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Abstract

Since temperature plays an important role in feed consumption, chemical reactions and metabolism, it
was hypothesized that it is below ideal it could interfere in the masculinization of tilapia in biofloc system
(BFT) and the ideal methyltestosterone (MT) concentration in the feed. The masculinization rates of Nile
tilapia in a zero-water exchange BFT (and without clarification) at 25°C and 28 °C combined with concen-
trations of MT in the feed (0 (control), 10, 20, 30 and 40 mg - Kg' of feed) were evaluated using 3 replicates
per treatment (30 tanks of 50 liters, 2 larvae - L™"). Larvae were fed five times a day for 28 days. The water
quality and growth performance did not diverge between MT concentrations (p > 0.05). Larvae grew 2.7
times higher in 28°C than 25°C. The control treatments did not differ from each other for male proportion
(mean = 66,75%) but differed from all hormonal treatments. These treatments presented masculinization
rates above 98.7% and 96.9%, at temperatures of 25°C and 28°C, respectively, and did not differ from
each other at the same MT concentrations. Therefore, it is feasible to use an even lower concentration
(10 mg of MT - Kg" of feed) in a zero-water exchange BFT, regardless of these temperatures. At the lower
temperature, the input of MT in the system was smaller due to smaller feed intake, however the finger-
lings would take longer to reach commercial body weight. Furthermore, after 2 hours of the last hormone
feeding, MT residues were not detected in any biofloc/water mixture samples.
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Low temperature and high tilpia male proportion

Introduction

For tilapia grow-out, sexual precocity is not interesting, as it generates heterogeneous
batches, loss of population and production control, inadequate feeding strategy, reduced growth
(Farahmand et al., 2007; Baroiller et al., 2014), as well as excess management and reduction
water quality. The production of monosex tilapia is a form of control of these negative impacts
of reproduction. There are various techniques for reaching populations of only one sex, and
one of these uses male and female steroid sex hormones offered in the diet (Karsli, 2021). In
the case of tilapia, the choice is to produce male individuals, obtained using male hormones, a
technique most applied due to its easy application, low cost and greater effectiveness (Baroiller
and D'Cotta, 2018; Costa e Silva et al., 2022). The hormone most used in this technique is
17a-methyltestosterone (MT), due to its high capability of masculinization (Sarker et al., 2022).

Several studies have proven that the use of MT in tilapia production does not contaminate
the meat of the fish produced (Rothbard et al., 1990; Curtis et al., 1991; Piferrer, 2001) and does
not pose a risk to human health (Baroiller and D ‘Cotta, 2018; Thanasupsin et al., 2021). However,
this procedure has environmental impacts as it is generally carried out in hatcheries, where the
exchange of water and disposal of effluents can contaminate natural bodies of water (Baroiller
and D'Cotta, 2018; Ramirez et al., 2024). MT degradation and biotransformation pathways, which
occur in the environment and in fish, have not yet been completely elucidated (Lone and Ridha,
1993; Mlalila et al., 2015). Therefore, it is not yet known whether the metabolites formed after
the metabolization of MT continue to have any potential for steroid action.

In a recent study, Ramirez et al. (2024), using a water temperature of 28°C, managed to
reduce the use of MT in the masculinization of tilapia in a zero-water exchange BFT system to
30 mg - Kg' of feed, half of what is commonly used in earthen ponds (Baroiller and D'Cotta, 2018),
reaching 99% of males. These authors did not detect MT residues in the water 12 hours after
the last hormone-containing feeding. As a result, the environmental problem related to the use
of MT in tilapia masculinization was minimized using a BFT system with zero-water exchange,
thus paving new paths towards a sustainable tilapia hatchery. Temperature directly affects
the environment and the metabolic rates of aquatic organisms (Rubalcaba et al., 2020), that
is, it interferes both with water parameters and with the well-being, consumption, and growth
performance of fish. Among the abiotic factors that can interfere with gonadal differentiation,
temperature is the one that stands out the most (Baroiller and D’ Cotta, 2001; Yao et al., 2021).
The explanation for sexual inversion due to temperature in fish lies in the ability of the enzyme
cytochrome P450-aromatase to catalyze the conversion of testosterone into 17p-estradiol, a
hormone that acts in the differentiation and development of the ovaries. Heat treatment has a
negative regulatory effect on the expression of this enzyme (Nakamura et al., 2015; Wan et al.,
2016; Pandit et al., 2015; Nozu and Nakamura, 2020). Thereby, in tilapia larvae subjected to
higher temperatures during the differentiation period, masculinization of XX females occurs
due to the blockage of this enzyme (Guiguen et al., 1999; Baroiller and D'Cotta, 2001). Recently,
the use of heat treatment for masculinization has been gaining prominence, however, the
temperatures used in this technique are generally well above the range between 27° and 30°C,
considered ideal for Nivelle et al. (2019), resulting in high mortalities (Borges et al., 2005), and
raising questions related to animal welfare. Outside the temperature range considered optimal,
fish can experience a stressful situation, leading to physiological dysfunctions that can impair
performance and even lead to death (Portneretal., 2017; Yang et al., 2021; Bezerra et al., 2025).

At temperatures above the ideal limit, a reduction in fish consumption and growth performance
may occur (Islam et al., 2020; Khieokhajonkhet et al., 2022). A study carried out by Zhou et al.
(2022), exposed tilapia to a temperature of 36°C, and observed that there was an increase in
ventilatory frequency, a decrease in tolerance to hypoxia and a 21% increase in mortality when
compared to tilapia kept in water at 28°C. Borges et al. (2005), comparing the masculinization
rates of Nile tilapia of the Chitralada lineage at temperatures 27°C and 35°C, achieved rates
of approximately 62% and 72%, respectively. Nevertheless, they attributed it to the higher
temperature and greater mortality caused by cannibalism. However, higher temperatures within
the optimal range for each species can stimulate feed intake, enhance digestion, and improve
growth performance (Neuheimer et al., 2011; Volkoff and Rennestad, 2020). They may also
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promote higher masculinization rates in Nile tilapia larvae, even when hormone concentrations
in the feed are reduced (Ramirez et al., 2024), particularly in more thermosensitive lineages
(Baroiller and D'Cotta, 2018).

Therefore, itis interesting to understand whether a temperature within the limits of thermal
confort (28°C) and a lowest one below this limit (25°C) promotes in tilapia masculinization rates
in the BFT system with zero-water exchange and without clarification, especially when combined
with lower MT concentrations. At 25°C, larval metabolic activity is likely to decrease, leading to
reduced feed and hormone intake. This reduction could negatively affect larval masculinization,
potentially requiring a different minimum hormone concentration in the diet compared to
28°C. A temperature of 25°C is also commonly observed throughout the year in Nile tilapia
hatcheries in tropical regions, even when tanks are installed under greenhouses. Therefore, it
is important to assess Nile tilapia masculinization in biofloc systems with zero water exchange
under such suboptimal conditions.

To reduce the environmental impact and find the lowest masculinizing concentration possible,
this study evaluated the masculinization rate of Nile tilapia in the biofloc system (BFT) with zero
water exchange in temperatures of 28°C and 25°C. For this experiment, MT concentrations from
0to40 mg- Kg' of feed were tested, with two concentrations (10 and 20 mg - Kg' of feed) below
the lowest masculinization rate (30 mg - Kg' of feed and 99% masculinization rate) obtained by
Ramirez et al. (2024) in a study with masculinization of tilapia in the same system. Furthermore,
it was studied how these temperatures could interfere with water quality, growth performance,
the masculinization proportion, the amount of hormone used and the MT residues on effluents.

Methods

Experimental design

The experiment was carried out at the Aquaculture Laboratory (LAQUA) of the Veterinary
School of the Federal University of Minas Gerais (UFMG). All procedures were previously reviewed
and approved by the Ethical Committee on Animal Use of UFMG (CEUA/UFMG) under protocol
number 66/2023.

For the experiment, Nile tilapia larvae (11.57 + 0.46 mg and 0.93 + 0.03 cm) were used from
spawning and hatching, on the same day, of 12 females (average weight of 766.7 + 97 g) from
the ninth generation of the genetic improvement program for body weight increase (more
details are available in Cavatti Neto et al., 2023) from the NGT-Aqua (Nutrition, Genetics and
Technology for Aquaculture) research group, belonging to the Aquaculture Laboratory/ UFMG.

Soon after yolk sac absorption, the larvae were transferred to 30 polyethylene tanks (50 L
useful volume). The tanks were filled with pre-matured biofloc previously developed in other
tanks where adult fish have been stocked (25 kg of adult fish - m3) through the entire year, by
supplementing with cane sugar as the carbon source to maintain a carbon: nitrogen ratio close
to 6: 1, important for heterotrophic bacteria to develop and remove ammonia from the water,
together with nitrifiers bacteria (total ammonia nitrogen 0.06 mg - L' + 0.03 mg - L; nitrite
0.85mg - L'+ 0.08 mg - L' and nitrate 71.93 mg - L™ £ 14.07 mg - L"). A total of 3,600 larvae
were distributed in the tanks (120 larvae - tank) and it was ensured that each tank of each
treatment received the same number of larvae from each of the 12 females. The experimental
design was completely randomized, with treatments resulting from the combination of 2
cultivation temperatures (25°C and 28°C) and five levels of methyltestosterone (MT) in the diet
(0, 10, 20, 30 and 40 mg - Kg" of feed) for 28 days. Shorter treatment period than 28 days was
not tested because according to previous study of our research group (Costa et al., 2024), the
masculinization proportion for this Chitralada lineage in zero exchange water BFT up to 21-days
MT treatment period in 28.4°C + 1.4 was 87.68% (from 80.94 to 93.60%), a male proportion not
high enough to be used for commercial purpose.
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An initial biometry was carried out with 20 animals, randomly removed from each experimental
unit, establishing the initial stocking density of 2 larvae - L' (n = 100 larvae - tank™). The 20 larvae
were weighed together on an analytical balance (Marte Cientifica, Brazil), with a precision of
0.001 g. Then, the larvae were euthanized with eugenol (180 mg - L' for 10 min.) to have their
body length measured.

The Nile tilapia larvae were fed with a commercial ration (Propescado-Nutriave Foods)
containing 55% crude protein, 12% moisture, 10% ether extract and 15% ashes. Each experimental
diet received the masculinizing hormone using 99.5% P.A ethyl alcohol as a vehicle for
17a-methyltestosterone. The solution was previously prepared by weighing the hormone and
diluting itin 200 mL of ethyl alcohol. After preparing the solution, the liquid was distributed over
the diet using a 500 mL spray bottle. Then, the diet was stored away from light to evaporate
the alcohol. The diets were identified and stored in a freezer at -20 °C, protected from light, to
ensure MT stability throughout the experiment.

The larvae were fed five times a day at a feeding rate of 30%, 25%, 20% and 15% of body
weight in the first, second, third and fourth week, respectively, according to Costa e Silva et al.
(2022) and Ramirez et al. (2024). Feeding correction was guided by weekly biometrics, carried
out with samples from 20 larvae per tank, estimating a probable weight gain in the following
week based on the weight gain of the previous week and a mortality of 3% for each week.

Treatments at 28°C had a higher feed consumption than treatments at 25°C, therefore, the
amount of hormone per larvae was different between these two groups, as calculated below.
Considering the treatment of 40 mg of MT - Kg' of feed, as a reference, at 25°C treatments, the
amounts of feed and hormone offered to each larvae during the experimental period were,
respectively, 236.14 mg of feed and 9.45 pg of MT for each fish, at 25°C temperature. In contrast,
at 28° C, 775.72 mg of feed were used and 31.03 pg of MT for each fish at 28°C treatments.

In the period after masculinization, the fish received a hormone-free diet until they reached an
adequate size for sexing (>3.2 cm) using the aceto-carmine technique (Guerrero and Shelton, 1974).

Water quality

To maintain constant experimental temperatures, the tanks were installed in agricultural
greenhouses, and each one received 100 Watt thermostats. Aeration was maintained by radial
blowers connected to microporous hoses installed in each tank to maintain adequate oxygen
levels for the species. In addition, during the experiment, 75 g of limestone powder were added
in each tank, as a carbonates source, to maintain alkalinity at levels suitable for nitrifying bacteria
and the pH close to neutrality.

During the entire experimental period, there was no water renewal or solids removal from
the tanks (i.e. without clarification), with the volume of water lost through evaporation being
supplemented, daily, with clear water from an artesian well.

Temperature, pH, oxygen, and salinity measurements were taken three times a week in the
tanks of all treatments. To monitor and ensure that thermal parameters were maintained at
25°C and 28°C according to the treatment, Exboom® digital thermo-hygrometers were used,
where the minimum and maximum temperatures were evaluated daily. With these measures,
thermostats could be adjusted to the desired temperature. The nitrogenous compounds total
ammonia nitrogen (TAN), non-ionized ammonia (NH,) and nitrite (NO,) were measured twice a
week. Analyzes of alkalinity and settleable solids (SS) were carried out once a week, and nitrate
(NO,), total nitrogen (N), total suspended solids (TSS) once, at the end of the experiment.

Dissolved oxygen levels (mg - L") were measured using an AT 155 oximeter (Alfakit®,
Floriandpolis, Santa Catarina, Brazil); and pH, salinity (g - L") and temperature (°C) were monitored
using a multiparameter probe (Hanna®, Barueri, S3o Paulo, Brazil). The levels of total ammonia
nitrogen (TAN) and nitrite (NO,) were measured according to the methodologies established by
UNESCO (1983) and Bendschneider and Robinson (1952), respectively, while the nitrate (NO,)
was quantified using the method described by Monteiro et al. (2003).
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Alkalinity was measured using the methodologies proposed by APHA (1998). Settleable solids
(SS) were quantified using Imhoff cones (Avnimelech, 2006). Total suspended solids (TSS) were
measured after collecting 20 mL of water, with subsequent filtration through GF50-A glass fiber
filters, which were then dried and weighed to quantify the retained material.

Growth performance, survival, and masculinization rate

The growth performance of tilapia was evaluated by the final body weight (BWf), final body
length (BLf), specific growth rate (SGR), Fulton condition factor (CF) and survival (S), at the 29t
day, in the morning, before the first feeding of the day, as follows: final body weight (BWf) =
mean of the mass (g) of 20 larvae randomly picked per experimental unit; final body length
(BLf) = mean of body length (cm) of 20 larvae randomly picked per experimental unit; specific
growth rate (SGR) = 100 x (log (final body weight) - log (initial body weight)) / days of experiment;
condition factor (CF) = final body weight (g) x total body length (cm) x 100; survival (S) = (final
number of individuals / initial number of individuals) x 100; feed consumption = amount of
feed offered (g); biomass = BWf (g) x final number of individuals; productivity = biomass (kg) /
0.05 m3 = kgxm3; feed conversion ratio (C.A.) = feed consumption (g) / biomass (g).

After a period of 28 days of experiment, the fingerlings from each treatment were removed,
as they reached the minimum size of 3.5 cm for sexing, to verify the effect of MT concentrations
on masculinization. For this analysis, tilapias were euthanized via eugenol-induced overdose
(180 mg - L for 10 min.) (Vidal et al., 2008). The fingerlings were fixed in Bouin’s liquid for 24
hours and preserved in 70% ethanol. Subsequently, the gonads were removed, stained with
the aceto-carmine according to Guerrero and Shelton (1974) and analyzed under an optical
microscope (40x magnification).

MT residues in the water

The evaluation of MT input into the system was carried out based on the amount of feed
offered and the concentration of MT used in each treatment. For each treatment, three 40.0 mL
water x biofloc mixture samples were collected 2 hours after the last feeding with hormone-
containing food and for the subsequent 10 hours, placed in 50 mL plastic centrifuge tubes, and
stored at-20 °Cin the dark until analysis. It is important to highlight that water x biofloc mixture
sample contains water, flocs and suspended feces (tilapia feces has a difficult to decante) and
the sample were not previously decanted and filtered (settleable and total suspended solids
were mantained). MT analysis in water was first validated in-house so that water samples from
the tanks could be evaluated. The chemicals and reagents used, the sample preparation, the
preparation of calibration standards, the instruments and HPLC conditions and the parameters
for method validation followed Ramirez et al. (2024).

Statistical evaluation

For all variables (except for masculinization proportions), linear regression models were
adjusted, considering temperature as a categorical variable (25°C = 0 (indicator variable);
28°C = 1) and the hormone concentration as a continuous variable. When the assumptions of
normality and homogeneity of variances were violated based on the Shapiro-Wilk and Bartlett
tests, respectively, log data transformation and/or weighted least square method were used.
Differences were considered significant when p < 0.05. The number of males and non-males of
each treatment was determined and the masculinization proportions were analyzed by Chi-square
test of independence to determine whether there is an association between categorical variables,
i.e., whether the masculinization proportions are independent or related to experimental groups
(Conover, 1999). Then, the association test of the male proportions between pairs of treatment
were performed with Fisher Exact with Bonferroni correction. Since significance values have
been adjusted by Bonferroni correction for multiple tests, the p-value was 0.001 (0.05/45) for

Anim Reprod. 2026;23(1):e20250118 5/18



Low temperature and high tilpia male proportion

forty-five pairwise comparisons in this statistical analysis. Statistical analyzes were performed
using the InfoStat program (Di Rienzo et al., 2015) and R software (R Core Team, 2021).

Results

Water quality

All water parameters were within the reference values for the species, except for the
temperature, which was below the recommended level due to the tested factor itself, and the
settleable solids, which were below ideal due to small biomass of larvae, that result in small imput
of feed and nitrogen residues in the water and, consequently, few nutrients for heterotrophic
bacteria growth, The salinity of this experiment showed values between 0.12 and 0.14 g - L™,
that are close to 0.00 g - L', ideal for masculinization in BFT (Do Valle et al., 2023).

The average temperature values were consistent with the treatments applied. Throughout
the experimental period, the 25°C treatment had a mean of 24.79°C and there was a mean
significant difference of +3.73°C (p < 0.0007) between this value and the average of the 28°C
treatment(Table 1), regardless the MT concentration (non-significant interaction), such as it was
expected due to temperature control with heaters thermostats to maintain the two different
temperatures defined by the experimental design.

The pH and dissolved oxygen levels varied slightly between treatments. The 25°C treatment
had a mean of 6.97 and 6.96 mg-L™", for the respective water quality variables. The 28°C treatment
had a decrease of - 0.14 (p = 0.0032) and an increase of + 0.22 mg-L™, respectively to the two
variables, regardless the MT concentration (non-significant interaction with temperature).

The settleable solids and total suspended solids had a significant increase due to the
temperature. At 25°C, the mean value was 0.8 mL-L™" and 1.7 mg-L™, respectively for these
water quality variables. The 28°C treatment had an increase of + 5.7 mL-L™" (p < 0.0007) and +
13.5mg-L™" (p < 0.007), respectively to the two variables and regardless the MT concentration
and the interaction with temperature. However, the mean alkalinity value decreased with
increasing temperature. At 25°C, the mean value was 85.5 mg CaCO,-L™" and at 28°C, there was
a decrease of - 21.6 mg of CaCO,-L™" (p = 0.0026), also without MT concentration effect and its
interaction with temperature.

Total ammonia and nitrite showed low concentrations for all treatments. For total ammonia
there was a slight reduction by the increase of MT concentration (p = 0.0722) and an increase by
the T x MT interaction (p = 0.0320). At the control treatments (0 mg of MT-Kg™" of feed) the mean
value was 0.03 mg-L™". At 25°C, values ranged from 0.002 + 0.002 mg-L™* (MT = 30 mgOKg™") to 0.06 +
0.03 mg-L" (MT =0 mg-Kg™"). At 28°C, concentrations varied between 0.005 + 0.005 mg-L™" (MT =
20 mg-Kg™) and 0.04 + 0.03 mg-L™" (MT = 40 mg-Kg™). For nitrite, there was a slight increase
by the increase of MT concentration (p = 0.0086) and a decrease by the T x MT interaction (p =
0.0043). At the control treatments (0 mg of MT-Kg™' of feed) the mean value was 0.94 mg-L™". At
25°C, values varied between 0.86 + 0.29 mg-L™" (MT =10 mg-Kg™") and 1.72 £ 0.48 mg-L™" (MT =
40 mg- kg™). At 28°C, values ranged between 0.72 + 0.13 mg-L™" (MT = 40 mg-Kg™") and 1.12 +
0.27 mg-L™* (MT =0 mg- kg™").

Nitrate and total nitrogen were positively influenced by temperature (p < 0.007), presented
mean values at 25°Cof52.98 mg-L""and 12.3 mg-L™", and at 28 °C 0of 210.6 mg-L""and 47.94 mg-L™",
respectively.

Growth performance, survival and masculinization rate

The initial body weight and length of the fry did not show significant differences between
all treatments, with a mean value of 11.64 mg and 0.92 cm (Table 2), showing a good initial
distribution of the larvae in the tanks.
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Final body weight and length were higher at 28°C, presenting an average increase of +
475.4 mgand 0.99 cm (p < 0.0007) in relation to 25°C treatment. The mean values at 25°C were
277.4 mg and 2.34 cm (intercepts of the models fitted) and at 28 °C were 752.8 mg (significant
intercept (277.4 mg) + significant temperature effect (475.4 mg) = 752.8 mg, according to the
model fitted; 2.7 times larger than the body weight at 25°C) and 3.33 cm, respectively.

Following the final body weight and length, the specific growth rate of 28°C treatments were
3.8%-day™" higher than 25°C (p < 0.0007), presented mean value of 11.2%-day™" at 25°C and
15.0%-day™" at 28°C, regardless MT concentration effect and its interaction with temperature.
However, condition factor and survival values did not show significant differences between
treatments, with average values of 2.1 and 95.9%, respectively (Table 2).

The increase in the final body weight at 28°C and the equivalence of survival led to a higher
productivity (+ 0.8 Kg'-m?3, p value < 0.0007) and higher feed consumption (+ 80.0 g, p value <
0.0007) at the treatments this temperature was applied. However, feed conversion ratio did
not show significant differences between treatments, with an average value of 1.6 (Table 2).

Significant differences were observed in male proportions, between the control and the
other MT concentrations, regardless of the temperatures (p < 0.05) (Figure 1). The proportion of
non-males (females and intersex) in the control, without the presence of hormones in the feed,
was 31.4% and 35.1% at 25°C and 28°C, respectively. No differences were observed between the
male proportion of MT concentration treatments ranging from 10 to 40 mg of MT - Kg' of feed, at
25°C (p > 0.05) and no difference between them and the respective treatments at 28°C (p > 0.05).
However, there were differences between the proportion of males of 10 and 20 mg of MT - Kg"' of
feed (97% and 96.9%, respectively), and 40 mg of MT - Kg' of feed (100%) at 28°C (p > 0.05).

c sex [l vace [l nonwaLe

100%

75%

50%

25%

a bc bc bc bc a b b bc c
68.6% || 98.7% [] 98.9% || 99.0% || 98.8% || 64.9% || 97.0% ] 96.9% J 99.0% § 100%

25°C-0 25°C-10 25°C-20 25°C-30 25°C-40 28°C-0 28°C-10 28°C-20 28°C-30 28°C-40
Treatments

Figure 1. Results of sexing analysis of Nile tilapia fed diets containing different doses of 17a-methyltestos-
terone during the masculinization phase. A) Microscopic image of a male gonad subjected to the aceto-car-
mine technique from an animal in the control group of Nile tilapia produced using biofloc technology (BFT).
B) Microscopic image of female gonad subjected to the aceto-carmine technique from a Nile tilapia control
animal produced using biofloc technology (BFT). C) Proportion of males and non-males (females and inter-
sex) of Nile tilapia during 28 days of masculinization under different doses of 17a-methyltestosterone in the
diet (0, 10, 20, 30 and 40 mg - Kg' of feed) at 25 °C and 28 °C of temperature in biofloc technology (BFT).
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MT residues in the water

The results of validation and the analysis of the water samples are presented below.

Selectivity

To assess selectivity, the chromatograms of the blank sample extracts were compared with
those of the fortified samples. The absence of signals, considering the respective retention
times and signal-to-noise ratios, indicated that no matrix interference occurred at the same
retention time as the target analyte (MT). This confirmed the excellent selectivity of the method
(Ribani et al., 2004).

Precision and accuracy

The precision and accuracy of the method were evaluated by assessing both inter- and intra-day
variability for MT at four different concentration levels. The results, shownin Table 3, revealed precision
values expressed as relative standard deviation (RSD) ranging from 6.28% to 8.81%. These values
were consistent with the guidelines provided by INMETRO (2020), remaining within the acceptable
limit of 20%. Accuracy, expressed as recovery percentage, ranged from 70.79% to 99.88%. These
recovery values were within the acceptable range of 70-120% as stipulated by Ribani et al. (2004)
and INMETRO (2020). These promising results demonstrate that the method developed is highly
reliable for the analysis of MT in biofloc water, showing both excellent precision and accuracy.

Table 3. Intra-day and inter-day precision and accuracy results of methyltestosterone in biofloc water
at four different levels (X +SD).

Methyltestosterone Intra-day (n = 6) Inter-day (n = 6)
Spiked concentration Measured concentration  Precision Measured concentration Precision
(ug:L™) (ug-L™) (RSD, %) (pg-L™) (RSD, %)
50 35.67 +2.97 8.32 35.39+3.12 8.81
100 101.07 £ 7.60 7.52 99.88 + 6.99 6.99
200 152.9£11.96 7.82 153.6 £ 9.65 6.28

Calibration curves, LOQ, and LOD

The analytical calibration curve for MT demonstrated excellent linearity. The linear regression
equation was Y= 1267.3 + 112.82xC, where C is the concentration of MT in pg-L™", resulting in a
correlation coefficient (r) of 0.999 and a determination coefficient (R?) of 0.998. The curve was
constructed using ten different concentration levels of MT (25, 50, 100, 200, 400, 600, 1000,
1500, 2000, 2500 pg-L™"), meeting the requirements set by the International Conference on
Harmonization (ICH), the National Health Surveillance Agency (ANVISA), and the Group of Pesticide
Residue Analysts (GPRA), which recommend a calibration curve with at least five concentration
levels (ICH, 1994; ANVISA, 2003). This result complies with Brazilian regulations, which specify
that the coefficient of determination (R?) should be between 0.90 and 0.99 (ANVISA, 2003). The
limit of quantification (LOQ) of the calibration curve was determined to be 25 pg-L™" based on
a signal-to-noise ratio (S/N) of 10, while the limit of detection (LOD) was calculated at 10 pg-L™,
based on an S/N of 3. These results demonstrate that the method is suitable for quantifying
MT in biofloc water.

Matrix effect

In the matrix effect evaluation, the analytical curves of the solvent standards were compared
with those of the matrix-matched standards. No significant statistical differences were found
between the two sets of curves. As a result, the method was validated using calibration curves
constructed in the solvent, as this approach yielded comparable results to those obtained in
the matrix.

Anim Reprod. 2026;23(1):e20250118 10/18



Low temperature and high tilpia male proportion

Determination of MT in biofloc water samples

None of the biofloc water samples showed detectable residues of MT at 2 hours after the last
feeding with hormone-containing food, so the samples collected after that were not analysed.

Discussion

The hormonal treatment with MT in masculinization of Nile tilapia is used in fish farms
spread in the whole world to obtaining uniformity in harvesting, higher growth rates, and
avoiding overpopulation (Singh, 2013; Mlalila et al., 2015; Baroiller and D'Cotta, 2018). However,
this practice, generally carried out in tilapia hatcheries, is not environmentally friendly due to
periodic water changes, which can contaminate natural water sources with MT.

Water quality variables during the experiment were within reference values for the species.
The temperature was within the proposed experimental values. Although there were variations
in oxygen concentrations depending on temperature, these were minimal and unable to
promote any type of change in the other variables. Higher temperatures promote increased
consumption due to accelerated metabolism (Volkoff and Rennestad, 2020). Because of
greater feed consumption at 28°C when compared with 25°C, there is an increase in excretion
and formation of settleable solids, total suspended solids, and nitrate as well. The subtle and
expressive reduction in pH and alkalinity, respectively, and a low ammonia and nitrite and an
increase in nitrate at 28°C temperature is an indicative of a well-functioning nitrification process.

The increases in nitrite concentrations due to the increase in MT were minimal, lower than the
reference value for the species (Table 1), and unable to cause any type of damage to the growth
performance of the fish. Despite being increased at higher temperature, the concentration of
nitrate in the water was well below the limit for the species, causing no changes in growth or
even survival (Table 2).

These results demonstrate the important role of the BFT system in maintaining water
quality parameters. Even though there was a greater feed intake at a temperature of 28°C, it
was still not enough to harm the environmental conditions. On the one hand, this is due to the
proportional incorporation of nitrogen in the body of the fish (heavier fingerlings) at the highest
temperature and the ability of the system to convert or incorporate nitrogenous compounds.

The masculinization process of Nile tilapia in BFT using zero water exchange has become
an alternative to the traditional method in tilapia hatcheries, as it allows the reduction and
complete elimination of MT residues in the water, as demonstrated by Ramirez et al. (2024).
These authors tested MT concentrations (0, 30, 40, 50 and 60 mg of MT - Kg' of feed), lower than
those commonly used in nursery ponds (60 mg of MT - Kg" of feed, Baroiller and D'Cotta, 2018),
and concluded that the lowest concentration (30 mg of MT - Kg™' of feed) is efficient to achieve
masculinization rate above 99%, considerably high and satisfactory for production. These results
signaled that tilapia masculinization can be carried out in a more environmentally responsible
way, using a zero-water exchange BFT, but also indicated that even lower concentrations should
be tested. Furthermore, one fact in particular caught attention in the study by Ramirez et al.
(2024), and gave rise to a new question: try to understand if the temperature used, 28°C, have
influenced the masculinization rates, because control treatment, whose post-larvae received
hormone-free feed, presented a number of males notably higher than what would correspond
to half of the animals, as expected. Therefore, for the present study two hypotheses were
tested. Whether it is possible to achieve high masculinization rates by further reducing the MT
concentration in the feed and whether a higher temperature could contribute to this increase
in @ masculinization protocol of Nile tilapia larvae in a zero-water exchange BFT. To address
these hypotheses, MT concentrations of 0, 10, 20, 30 and 40 mg - Kg"' of feed were evaluated
using two different temperatures, 25°C and 28°C.

Contrary to what was expected, at the same MT concentration, the use of 28°C per se does
not increase the masculinization rate when compared to animals at 25°C. The explanation may
lie in the fact that at 28° C the need for MT for masculinization falls short of what is provided
due to rapid growth, and, although the calculation for feed supply considers the mass gain of
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the previous week, it may still be insufficient for accompany an accelerated metabolism due
to the higher temperature. Other possibility could lie in the fact that the tested temperature
was lower than “masculinizing” temperature (over 32°C with best results around 36°C)
(Azaza et al., 2008; Baroiller and D’Cotta, 2018), therefore, not high enough to make difference
in masculinization rate over the use of MT on diet, apparently. However, the significantly higher
male proportions (p < 0.05) observed in the controls (>50%) suggest that this tilapia lineage may
be more thermosensitive, even at 25°C, as described by Bezerra et al. (2025), or may produce a
higher proportion of males due to higher frequencies of autosomal alleles related to male sex
differentiation (Baroiller and D'Cotta, 2018). This characteristic could also influence the male
proportions observed in the treatments at the lower temperature. The same study should be
done with other Nile tilapia lineages to evaluate more precisely the effects of the system, the
protocol and the lineage.

Growth performance did not vary because of increasing MT concentration in the feed, corroborating
the results of Ramirez et al. (2024), who also found no differences even when using higher MT
concentrations (50 and 60 mg of MT - Kg' of feed). However, according to literature, changes in
growth performance may occur due to the use of MT in different contexts, and due to interference
from factors such as the species, the concentration of MT used in the feed, and the time of hormonal
treatment (Karsli, 2021). Factors such as feeding rate, as well as, the production system used, can
also determine the anabolic condition of MT in fish; however, in the case of tilapia masculinization
in BFT, this effect has not been observed (Costa e Silva et al., 2022; Ramirez et al., 2024).

Water temperature and its variations directly affect the regulation of the metabolic rate and
physiology of fish, with direct impacts on growth performance (Little et al., 2020; Schulte, 2011). The
increase in consumption and growth in fish subjected to higher temperatures, if they are within
the optimal range for each species, is widely reported in studies (Moura et al., 2007; Oliveira and
Val, 2017; Amanajas and Val, 2023). In this study, although the growth performance and survival
variables were not affected by the hormone concentrations tested, differences were observed
between specific growth rate, final body weight and length of larvae produced at temperature of
25°Cand 28°C, with the greatest development at highest temperature. Itis possible to observe that
in treatments at 28° C the final body weight of tilapia fingerlings was on average 2.7 times higher
than reared at 25°C. In the experiment carried out by Azaza et al. (2008), 20-day-old tilapia were
subjected to 22, 26, 30 and 34 °C to evaluate their growth performance and the fishes exposed to
extreme temperatures (22 and 34 °C) had worse food utilization, lower growth and average final
weight than at 26°C and 30°C, corroborating our results, where the lower temperature presented
lower consumption and lower development. In a second experiment, the same authors tested
temperatures 19, 32, 34 and 36.5°Cin larvae during the first 28 days of life and found the lowest
survival rates (60% and 75%) at extreme temperatures (19°C and 36.5°C, respectively), and the
highest survival rates (92% and 93%) at intermediate temperatures (32°C and 34°C, respectively),
indicating that the further the temperatures move away from the which is considered optimal,
the lower the growth and the higher the mortality. Although in this atual experiment the highest
temperature is within the optimal range (27°-30°C) for growth in Nile tilapia cited by Nivelle et al.
(2019), the lowest temperature is two degrees below this minimum limit, however, no variations
in survival were noticed between the 25°C and 28°C temperatures.

With the aim of reducing the concentration of MT in the masculinization of Nile tilapia,
Ramirez et al. (2024) obtained rates greater than 99% of males using 30 mg - Kg' of feed, without
causing changes in water quality or growth variables, which means a significant reduction
in environmental impacts. The authors also suggested that lower concentrations could be
sufficient to obtain good masculinization rates, just as higher temperatures could allow an
even greater reduction in MT concentration in the masculinization process. In the present
study, it was possible to further reduce this concentration and confirm the environmentally
friendly nature of masculinization in BFT. In this experiment, using MT concentrations of up to
one-sixth (10 mg - Kg' of feed) of that commonly used in tilapia hatcheries, 60 mg - Kg' of feed
(Baroiller and D'Cotta, 2018), it was possible to achieve masculinization rates greater than 97%
and 99% in waters at 28°C and 25°C, respectively. There were no differences in masculinization
rates between different concentrations of MT within the temperature 25°C nor between
masculinization at 25°C and 28°C. However, at 28°C, there were higher masculinization rates
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at the concentration 40 mg - Kg' of feed (100%) than at concentrations 10 and 20 mg - Kg' of
feed (97 and 96.9%, respectively). This small difference can be considered insignificant for a
production scenario. It may be related to a greater difficulty in predicting larval growth, which
is much greater at a temperature of 28°C, based on their performance in the previous week.
This difficulty may have led to a slight underestimation of the required feed quantity to be
offered, implying in a smaller amount of MT available to the larvae of the two treatments with
lower MT concentration in the diet (10 and 20 mg MT - Kg' of feed).

In a study with tilapia masculinization in a recirculation system, Wang et al. (2022) obtained, at
a temperature of 28°C, masculinization rates of approximately 95% and 100% at concentrations
of 10 and 20 mg - Kg' of feed, respectively, corroborating our results using the same MT
concentrations, and opposing the ideia that in BFT fish could have lower masculinization rates
than in clear water due to consumption of the system’s own flocs and reduction of feed containing
MT, presented by David-Ruales et al. (2019) and by Costa e Silva et al. (2022). Furthermore, at
concentrations below 10 mg - Kg* of feed, the temperature of 36°C plays a predominant role in
masculinization (Wang et al., 2022), which contrasts with our work, in which we did not observe
any difference between the control treatments (without MT) at 25°C and 28°C, confirming that
28°Cis not a sufficient temperature to promote an increase in masculinization rates.

Despite this, during the 28 days the amount of MT that entered the system was lower at 25°C,
as lower temperatures reduce metabolism, reduce consumption, delay growth, and consequently,
reduce the supply of feed containing MT. Ramirez et al. (2024) using 30 mg of MT - Kg" of feed
added the equivalent of 93 pg - L of MT over 28 days of experiment in the masculinization of
tilapia in BFT with zero water exchange. In the present experiment, using a concentration of 10 mg
of MT - Kg" of feed in the masculinization of Nile tilapia in BFT at 28°C, considering the amount
of feed that entered the system, it was possible to verify a reduction from 103.7 pg - L' of MT to
26.3 pg - L' of MT when comparing the same procedure being carried out using a concentration
of 40 mg of MT - Kg of feed, a reduction of almost 4 times. Furthermore, at 10 mg of MT - Kg"' of
feed and 25 °C of temperature, there was a reduction from 26.3 ug - L' t0 9.1 pg - L' of MT when
compared to a 28 °C of temperature, an additional reduction of almost 3 times and an accumulative
reduction of over 11 times. The reduction was over 10 times compared to Ramirez et al. (2024). On
the other hand, fish masculinized at 25°C will take longer to reach commercial weight, which can
generate more operational costs during this additional period of time, which in this experiment
took two weeks, considering the fish reached the minimum weight of 1 g on average. Thus,
although the tilapia masculinization in a zero-water exchange BFT at 25°C seems to be more
sustainable from an environmental point of view, this may not be true from an economic one.
Thus, the results do not suggest that masculinization should be done at 25°C, but that even if
the temperature is at 25°C it is possible to obtain batches of masculinized tilapia with a large
proportion of males in a zero-water exchange biofloc system, a common situation in colder times
of the year under greenhouses (autumn and spring), expanding the period of the year that high
quality masculinized fingerlings could be produced.

For both temperatures (25 °C and 28°C), MT residues in the biofloc x water mixture were
not detected 2 hours after the last supply of feed with hormone. This result indicates that
temperature did not affect the degradation of MT, in the range of temperatures studied, since
a natural degradation of MT probably occurs. For this study, the increased sensitivity of the
HPLC technique was possible due to the use of the SPE column for extraction, purification and
extraction of the samples, with the quantification and detection limits of MT being 50 pg-L™" and
10 pg-L™, respectively, animprovement compared to the method used by Ramirez et al. (2024),in
which the liquid-liquid technique was used and the quantification and detection limits of MT were
200 pg-L"and 50 pg-L™", respectively. This 5-fold increase in detection sensitivity was important to
ensure greater safety and reliability regarding the absence of MT under the conditions presented.
All possible concentrations after the introduction of feed containing MT over 28 days, either at
28 °C or 25 °C, except for the concentration of 10 mg MT - kg™ at 25 °C, were higher than the
detection limit used. This means that there was some degradation process that prevented the
accumulation of MT in the water, biofloc and organic residues of the system (since there was no
clarification and water exchange during the experiment period), and that this process apparently
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was not affected by the variation in water temperature, the reason it was not necessary to analize
the other biofloc x water mixture samples of posterior collection in time.

The absence of MT at the end of the masculinization period of Nile tilapia in the BFT system is
probably due to a set of factors, which may be due to the transformation into metabolites after
ingestion and elimination by the fish, or due to environmental processes. The degradation of MT
resulting from photodegradation (Shore and Shemesh, 2003; Biswas et al., 2013) is unlikely to
have occurred due to the difficulty of light penetration caused by the high turbidity characteristic
of BFT, just as the adsorption of MT on sediment particles (Ong et al., 2012) should also not have
occurred, since the water collected for MT analysis contained materials suspended by the action
of bubbles caused by aeration and due to the protocol for MT extraction analysis, which considers
this possibility. Therefore, it is assumed that the elimination of MT in water may occurred because
of the activity of microorganisms capable of assimilating steroids (Green and Teichert-Coddington,
2000; Homklin et al., 2012) and degrading MT (Kolok and Sellin 2008; Srikwan et al., 2020). It is
suggested that further studies be carried out to verify the feasibility of using aerobic bacterial strains
as bioremediators in effluents containing MT. Thus, the inoculation of MT-degrading bacteria in
water could be part of a tilapia masculinization protocol in BFT with zero water exchange, making
this process more sustainable and MT contamination free in the environment.

The absence of MT in the water 2 hours after the end of the hormonal treatment period of
Nile tilapia in the BFT system reinforces the possibility of the absence of environmental impacts
caused by MT in masculinization, contrasting with what may occur when this practice is carried
out in fish earthen ponds.

Although most likely all MT that entered the system was either biotransformed after being
ingested by the fish or degraded by bacterial action, further studies are still important to
verify whether there is no presence of MT at levels below the detection limit of 10 pg - L™" after
masculinization of tilapia in BFT. This confirmation is especially important because there are
studies demonstrating that mollusks subjected to MT concentrations below 10 pg - L™" had changes
in reproduction (Czech et al., 2001; Janer et al., 2006; Rivero-Wendt et al., 2014). Mollusks can
accumulate substances and facilitate the detection of minimal amounts of trace contaminants
and are provided as good indicators for biomonitoring.

To better understand the processes under which MT is being eliminated, it would be
interesting to conduct studies to identify and quantify the metabolites that are formed and to
confirm the participation of bacterial activity in the degradation of MT during the masculinization
of tilapia in BFT. Thereby, we come ever closer to producing an environmentally responsible
masculinization model, since the use of MT is still widely used in tilapia production around the
world, and, in most cases, it is carried out in earthen ponds, which generate effluents that may
contain MT residues and cause environmental impacts. In a scenario of unstable international
trade that may occur, developing a clean technology that overcomes possible trade barriers
becomes increasingly necessary and important.

Conclusion

The intra-laboratory validation of the analytical method for detecting and quantifying
methyltestosterone via high-performance liquid chromatography with UV absorbance at 245 nm
proved to be highly effective for analyzing residues in biofloc water.

This study demonstrated that it is possible to perform the masculinization procedure of
Nile tilapia in the BFT system with zero water exchange with high male proportion (close to
100%), reducing the concentration of MT most used in production, 60 mg - Kg"' of feed, to one
sixth, 10 mg - Kg" of feed, both at 28 °C and even at a lower temperature of 25 °C, allowing
the production of Nile tilapia masculinized batches of fingerlings during the period of the year
within these temperatures. Adittionaly, at 25°C, the input of hormone in the system was lower
and more environmentally friendly, however, the growth of fingerlings was also much lower,
appearing that production in this condidtion may be less economically efficient than at 28°C.
We also concluded that 2 hours after the last meal containing hormone there is no presence
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of MT residue in the water, which shows that the system itself, probably through bacteria in
biofloc, can perform this function in both temperatures in a zero-water exchange situation.
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