7.92 ± 0.91
p-value 0.58 0.61

Values are presented as mean ± SD (n = 3 fish per replicate; 4 replicates per treatment). No significant treatment
effects were detected for HSI (p = 0.58) or VSI (p = 0.61). NC = negative control; PC = positive control diet containing
250 ppb AFB1; TMX-1 = PC diet supplemented with TOXO-MX at 1 kg/ton; TMX-2 = PC diet supplemented with
TOXO-MX at 2 kg/ton.

4. Discussion
This study demonstrates that dietary exposure to 250 ppb AFB1 impaired growth per-

formance in juvenile Nile tilapia, consistent with previous reports in fish exposed to dietary
AFB1 [8,21,22] and with aflatoxin-induced metabolic disruption. Following ingestion, AFB1

is bioactivated in the liver by cytochrome P450 enzymes to the reactive AFB1-8,9-epoxide,
which interferes with protein synthesis and disrupts hepatic function [9,23–25]. Because
the liver is central to amino acid metabolism, lipid transport, and energy homeostasis, this
impairment compromises nutrient metabolism and growth [9,22]. Additionally, aflatoxin
exposure may induce oxidative stress and intestinal damage, further limiting digestive
efficiency and nutrient absorption [5,25]. The observed reduction in feed intake may
also reflect altered neuroendocrine regulation associated with hepatic stress and appetite
regulation in fish [26,27].

Supplementation with bentonite (TMX) partially alleviated some adverse effects as-
sociated with dietary AFB1 exposure. At the higher inclusion level (TMX-2), a significant
improvement in final body weight was observed compared with both the AFB1-challenged
control and TMX-1. In contrast, TMX-1 did not differ significantly from the AFB1-challenged
control for the measured growth performance parameters, suggesting that the efficacy of
the binder was dependent on its inclusion level under the applied AFB1 challenge con-
ditions. Although AFB1 bioavailability was not directly measured in the present study,
the improved growth performance and feed efficiency observed in TMX-2 suggest that
bentonite may have reduced AFB1 bioavailability and toxicity by adsorbing the toxin within
the gastrointestinal tract, thereby limiting its absorption and systemic exposure, as reported
previously for clay-based binders and bentonite sources [11–18].

Although SGR showed a non-significant trend towards improvement in TMX-2, nei-
ther bentonite level significantly affected feed intake or condition factor. These findings
suggest that differences in feed intake alone do not explain the observed growth responses;
however, the underlying mechanisms remain unclear and warrant further investigation.
Although FCR differed between TMX-1 and TMX-2, neither treatment differed significantly
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from the NC or PC groups, indicating limited evidence that bentonite supplementation
improved feed utilization under the conditions of the present study.

These findings align with previous reports demonstrating that clay-based binders may
reduce aflatoxin bioavailability and toxicity in aquatic and terrestrial animals [9,11–18,28–30].
In Nile tilapia, dietary bentonite inclusion has improved growth under aflatoxin chal-
lenge [17,18], with similar protective effects reported in poultry and livestock [16,28–30].
The absence of changes in feed intake suggests that factors other than feed consumption
may have contributed to the observed differences in growth performance.

AFB1 exposure also increased body weight variation, as indicated by a higher CV in
the challenged groups compared with the NC group (p < 0.05). Both bentonite treatments
reduced CV relative to the PC group; however, these differences were not statistically
significant. This non-significant response may be attributed to limited sample size, short
exposure duration, or the inclusion levels tested. Although not statistically significant, the
observed improvement in growth uniformity may still be relevant under commercial aqua-
culture conditions, where size variation affects grading efficiency and harvest management.
Further studies with larger sample sizes, different AFB1 levels, varying binder inclusion
rates, and longer exposure periods are required to clarify the effect of bentonite on growth
uniformity under sub-acute exposure.

Survival rates remained at 100% across all treatment groups, indicating that 250 ppb
AFB1 did not induce acute mortality during the trial. This is consistent with previous
studies reporting that tilapia can tolerate dietary aflatoxin exposure without mortality [21].
Deng et al. [21] likewise reported no mortality in fish exposed to higher dietary AFB1 levels
over extended feeding periods. Although non-lethal, the concentration used in the present
study remains relevant, as it exceeds regulatory limits and falls within the range associated
with chronic aflatoxicosis [6,31].

No significant differences in HSI or VSI were observed among treatments, suggesting
that dietary AFB1 exposure at 250 ppb reduced growth performance without corresponding
changes in organosomatic indices over the 42-day trial. Previous studies in Nile tilapia
have reported variable responses in these indices, with some showing significant alter-
ations and others reporting minimal changes under moderate AFB1 doses or short-term
exposure [32,33]. These inconsistencies are likely attributable to differences in toxin dose,
exposure duration, and experimental conditions. While organosomatic indices reflect
changes in liver and visceral mass associated with aflatoxicosis, they may lack sensitivity
for detecting subclinical or early-stage effects. The stability of HSI and VSI observed in the
present study may reflect the moderate exposure level and limited trial duration, which
may not have been sufficient to produce measurable changes in these indices. Under such
conditions, growth performance parameters, particularly body weight gain and condition
factor, may provide more sensitive indicators of sub-acute aflatoxicosis.

Furthermore, the present study evaluated only selected gross health-related indices.
Histopathological assessment, oxidative stress biomarkers, immune responses, serum bio-
chemistry, and intestinal integrity measurements were beyond the scope of this study and
should be considered in future investigations to further elucidate the protective mechanisms
of bentonite.

A limitation of the present study is that diets supplemented with bentonite in the
absence of AFB1 contamination were not included. Consequently, the independent effects
of bentonite on growth performance, feed intake, feed conversion, and selected gross health-
related indices under non-challenged conditions could not be determined. Nevertheless,
the primary objective of the present study was to evaluate the efficacy of bentonite under
sub-acute AFB1 challenge conditions, simulating elevated-risk contamination scenarios that
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may arise due to variability in ingredient quality, fungal proliferation, or storage conditions
in aquaculture feed production.

In summary, dietary AFB1 at 250 ppb impaired growth performance and increased
body weight variability in juvenile Nile tilapia. Bentonite supplementation partially allevi-
ated some adverse responses associated with AFB1 exposure, with the higher inclusion level
(2 kg/ton) improving final body weight and ADG relative to the challenged control. How-
ever, definitive evidence for improved feed utilization or reduced aflatoxin bioavailability
was not obtained in the present study.

From an applied fish nutrition perspective, bentonite may serve as a practical strategy
for managing elevated-risk or sub-acute aflatoxin contamination scenarios in aquafeeds. In
the present study, only one AFB1 challenge level (250 ppb) was tested; therefore, the results
do not allow us to extrapolate the effects of bentonite inclusion under lower levels of AFB1

contamination in feed. Further studies are needed to determine the appropriate bentonite
inclusion levels under lower AFB1 contamination-pressure scenarios.

5. Conclusions
Dietary inclusion of 2 kg/ton bentonite partially alleviated the adverse effects of AFB1

on growth performance of juvenile Nile tilapia under sub-acute exposure. While effects
on feed utilization were less consistent, these findings support the use of bentonite as a
preventive mitigation strategy within integrated feed quality management programs in
aquaculture, particularly in scenarios of elevated aflatoxin risk.
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Abbreviations
The following abbreviations are used in this manuscript:

AFB1 aflatoxin B1

ADFI average daily feed intake
ADG average daily gain
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CMC carboxymethyl cellulose
CV coefficient of variation
DO dissolved oxygen
FCR feed conversion ratio
HPLC-FLD high-performance liquid chromatography with fluorescence detection
HSI hepatosomatic index
NC negative control diet without AFB1 or binder
ND not detected
NO2

− nitrite
PC positive control diet containing 250 ppb AFB1

PCR polymerase chain reaction
SGR specific growth rate
TAN total ammonia nitrogen
TMX TOXO-MX
TMX-1 PC diet supplemented with TOXO-MX at 1 kg/ton
TMX-2 PC diet supplemented with TOXO-MX at 2 kg/ton
VSI viscerosomatic index
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approaches to aflatoxin B1 control in food and feed safety: Detection, inhibition, and mitigation. Int. J. Mol. Sci. 2025, 26, 6534.
[CrossRef] [PubMed]

2. Selim, K.M.; El-Hofy, H.; Khalil, R.H. The efficacy of three mycotoxin adsorbents to alleviate aflatoxin B1-induced toxicity in
Oreochromis niloticus. Aquac. Int. 2014, 22, 523–540. [CrossRef]

3. Mwihia, E.W.; Lyche, J.L.; Mbuthia, P.G.; Ivanova, L.; Uhlig, S.; Gathumbi, J.K.; Maina, J.G.; Eshitera, E.E. Occurrence and levels
of aflatoxins in fish feeds and their potential effects on fish in Nyeri, Kenya. Toxins 2018, 10, 543. [CrossRef] [PubMed]

4. Nunes, E.M.C.G.; Pereira, M.M.G.; Costa, A.P.R.; Araripe, M.N.B.A.; Calvet, R.M.; Pereyra, C.M.; Azevedo, M.L.X.; Pinheiro,
R.E.E.; Alves, V.C.; Conde Júnior, A.M.; et al. Effects of aflatoxin B1 on performance and health of tambaqui fingerlings (Colossoma
macropomum). Int. Aquat. Res. 2019, 11, 73–83. [CrossRef]

5. Zaineldin, A.I.; Elsebaey, E.; Habotta, O.A.; Abdo, W.S.; El Basuini, M.F.; Dawood, M.A.O. Mitigating aflatoxin B1-induced
growth impairment and hepatic stress in Nile tilapia (Oreochromis niloticus): Comparative efficacy of Saccharomyces cerevisiae and
silicate-based detoxifiers. Probiotics Antimicrob. Proteins 2024, 17, 1418–1431. [CrossRef] [PubMed]

6. Ziarati, M.; Imani, A.; Ghafarifarsani, H.; Bhatt, D. A brief review on aflatoxicosis in aquaculture with a focus on fish. Aquac. Nutr.
2024, 2024, 3130230. [CrossRef] [PubMed]

7. Gemede, H.F. Toxicity, mitigation, and chemical analysis of aflatoxins and other toxic metabolites produced by Aspergillus: A
comprehensive review. Toxins 2025, 17, 331. [CrossRef] [PubMed]

8. Tuan, N.A.; Grizzle, J.M.; Lovell, R.T.; Manning, B.B.; Rottinghaus, G.E. Growth and hepatic lesions of Nile tilapia fed diets
containing aflatoxin B1. Aquaculture 2002, 212, 311–319. [CrossRef]

9. Hussain, D. Effect of aflatoxins in aquaculture: Use of bentonite clays as promising remedy. Turk. J. Fish. Aquat. Sci. 2018, 18,
1009–1016. [CrossRef] [PubMed]

10. Marijani, E.; Kigadye, E.; Okoth, S. Occurrence of fungi and mycotoxins in fish feeds and their impact on fish health. Int. J.
Microbiol. 2019, 2019, 6743065. [CrossRef] [PubMed]

11. Kihal, A.; Rodríguez Prado, M.; Calsamiglia, S. The efficacy of mycotoxin binders to control mycotoxins in feeds and nutrient
interactions. J. Anim. Sci. 2022, 100, skac328. [CrossRef] [PubMed]

12. dos Reis, F.J.M.; Melo, E.S.P.; Barbosa, A.M.J.; Guimarães, R.C.A.; Arunachalam, K.; Oliveira, R.J.; Lima, A.C.P.; de Souza, M.F.B.M.;
Rosa, A.C.G.; Ancel, M.A.P.; et al. Bentonite clays as adsorbent material for mycotoxins and the hematological parameters
involved in tilapia species: A systematic review. Aquac. Res. 2024, 2024, 4899256. [CrossRef]

13. Boudergue, C.; Burel, C.; Dragacci, S.; Favrot, M.C.; Fremy, J.M.; Massimi, C.; Prigent, P.; Debongnie, P.; Pussemier, L.; Boudra, H.
Review of mycotoxin detoxifying agents used as feed additives. EFSA Support. Publ. 2009, 6, 22E. [CrossRef]

14. Feizy, J.; Rahimi, A.; Tabari, D.G.; Zarghami, M.R.; Jahani, M.; Moradi, E. Optimization of modified bentonite mycotoxin binders
for enhanced adsorption efficiency under simulated gastric and intestinal conditions. Sci. Rep. 2025, 15, 27513. [CrossRef]
[PubMed]

15. Jaynes, W.F.; Zartman, R.E. Aflatoxin toxicity reduction in feed by enhanced binding to clay additives. Toxins 2011, 3, 551–565.
[CrossRef] [PubMed]

https://doi.org/10.3390/jox16040145

https://doi.org/10.3390/ijms26136534
https://www.ncbi.nlm.nih.gov/pubmed/40650309
https://doi.org/10.1007/s10499-013-9661-6
https://doi.org/10.3390/toxins10120543
https://www.ncbi.nlm.nih.gov/pubmed/30562952
https://doi.org/10.1007/s40071-019-0220-2
https://doi.org/10.1007/s12602-023-10210-2
https://www.ncbi.nlm.nih.gov/pubmed/38175392
https://doi.org/10.1155/anu/3130230
https://www.ncbi.nlm.nih.gov/pubmed/39713178
https://doi.org/10.3390/toxins17070331
https://www.ncbi.nlm.nih.gov/pubmed/40711142
https://doi.org/10.1016/S0044-8486(02)00021-2
https://doi.org/10.4194/1303-2712-v18_8_10
https://www.ncbi.nlm.nih.gov/pubmed/22219545
https://doi.org/10.1155/2019/6743065
https://www.ncbi.nlm.nih.gov/pubmed/31827520
https://doi.org/10.1093/jas/skac328
https://www.ncbi.nlm.nih.gov/pubmed/36208465
https://doi.org/10.1155/2024/4899256
https://doi.org/10.2903/sp.efsa.2009.EN-22
https://doi.org/10.1038/s41598-025-13249-z
https://www.ncbi.nlm.nih.gov/pubmed/40721640
https://doi.org/10.3390/toxins3060551
https://www.ncbi.nlm.nih.gov/pubmed/22069725
https://doi.org/10.3390/jox16040145


J. Xenobiot. 2026, 16, 145 11 of 11

16. Pappas, A.C.; Tsiplakou, E.; Georgiadou, M.; Anagnostopoulos, C.; Markoglou, A.N.; Liapis, K.; Zervas, G. Bentonite binders in
the presence of mycotoxins: Results of in vitro preliminary tests and an in vivo broiler trial. Appl. Clay Sci. 2016, 132–133, 455–460.
[CrossRef]

17. Hussain, D.; Mateen, A.; Gatlin, D.M., III. Alleviation of aflatoxin B1 toxicity by calcium bentonite clay in Nile tilapia. Aquaculture
2017, 475, 8–15. [CrossRef]

18. Neeratanaphan, L.; Tengjaroenkul, B. Protective effects of Thai bentonite on aflatoxin B1 in tilapia fish (Oreochromis niloticus).
Livest. Res. Rural Dev. 2018, 30, 152.

19. Gruber-Dorninger, C.; Jenkins, T.; Schatzmayr, G. Global mycotoxin occurrence in feed: A ten-year survey. Toxins 2019, 11, 375.
[CrossRef] [PubMed]

20. National Research Council. Nutrient Requirements of Fish and Shrimp; The National Academies Press: Washington, DC, USA, 2011.
[CrossRef] [PubMed]

21. Deng, S.X.; Tian, L.X.; Liu, F.J.; Jin, S.J.; Liang, G.Y.; Yang, H.J.; Du, Z.Y.; Liu, Y.J. Toxic effects and residue of aflatoxin B1 in tilapia.
Aquaculture 2010, 307, 233–240. [CrossRef]

22. Barany, A.; Guilloto, M.; Cosano, J.; de Boevre, M.; Oliva, M.; de Saeger, S.; Gisbert, E.; Estévez, A. Dietary aflatoxin B1 reduces
growth performance in gilthead sea bream. Aquaculture 2020, 529, 736189. [CrossRef]

23. Ramsdell, H.S.; Parkinson, A.; Eddy, A.C.; Eaton, D.L. Bioactivation of aflatoxin B1 by human liver microsomes. Toxicol. Appl.
Pharmacol. 1991, 108, 436–447. [CrossRef] [PubMed]

24. Guengerich, F.P.; Johnson, W.W.; Shimada, T.; Ueng, Y.-F.; Yamazaki, H.; Langouët, S. Activation and detoxication of aflatoxin B1.
Chem.-Biol. Interact. 1998, 402, 121–128. [CrossRef] [PubMed]

25. Benkerroum, N. Chronic and acute toxicities of aflatoxins: Mechanisms of action. Int. J. Environ. Res. Public Health 2020, 17, 423.
[CrossRef] [PubMed]

26. Trebak, F.; Alaoui, A.; Alexandre, D.; El Ouezzani, S.; Anouar, Y.; Chartrel, N.; Magoul, R. Impact of aflatoxin B1 on hypothalamic
neuropeptides regulating feeding behavior. Neurotoxicology 2015, 49, 165–173. [CrossRef] [PubMed]

27. Volkoff, H. Neuroendocrine regulation of food intake in fish. Front. Neurosci. 2016, 10, 540. [CrossRef] [PubMed]
28. Zabiulla, I.; Malathi, V.; Swamy, H.V.L.N.; Naik, J.; Pineda, L.; Han, Y. Smectite-based mycotoxin binder reducing AFB1 toxicity in

broilers. Toxins 2021, 13, 856. [CrossRef] [PubMed]
29. Hou, L.; Qiu, H.; Li, A.; Dong, J. Effects of aflatoxin B1 on growth performance, antioxidant status, immune response, and

cytokine expression in ISA chicks. Front. Vet. Sci. 2022, 9, 993039. [CrossRef] [PubMed]
30. Darmawan, A.; Jayanegara, A.; Öztürk, E. Meta-analysis of bentonite efficacy in broilers fed aflatoxin-contaminated diets. J. Agric.

Sci. 2023, 29, 395–403. [CrossRef]
31. U.S. Food and Drug Administration. Compliance Policy Guide Sec. 683.100: Action Levels for Aflatoxins in Animal Food; Guidance for

FDA Staff; Office of Regulatory Affairs and Center for Veterinary Medicine, U.S. Department of Health and Human Services:
Rockville, MD, USA, 2019. Available online: https://www.fda.gov/media/121202/download (accessed on 17 March 2025).

32. Mahfouz, M.E.; Sherif, A.H. Adverse effects of aflatoxin on Oreochromis niloticus. J. Basic Appl. Zool. 2015, 71, 48–59. [CrossRef]
33. Marijani, E.; Nasimolo, J.; Kigadye, E.; Gnonlonfin, G.J.B.; Okoth, S. Sex-related differences in tilapia exposed to aflatoxin B1.

Scientifica 2017, 2017, 4268926. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jox16040145

https://doi.org/10.1016/j.clay.2016.07.023
https://doi.org/10.1016/j.aquaculture.2017.04.003
https://doi.org/10.3390/toxins11070375
https://www.ncbi.nlm.nih.gov/pubmed/31252650
https://doi.org/10.17226/13039
https://www.ncbi.nlm.nih.gov/pubmed/41807465
https://doi.org/10.1016/j.aquaculture.2010.07.029
https://doi.org/10.1016/j.aquaculture.2020.736189
https://doi.org/10.1016/0041-008X(91)90090-2
https://www.ncbi.nlm.nih.gov/pubmed/1902334
https://doi.org/10.1016/s0027-5107(97)00289-3
https://www.ncbi.nlm.nih.gov/pubmed/9675258
https://doi.org/10.3390/ijerph17020423
https://www.ncbi.nlm.nih.gov/pubmed/31936320
https://doi.org/10.1016/j.neuro.2015.06.008
https://www.ncbi.nlm.nih.gov/pubmed/26141519
https://doi.org/10.3389/fnins.2016.00540
https://www.ncbi.nlm.nih.gov/pubmed/27965528
https://doi.org/10.3390/toxins13120856
https://www.ncbi.nlm.nih.gov/pubmed/34941694
https://doi.org/10.3389/fvets.2022.993039
https://www.ncbi.nlm.nih.gov/pubmed/36176699
https://doi.org/10.15832/ankutbd.970525
https://www.fda.gov/media/121202/download
https://doi.org/10.1016/j.jobaz.2015.04.008
https://doi.org/10.1155/2017/4268926
https://www.ncbi.nlm.nih.gov/pubmed/29098110
https://doi.org/10.3390/jox16040145

	Introduction 
	Materials and Methods 
	Ethical Approval 
	Experimental Fish, Treatments and Diet Preparation 
	Diets 
	Management 
	Water Quality Monitoring 
	Measurements 
	Statistical Analysis 

	Results 
	Water Quality 
	Growth Performance 
	Hepatosomatic and Viscerosomatic Indices 

	Discussion 
	Conclusions 
	References

