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Abstract
The objective of this study was to evaluate the productive performance and expression 
levels of growth-related (IGF1, mTOR), lipid metabolism-related (FAS), and oxidative 
stress-related (hsp70) genes in Nile tilapia (Oreochromis niloticus) subjected to different 
feed restriction regimes in a biofloc-aquaponics system. The experiment included a restric-
tion phase of 84 days with different feeding schedules (Control: daily; T1: 5 days of feed-
ing/2 days of restriction; T2: 3  days of feeding/4 days of restriction; T3: 1  day of feed-
ing/6 days of restriction), followed by a 28-day refeeding period. T1 showed the highest 
weight gain, and Specific Growth Rate (SGR), indicating complete compensatory growth. 
More severe restrictions resulted in lower Feed Conversion Ratio (FCR) values. Short-term 
restrictions did not significantly alter IGF1, mTOR, or hsp70 expression; however, long-
term restrictions resulted in a marked downregulation of mTOR and an upregulation of 
hsp70 in treatments T2 and T3. Notably, FAS expression appeared responsive to moderate 
restriction. In basil plants (Ocimum basilicum), no significant differences were found in 
biometric variables or total phenolic content among treatments. Overall, the results indi-
cate that moderate feed restriction can be applied in integrated biofloc–aquaponic systems 
without compromising fish survival or plant performance, while inducing distinct meta-
bolic and physiological responses in Nile tilapia.
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Introduction

In economic terms, one of the major expenses in aquaculture is feeding, which represents 
more than 60% of total production costs (Zhang et al. 2023). This proportion tends to be 
particularly high in tilapia culture due to the need for nutritionally balanced formulated 
diets to sustain rapid growth and stable feed conversion ratios (El-Sayed 2020). In biofloc 
technology (BFT) systems, feed inputs also serve as the primary source of organic car-
bon and nitrogen for microbial floc development, which may further increase the economic 
importance of feeding strategies (Azim and Little 2008; Emerenciano et al. 2017). Conse-
quently, improving feed efficiency is a key objective for enhancing the sustainability and 
profitability of intensive aquaculture systems.

Feed restriction has been proposed as a management strategy to reduce feed waste and 
production costs while potentially improving water quality (Aljehani et  al. 2025; Favero 
et al. 2021; Turano et al. 2008). When aquatic organisms undergo periods of feed depriva-
tion, physiological compensatory responses are activated, which often result in hyperpha-
gia once normal feeding resumes. (Debbarma et al. 2019; Gallardo-Collí et al. 2020; Mank-
iewicz et al. 2022; Xu et al. 2020). This phenomenon, known as compensatory growth, is 
characterized by an accelerated growth rate following a period of restricted nutrition (Ali 
et al. 2003; Poot-López et al. 2020).

Several studies have reported positive outcomes from feed restriction, especially in 
shrimp and tilapia. However, evidence of its effectiveness in production systems using bio-
floc technology remains scarce (Aboseif et  al. 2022; Gallardo-Collí et  al. 2020; Maciel 
et  al. 2018; Prates et  al. 2023). It is therefore important to evaluate different feeding/
restriction regimes in economically important species such as Nile tilapia (Oreochromis 
niloticus) (FAO 2024), particularly within systems that provide a continuous supply of live 
microbial feed (El-Sayed 2020), which may support more aggressive restriction strategies. 
Nonetheless, biofloc systems face certain challenges, such as their sensitivity to water qual-
ity fluctuations and the requirement for intense aeration to maintain optimal oxygen levels 
(Khanjani et al. 2024).

The integration of BFT with aquaponic systems offers an additional opportunity to 
enhance system efficiency and environmental sustainability. In aquaponics, nutrients 
derived from fish metabolism are reused for plant cultivation, while plants contribute 
to water quality improvement through nutrient uptake (Goddek et al. 2015; Wong et al. 
2020; Yu et  al. 2023a, b). Among the most cultivated species in aquaponics is basil 
(Ocimum basilicum), due to its rapid growth, adaptability to hydroponic systems, high 
market demand, favorable economic value and strong capacity to take up dissolved 
nutrients from fish effluents, thereby functioning as an efficient biofilter (Polyakova 
et al. 2015; Sipos et al. 2021). Several studies have shown that basil cultured in aqua-
ponics can help to maintain suitable water quality for warm-water fish species, includ-
ing Nile tilapia (Espinosa-Moya et al. 2018; Hundley et al. 2018; Hussain and Brown 
2025; Selek et al. 2017).

Beyond productive performance, understanding the physiological responses of fish to 
feed restriction in integrated biofloc–aquaponic systems requires molecular-level evalu-
ation. Insulin-like growth factor 1 (IGF1) is a central regulator of somatic growth and 
compensatory responses (Debbarma et al. 2019; Elbialy et al. 2022; Nebo et al. 2017), 
while the mechanistic target of rapamycin (mTOR) functions as a key nutrient-sensing 
pathway linking dietary inputs to protein synthesis (Ali et  al. 2022; Han et  al. 2020). 
Lipid metabolism during restriction and refeeding can be assessed through the expression 
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of fatty acid synthase (FAS) (Tian et al. 2013; Xu et al. 2022; Zuo et al. 2017), whereas 
heat shock protein 70 (hsp70) serves as an indicator of cellular stress associated with 
nutritional or environmental challenges (Shi et  al. 2015; Wang et  al. 2019). Together, 
these molecular markers provide insight into the balance between growth, metabolism, 
and stress under variable feeding regimes.

In this context, the objective of the present study was to evaluate the productive per-
formance and the expression of mTOR, FAS, hsp70, and IGF1 genes in Nile tilapia sub-
jected to different feed restriction and refeeding regimes in an aquaponic-biofloc integrated 
system.

Materials and methods

The experiment was conducted at the Live Feed Laboratory of the Universidad Autónoma 
Metropolitana, Unidad Xochimilco, Mexico City, Mexico. This facility provides controlled 
environmental conditions suitable for aquaculture experimentation and specialized infra-
structure for aquaponic and biofloc research. Animal care and treatment procedures were 
carried out in strict accordance with the ethical requirements of the Universidad Autónoma 
Metropolitana approved by the Ethics Committee of the División de Ciencias Biológicas y 
de la Salud (Session 70/20).

Experimental design

A completely randomized design was employed, consisting of four feeding treatments 
applied simultaneously, each with three independent replicates: Control (daily feeding), 
T1 (5 days feeding followed by 2 days of feed restriction), T2 (3 days feeding followed 
by 4 days of feed restriction), and T3 (1 day feeding followed by 6 days of feed restric-
tion). Each replicate constituted an independent experimental unit and consisted of a 200-L 
tank stocked with 20 Nile tilapia fingerlings with an initial mean weight of 2.19 ± 0.2 g, 
integrated with a hydroponic channel containing 20 basil plants. All experimental units, 
including the control treatment, were operated under identical integrated aquaponic condi-
tions, and the control group differed from the restricted-feeding treatments only in feeding 
frequency. All treatments were maintained under the same environmental and management 
conditions. The experimental trial lasted 112 days and was divided into two consecutive 
phases: an 84-day feed-restriction phase, during which the feeding regimes were imple-
mented, followed by a 28-day refeeding phase.

Experimental system

The experiment was conducted outdoors using 12 aquaponic units equipped with biofloc 
technology. Each unit consisted of a 200 L fish tank containing 20 fingerlings Nile tilapia 
previously acclimatized for a period of two weeks in an 800 L container with clear water, 
at a temperature of 25 ± 2 °C, pH of 7.5 ± 1. Tanks were connected to hydroponic systems 
based on the Nutrient Film Technique (NFT), constructed from PVC and with a capacity 
for 20 basil plants.

Water recirculation was maintained by submersible pumps programmed via a digi-
tal timer (GE® Digital Heavy Duty Timer 15,079, China) to operate at 20-min intervals 
every two hours, ensuring a constant flow of 6 L min⁻1. Aeration was provided by a ¼ hp 



	 Aquaculture International (2026) 34:4141  Page 4 of 22

blower to maintain continuous water movement. Water temperature was kept at 25 ± 2 °C 
using heaters (Thermal PRO  300 W Lomas®, México). The experiment was divided into 
two phases: (1) a feed restriction phase lasting 84 days, and (2) a refeeding phase lasting 
28 days.

Feeding protocols for Nile tilapia

During the restriction phase, four feeding regimes were applied: Control: daily feeding; 
T1: 5 days feeding/2 days restriction; T2: 3 days feeding/4 days restriction; T3: 1 day feed-
ing/6 days restriction.

In the refeeding phase, all treatments were fed daily. Feeding three times a day (9:00, 
13:00 and 17:00 h) using commercial tilapia feed El Pedregal Silver Cup (crude protein 
32% min., crude fat 5% min, crude fiber 3.5% max, moisture 14% max, ash 10% max). 
The feeding rate was adjusted biweekly (from 8 to 2%) according to the average body 
weight.

Carbon supplementation and C:N ratio adjustment

To maintain the biofloc microbiota, we followed the carbon–nitrogen adjustment proce-
dure described by Emerenciano et al. (2017), targeting a C:N ratio of 15:1. The amount 
of carbon and nitrogen released into the water were first estimated based on the com-
position of the commercial feed (32% crude protein, 95% dry matter), assuming that 
approximately 70% of this nitrogen is excreted into the water as inorganic nitrogenous 
metabolites available for heterotrophic assimilation. The estimated excreted nitrogen 
(g N) was then multiplied by 15 to determine the total carbon requirement needed to 
achieve the desired C:N ratio. This carbon demand was converted into grams of Egre-
gia sp. flour by considering its proximate composition (27% carbohydrates and 1.7% 
protein), where the carbohydrate fraction represented the primary source of organic 
carbon available for microbial growth. The amount of flour added was recalculated and 
adjusted every 14 days.

Water quality monitoring

Water samples (100  mL) were collected every 14  days from each tank to assess water 
quality. Ammonia (NH4

+), nitrite (NO2
−), nitrate (NO3

−), and pH were measured using 
a HANNA® multiparameter photometer (HI-83300, USA). Settleable solids were quanti-
fied using Imhoff cones (Kartell®, Italy) after 20 min of sedimentation (Emerenciano et al. 
2017).

Fish growth performance

Every 14 days all fish were individually weighed using a digital scale (OHAUS® Scout 
Pro SP402, USA) and their standard length was measured with a digital Vernier (General® 
UltraTech®, USA). With biometric data, the length and weight gain of Nile tilapia was 
obtained using the following formulas:
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Height and weight gain (Hopkins 1992):

where:

W2	� Final weight (g).
W1	� Initial weight (g).

Specific growth rate (SGR) (Hopkins 1992):

where:

LN	� natural logarithm.
Vbf	� Final value of biometric variable.
Vbi	� Initial value of biometric variable.
T2	� Final time point (days).
T1	� Initial time point (days).

Feed Conversion Ratio (FCR) (De Silva and Anderson 1994):

Germination of basil (O. basilicum)

Seeds were sown in 60 × 40 × 2 cm polystyrene trays using peat moss (Rekyva® Remix 0, 
Lithuania) as substrate, placing one seed per cavity at 0.6 cm depth. Conditions were main-
tained at 22.0 °C with a 12 h light/12 h dark photoperiod and daily irrigation. Transplanta-
tion was carried out after 20 days into net pots within the hydroponic system.

Basil growth parameters

Every 14  days, plant height, stem thickness, and number of leaves were recorded using 
a digital Vernier. At the end of the trial, wet and dry weights of plants and leaves were 
determined.

Total Phenolic Content (TPC) determination

Basil leaves were washed with 3% sodium hypochlorite solution, dried at room tem-
perature and micronized. Subsequently, 150 mg of the dried samples were put in 5 mL 
of 70% ethanol in 14 mL screw-capped tubes, mixed at 20 rpm for 4 h and centrifuged 
for five minutes at 3000  rpm to extract the supernatant for analysis (Moncayo Luján 
et al. 2015).

G = W
2
−W

1

SGR =
LN Vbf − LN Vbi

T2 − T1
∗ 100

FCR =
Feed given (g)

Weight gain (g)
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To determine the content of phenolic compounds in the methanolic extract, the 
Folin–Ciocalteau method was used (Singleton et al. 1999). For which, 300 μL of the sam-
ple dilution was taken and mixed with 1680 μl of distilled water and 120 μL of Folin–Cio-
calteau reagent, the solution was mixed in a Thermo Scientific® vortex at 2500 rpm for 
10 s and allowed to stand for 30 min, 0.9 mL of 7.5% sodium carbonate was added and 
mixed again at 2500 rpm for 10 s, allowed to stand at room temperature for 30 min and the 
absorbance was read at 765 nm in a spectrophotometer (Thermo Scientific™, GENESYS 
20, USA).

Tissue collection for gene expression

At the end of the experiment period, three fish per treatment were euthanized using an 
overdose of clove oil. Subsequently, liver and muscle samples were collected and preserved 
in Invitrogen® brand RNAlater™ solution and stored at −80  °C until RNA extraction 
(Thermo Scientific™ REVCO™ Elite Plus freezer, USA).

RNA extraction and retrotranscription of cDNA

Total RNA was extracted from liver and muscle tissue using the PureLink™ RNA Mini 
Kit (Invitrogen, USA), following the manufacturer’s instructions. The quantity and purity 
of RNA were evaluated with an Eppendorf® Biophotometer (6132, USA). Only samples 
with an RNA Integrity Number between 1.8 and 2.2 were used for the retrotranscription 
synthesis.

For cDNA synthesis, 1 µg of RNA was used, using the High-Capacity cDNA Reverse 
Transcription kit (Applied Biosystems, USA), following the manufacturer’s instructions. 
Quantitative PCR (qPCR) was performed using SYBR® Green Supermix (Bio-Rad, USA), 
in a total volume of 25 µL. The reaction mixture included 10 µL of RT-PCR solution (dilu-
tion factor: 32) and 200 nM of each oligonucleotide. It is worth mentioning that the oligo-
nucleotides were designed using Primer3 software version 4.1.0. The β-act was used as the 

Table 1   Primer sequences used for quantitative real-time PCR (qPCR) analysis in Nile tilapia. Forward 
(Fw) and reverse (Rv) primer sequences are shown in the 5′–3′ orientation, along with the corresponding 
GenBank accession numbers

The β-actin gene (β-act) was used as the reference gene for normalization of target gene expression

Gen Sequence (5’- 3’) Accesion no. GenBank

mTOR Fw: TTG​ATG​CCC​CTG​ATG​ATG​TTCCC​
Rv: GAA​TAC​GAG​CGA​GGA​GGA​CAG​GAC​AGGG​

XM_003449131.5

FAS Fw: GCT​CCA​CAC​ACA​CAC​AAG​GCA​AAG​
Rv: AAG​GAA​TAA​CGC​CAT​GCC​CCCA​

XM_003454056.5

hsp70 Fw: CAA​GAT​CAC​CAT​CAC​CAA​CCA​ACG​
Rv: TCT​TGT​CCT​CCT​CCT​CGC​CTG​ATT​

XM_003448890.5

IGF1 Fw: TCT​GTC​TCC​TCT​CTC​TGC​CTG​TGT​GTGT​
Rv: ACC​TCC​AAT​GTA​AGC​CCT​GC

XM_019346352.2

β-act Fw: GAG​CGT​GGT​GGC​TAC​TCC​TTCAC​
Rv: GCA​GGA​TTC​CAT​ACC​AAG​GA

EF026001.1
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reference gene, and the control treatment as an internal reference. The genes analyzed with 
their respective sequences are shown in Table 1.

Quantitative gene expression analysis

Determination of expression levels was performed by relative quantification using the 
ΔΔCT method (Livak and Schmittgen 2001), with an automated cutoff and a moving 
baseline to determine CT values. The procedure for PCR included: an initial denatura-
tion and polymerase activation for 10 min at 95 °C; 40 cycles of denaturation at 95 °C 
for 15 s, alignment and extension at 60 °C for 45 s, and a melting curve from 60 °C to 
95 °C for 20 min to check for possible dimer effects in the primers.

Statistical analysis

Data were initially evaluated for normality and homoscedasticity to determine the suit-
ability of parametric statistical tests. Normality of residuals was assessed using the 
Kolmogorov–Smirnov test, and homogeneity of variances among treatments was evalu-
ated using Levene’s test. These preliminary analyses were conducted to confirm that 
the assumptions underlying parametric ANOVA were satisfied. Subsequently, treatment 
effects were analyzed using one-way ANOVA, followed by Tukey’s post hoc test for 
multiple comparisons when significant differences were detected (p < 0.05). All analy-
ses were processed in the Systat 13.0 software.

Results

Water quality parameters

Water quality remained within optimal ranges across all treatments throughout the 
experiment. Temperature was stable at 25 ± 2 °C, and pH mean ranged from 7.6 to 7.31. 

Table 2   Water quality parameters measured in the integrated biofloc–aquaponic system under different 
feeding regimes (Control, T1, T2, and T3). Values are expressed as mean ± SD

Parameters include total ammonia nitrogen (NH₃), nitrite (NO₂⁻), nitrate (NO₃⁻), electrical conductivity 
(EC), pH, and settleable solids. No significant differences were observed among treatments (P > 0.05)

Control T1 T2 T3

NH3 (mg L−1) 0.45 ± 0.3 0.38 ± 0.34 0.54 ± 0.23 0.52 ± 0.24
NO₂⁻ (mg L−1) 2.18 ± 1.48 2.50 ± 0.92 2.05 ± 0.71 2.26 ± 1.28
NO₃⁻ (mg L−1) 61.25 ± 40.28 63.54 ± 43.74 60 ± 43.54 81.04 ± 64.28
EC (µS cm−1) 1032.20 ± 179.33 1040 ± 59.04 929.07 ± 97.98 842.93 ± 52.11
pH 7.06 ± 0.56 7.13 ± 0.52 7.19 ± 0.59 7.31 ± 0.53
Settleable Solids (ml L⁻1) 19.63 ± 8.85 22.13 ± 9.12 17.54 ± 8.06 15.63 ± 8.12
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Ammonia and nitrite levels stayed below critical thresholds (< 1.10 mg L⁻1 and < 5 mg 
L⁻1, respectively). As for nitrates, the treatment that obtained the highest concentration 
was T3 with 160 ppm, while for electrical conductivity the highest value was recorded 
in the control group with 1476 µS/cm, followed by T1 with 1354 µS/cm, T2 with 1154 
µS/cm and T3 with 956 µS/cm. Sedimentable solids remained within the operational 
range expected for BFT systems across all treatments, with mean values of 19.63 ± 8.85, 
22.13 ± 9.12, 17.54 ± 8.06 and 15.63 ± 8.12  ml L⁻1, for the Control, T1, T2 and T3 
groups, respectively. Although numerical differences were observed, the one-way 
ANOVA revealed no significant differences among treatments (P > 0.05) (Table 2).

Growth performance and survival of Nile tilapia

All the experimental groups exhibited high survival rates. Fish in the control group 
showed 93% survival, while fish in the T1 treatment reached 90%. The T2 and T3 treat-
ments achieved 100% survival. Length–weight relationships were evaluated assuming 
the model W = aLb (Froese 2006). The growth was considered approximately isometric, 
since the estimated allometric coefficient b ranged from 2.97 to 3.16 among treatments. 
The treatment that reached the highest weight at the end of the experiment was T1 with 
66.05 ± 1.70 g, followed by the control group and T3. On the other hand, treatment T3 
exhibited the lowest weight, with 21.31 ± 1.02 g. The weight growth curves are shown 
in Fig. 1. Regarding weight gain, the treatment with the highest gain was T1, with an 
average gain of 64.02  g, followed by the control group and T2. The lowest gain was 
recorded by treatment T3 with 18.91  g. Regarding FCR, the lowest value during the 
restriction period was 0.75, obtained in T3. On the other hand, the lowest FCR value 
at the end of the refeeding period corresponded to T2, with 1.03. In relation to final 

Fig. 1   Weight growth curves of Nile tilapia subjected to different feeding restriction regimes under inte-
grated biofloc–aquaponic conditions. The dashed vertical line indicates the end of the restriction period and 
the beginning of the refeeding phase. Fish under the moderate restriction regime (T1: 5 days feeding/2 days 
fasting) exhibited full compensatory growth, reaching higher final weights than the control group. In con-
trast, more severe restriction schedules (T2: 3 days feeding/4 days fasting; T3: 1 day feeding/6 days fasting) 
resulted in partial compensatory growth
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weight, weight gain and FCR all treatments showed significant differences (P < 0.05) 
(Table 3).

The treatment that obtained the greatest length at the end of the experiment was T1 
with 13.61 ± 0.81 cm, followed by the control group and T2, while T3 obtained the low-
est length with 8.60 ± 0.80 cm. Table 4 shows the values of initial length, final length, 
length gain and Specific Growth Rate (SGR) of fish length. The treatment with the high-
est average length gain was T1, with 9.4 cm, while the treatment with the lowest length 
gain and the lowest SGR was T3. In relation to final length, length gain and SGR, there 
was significant differences among all treatments (P < 0.05).

Relative gene expression

At the end of the restriction phase, the highest IGF1 expression was observed in T1. 
However, all treatments showed an increase in IGF1 expression following the refeeding 
period, suggesting a common post-restriction upregulation. No significant differences 
were found between treatments at the end of refeeding (P > 0.05), although the trend 
was more pronounced in T1 (Fig. 2).

Table 3   Growth performance and feed utilization parameters of Nile tilapia subjected to different feeding 
restriction regimes (Control, T1, T2, and T3) under integrated biofloc–aquaponic conditions

Values are expressed as mean ± SD. Different superscript letters within the same row indicate statistically 
significant differences among treatments (P < 0.05). Parameters include initial weight, final weight, weight 
gain, specific growth rate (SGR), feed conversion ratio during the restriction period (FCR Restriction), dur-
ing the refeeding period (FCR Refeeding), and over the entire experimental period (FCR Total)

Variable Control T1 T2 T3

Initial weight (g) 2.13 ± 0.10a 2.04 ± 0.17a 2.21 ± 0.13a 2.40 ± 0.17a

Final weight (g) 57.24 ± 1.57a 66.05 ± 1.70b 42.17 ± 1.20c 21.31 ± 1.02d

Weight gain (g) 55.11 ± 1.60a 64.02 ± 1.69b 39.96 ± 1.22c 18.91 ± 1.02d

SGR (% day−1) 3.57 ± 0.03a 3.70 ± 0.02b 3.27 ± 0.03c 2.58 ± 0.05d

FCR Restriction 1.38 ± 0.01a 1.06 ± 0.01b 1.06 ± 0.01c 0.74 ± 0.01d

FCR Refeeding 1.44 ± 0.01a 1.29 ± 0.01b 1.03 ± 0.01c 1.14 ± 0.01d

FCR Total 1.40 ± 0.01a 1.13 ± 0.01b 1.04 ± 0.01c 1.00 ± 0.01d

Table 4   Length-based growth performance of Nile tilapia subjected to different feeding restriction regimes 
(Control, T1, T2, and T3) under integrated biofloc–aquaponic conditions

Values are expressed as mean ± SD. Different superscript letters within the same row indicate statistically 
significant differences among treatments (P < 0.05). Parameters include initial length, final length, length 
gain, and specific growth rate (SGR)

Control T1 T2 T3

Initial length (cm) 4.55 ± 0.16a 4.21 ± 0.20a 4.27 ± 0.21a 4.26 ± 0.21a

Final length (cm) 12.90 ± 0.86a 13.61 ± 0.81b 11.00 ± 0.96c 8.60 ± 0.80d

Gain (cm) 8.35 ± 0.9a 9.4 ± 0.86b 6.74 ± 0.9c 4.34 ± 0.93d

SGR (% day−1) 2.45 ± 0.13a 2.51 ± 0.1b 2.27 ± 0.16c 1.99 ± 0.33d
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In the case of FAS, expression levels increased significantly in all treatments after 
refeeding, indicating a consistent metabolic response to nutritional recovery. How-
ever, differences between treatments and the control were not statistically significant 
(P > 0.05). Expression of hsp70 remained unchanged in T1 and the control group 
throughout both phases (P > 0.05). In contrast, T2 and T3 exhibited significant upregu-
lation of hsp70 during the restriction period (P < 0.05), followed by a marked decrease 

Fig. 2   Effect of restriction and refeeding treatments on the hepatic gene expression of IGF1, hsp70 and FAS 
of Nile tilapia at different times. Data are expressed as averages ± SD. Different letters indicate differences 
between treatments at different times (P < 0.05)
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Fig. 3   Effect of restriction and refeeding treatments on the gene expression of mTOR in muscle, of Nile 
tilapia at different times. Data are expressed as averages ± SD. Different letters indicate differences between 
treatments at different times (P < 0.05)
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after refeeding, suggesting stress recovery dynamics in those groups. Regarding mTOR, 
no significant differences were observed between T1 and the control group at any stage 
(P > 0.05). However, expression levels in T2 and T3 decreased after the restriction phase 
and remained low after refeeding, indicating a possible suppression of anabolic signal-
ing under more severe restriction regimes (Fig. 3).

Basil growth and phenolic content

No significant differences were detected among treatments in any of the evaluated plant 
growth parameters (P > 0.05). Nevertheless, some trends were observed. The highest stem 
length gain was recorded in the control group, followed closely by T1 and T3, while T2 
showed the lowest value. Although not statistically significant, T1 plants developed the 
highest average number of leaves per plant, slightly surpassing T3. Similarly, T1 recorded 
the highest average dry weight of leaves, while T2 had the lowest. As for total phenolic 
content (TPC), values ranged from 15.48 to 16.18  mg GAE g. The highest TPC was 
observed in T3, while the control group had the lowest value. Despite these variations, no 
significant differences were found in TPC among treatments (P > 0.05) (Table 5).

Discussion

Water quality and integration of biofloc‑aquaponic systems

Maintaining adequate water quality is essential for the success of recirculating aquacul-
ture systems, especially those based on biofloc technology (BFT), where water exchange 
is minimal and nitrogen accumulation can be a limiting factor (Lindholm - Lehto 2023). In 
this study, parameters such as pH, ammonia, and nitrite remained within suitable ranges for 
Nile tilapia culture (Abd El-Hack et al. 2022). Previous reports have shown that BFT sup-
ports the rapid assimilation of ammonia and nitrite by bioflocs, leading to improved water 

Table 5   Growth, biomass production, and phytochemical characteristics of basil cultivated in an integrated 
biofloc–aquaponic system under different fish feeding regimes (Control, T1, T2, and T3)

Values are expressed as mean ± SD. Evaluated parameters include plant length (initial, final, and gain), spe-
cific growth rate (SGR), number of leaves, wet and dry leaf biomass, leaf area, and total phenolic content 
(TPC). No significant differences were observed among treatments (P > 0.05)

Control T1 T2 T3

Initial length (cm) 8.35 ± 2.83 10.97 ± 1.95 9.58 ± 3.52 9.45 ± 3.38
Final length (cm) 40.88 ± 11.22 42.09 ± 10.28 38.54 ± 11.43 39.94 ± 12.72
Gain (cm) 32.35 ± 12.24 31.11 ± 10.94 28.96 ± 11.5 30.49 ± 12.46
SGR (% day−1) 3.61 ± 0.38 3.63 ± 0.33 3.54 ± 0.39 3.58 ± 0.41
Number of leaves 51.28 ± 21.42 57.83 ± 22.92 51.17 ± 24.68 59.28 ± 23.01
Wet weight leaves (g) 12.3 ± 3.95 13.31 ± 4.2 10.26 ± 3.75 12.91 ± 5.03
Dry weight leaves (g) 1.5 ± 0.76 1.95 ± 0.64 1.24 ± 0.31 1.88 ± 1.03
Leaf area (cm2) 487.27 ± 37.91 504.44 ± 21.81 522.83 ± 39.68 544.58 ± 38.22
TPC (mg GAE g) 15.49 ± 0.07 16.04 ± 0.46 15.63 ± 0.33 16.18 ± 0.50
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stability (Khanjani and Sharifinia 2020). This recycling of nitrogen compounds is generally 
associated with the activity of heterotrophic bacteria (Ramasubburayan et al. 2024).

The lack of significant differences among treatments indicates that feed restriction did 
not markedly influence floc accumulation under the conditions of this study. Compara-
ble levels of sedimentable solids have been reported as operationally acceptable in tilapia 
BFT systems, where ranges between 5–20 ml L⁻1 are considered suitable for maintaining 
water quality and microbial activity (Collazos-Lasso et al. 2022; Emerenciano et al. 2017). 
The stability of solids across treatments suggests that the biofloc community was able to 
adjust to fluctuations in feed input, a response previously described in BFT systems due to 
the high resiliency and rapid turnover of heterotrophic microbial aggregates (Avnimelech 
2015).

The integration of aquaponics with BFT not only mitigated potential water quality issues 
but also allowed the reuse of nitrate-rich water for plant cultivation. The high nitrate levels, 
were efficiently absorbed by the basil plants, supporting the dual role of plants as nutri-
ent sinks and biofilters (Deswati et al. 2020; Pinho et al. 2021; Souri et al. 2009; Yu et al. 
2023a, b). Electrical conductivity values observed in this study (956–1476 µS/cm) were 
higher than typical aquaponic systems (300–600 µS/cm) (Rakocy 2012), but well within 
the recommended range for basil grown hydroponically (1000–1600 µS/cm) (Sharma et al. 
2018). This suggests that the system achieved a favorable electrical conductivity suitable 
for both fish and plant components (Bhatnagar and Devi 2013; Pinho et al. 2021; Rakocy 
2012; Sharma et al. 2018; Ujjania et al. 2021).

Growth performance and compensatory response in Nile tilapia

Moderate feed restriction (T1: 5 days feeding/2 days fasting) resulted in full compensatory 
growth in Nile tilapia, with fish achieving even higher final weights than those in the con-
trol group. This finding supports previous studies in hybrid tilapia and other species where 
short-term or moderate restriction stimulated growth recovery mechanisms without com-
promising performance (Abdel-Hakim et  al. 2009; Chareo-Benítez et  al. 2023; Oliveira 
et al. 2023; Wang et al. 2025).

In contrast, more severe restriction schedules (T2 and T3) led to only partial compen-
sation, with significantly lower final weights and growth rates. This pattern aligns with 
reports by Braz et al. (2022), who found that compensatory growth occurs in tilapia sub-
jected to short fasting periods, while prolonged restriction reduces growth, feed conver-
sion, and survival. It should be noted, however, that the study of Braz et al. was conducted 
in a water recirculation system at low temperatures and not under biofloc technology con-
ditions. Similar patterns of partial compensation under severe restriction have been docu-
mented in juvenile Nile tilapia cultured in biofloc systems (Oliveira et al. 2023).

Notably, all treatments exhibited high survival rates, even under the most severe restriction 
(T3), which achieved 100% survival. This suggests that the biofloc provided a nutritional and 
functional buffer that mitigated fasting stress (Adineh et al. 2019; Azim and Little 2008; Eme-
renciano et al. 2017; Liu et al. 2018; Wasielesky et al. 2013). The continuous presence of flocs 
may support not only compensatory growth but also overall physiological stability.

The superior performance of T1 in both growth and survival indicates that moder-
ate restriction can stimulate efficient nutrient use, supported by the endogenous capacity 
for compensation. However, in more aggressive restriction schedules, although survival 
remained high, the reduction in growth highlights a trade-off between feed savings and 
performance.
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Feed conversion efficiency and survival

Feed conversion ratio (FCR) is a key indicator of production efficiency and cost-effective-
ness in aquaculture systems. In this study, fish under the most restrictive feeding schedule 
(T3) achieved the lowest FCR during the restriction phase, while T2 recorded the best FCR 
after refeeding. These results suggest that more severe restriction can enhance feed effi-
ciency, likely due to increased metabolic efficiency and the compensatory use of biofloc-
derived nutrients.

The improved FCR observed in restricted treatments may be attributed to the inges-
tion of microbial aggregates, which are known to be rich in essential amino acids, fatty 
acids, vitamins, and trace elements (Avnimelech 2007; Azim and Little 2008; Emerenciano 
et al. 2017; Liu et al. 2018; Najdegerami et al. 2016; Ramasubburayan et al. 2024). Similar 
trends were reported by Islam et al. (2021), who found improved FCR in restricted-feeding 
treatments of monosex tilapia, accompanied by lower feed costs. Elnady et al. (2023) also 
documented improvements in feed performance metrics of Nile tilapia under restricted 
feeding regimes in biofloc culture during the fattening stage.

Expression of growth, lipid metabolism, and stress‑related genes

IGF1 expression increased in all treatments after refeeding, particularly in T1, indicating acti-
vation of anabolic pathways associated with compensatory growth. Similar post-refeeding 
responses have been documented in Nile tilapia (Elbialy et al. 2022; Nebo et al. 2017), Onco-
rhynchus mykiss (Montserrat et al. 2007), Sparus aurata (Lavajoo et al. 2020), and Sebastes 
spp. (Hack et al. 2018, 2019), However, unlike the results of the present work, these studies 
also reported a significant decrease in igf1 levels after the different restriction periods. Some 
other studies in Oreochromis mossambicus (Breves et al. 2014), Salmo salar (Breves et al. 
2016), and Scorpaenichthys marmoratus (Strobel et al. 2020), also did not show a decrease in 
igf1 after starvation which is in agreement with our results, these differences in igf1 expres-
sion may be attributable to variation in restriction times, taxonomic variation, dietary nutri-
ents but also culture conditions (Ndandala et al. 2022; Strobel et al. 2020). In the case of this 
research, the constant presence of food allowed by biofloc technology could have influenced 
that igf1 expression levels did not decrease drastically after the fasting period. On the other 
hand, the increase in igf1 expression at the end of refeeding coupled with the increase in 
growth curves after the restriction period suggest an important role of igf1 in promoting com-
pensatory growth as it appears to be mainly regulated by feeding and refeeding and probably 
has differential effects in promoting muscle growth during recovery from starvation (Elbialy 
et al. 2022; Ndandala et al. 2022; Won and Borski 2013).

Regarding mTOR, a central kinase in cellular growth and metabolism, expression levels 
were higher in T1 and the control group, while significantly lower values were recorded in 
T2 and T3, especially after restriction. This pattern indicates that mTOR activation is sen-
sitive to restriction duration, with short-term fasting maintaining anabolic signaling, and 
prolonged deprivation resulting in suppression (Bu et al. 2021; Perez et al. 2022). The per-
sistent inhibition of mTOR in T2 and T3 even after refeeding seems to indicate that in short 
periods of fasting it is feasible for cells to maintain muscle mass and increase mtor expres-
sion to activate anabolic processes, on the contrary, in more severe periods of fasting, mtor 
expression is inhibited and this inhibition is maintained after refeeding, this inhibition is 
generally found to be related to increased lipid catabolism and autophagy (Johnson et al. 
2013; Kennedy and Lamming 2016; Paula et al. 2017).
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About fas expression, in the present study there was lower expression in the treatments sub-
jected to restriction, which subsequently significantly increased its expression at the end of 
refeeding, which is in agreement with several studies in O. niloticus (Tian et al. 2013), Onych-
ostoma macrolepis (Gou et al. 2023), Ctenopharyngodon idellus (Gong et al. 2017), Lateo-
labrax maculatus (Huang et al. 2018), Synechogobius hasta (Cui et al. 2024), which reported 
a decrease in fas expression in liver after a period of dietary restriction. However, Tian et al. 
(2013) and Gou et  al. (2023) reported an increase in fas expression triggered by refeeding 
organisms undergoing restriction. This trend suggests a mechanism to conserve energy by 
reducing fat synthesis de novo when food is in short supply (Huang et al. 2018), whereas, dur-
ing refeeding, fas expression was likely up-regulated to maintain metabolic homeostasis, and 
to facilitate lipid re-accumulation after a period of energy deficit (Gou et al. 2023).

Finally, in this study, dietary stress was reflected in T2 and T3 treatments as they 
showed a significant increase in hsp70 expression in the restriction period followed by a 
significant decrease in hsp70 at the end of refeeding, similar results were reported by Sakyi 
et al. (2020), who induced fasting in O. niloticus organisms and observed a linear increase 
in hsp70 expression in the liver of fasting organisms. However, these hsp70 expression lev-
els gradually decreased with refeeding after 21 days. Likewise, Dar et al. (2019), reported 
a significant increase in hsp70 expression in the liver and gills of Labeo rohita after seven 
days of restriction that gradually decreased after 15 days of refeeding. On the other hand, 
Wang et  al. (2019), found no differences in hsp70 expression in the liver of organisms 
subjected to one, two and three days of restriction per week, mentioning that possibly 
the degree of food restriction was not severe enough to induce the heat shock response 
in that tissue. This indicates that stress response mechanisms were only triggered under 
prolonged restriction, while moderate fasting (T1) did not elicit significant cellular stress 
(Balakrishnan et al. 2025; Hu et al. 2019; Lu et al. 2024; Nie et al. 2018).

Collectively, these gene expression patterns reflect the degree of physiological stress 
and metabolic adaptation under each feeding regime. Moderate restriction (T1) maintained 
anabolic activity with minimal stress, while prolonged fasting (T2 and T3) induced cellular 
protection pathways and delayed metabolic recovery.

Basil growth and phenolic content under aquaponic conditions

Although no statistically significant differences were observed among treatments (P > 0.05), the 
basil plants cultivated in the integrated biofloc-aquaponic system showed favorable biometric 
values and secondary metabolite content. The stem elongation, leaf number, and dry leaf bio-
mass observed in the present study were comparable to or exceeded those reported for soil-based 
basil production. Colorado et al. (2013) documented an average plant height of 37.5 cm after 
60 days in soil, while Yepez-Hernandez et al. (2016) and Ronzón-Ortega et al. (2012) reported 
lower leaf counts than the recorded in this study. Although higher values have been documented 
in some aquaponic systems—such as those by Pasch et al. (2021), who reported up to 120 leaves 
per plant with African catfish effluent—those systems involved higher electrical conductivity 
and possibly supplemental fertilization. In the current study, plant growth was achieved without 
added fertilizers, suggesting that nutrient availability derived from the biofloc-aquaponic system 
was sufficient to support healthy development (Pinho et al. 2021; Yu et al. 2023a, b).

Regarding total phenolic compounds (TPC), values ranged from 15.48 to 16.18  mg 
GAE g⁻1, which are consistent with those reported by Nguyen et al. (2021) and Kwee and 
Niemeyer (2011) for basil grown in controlled systems, and notably higher than the values 
obtained in conventional hydroponic systems without biofloc support (e.g., 1.57–7.60 mg 
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GAE g⁻1, Aghamirzaei et  al. (2024)). This suggests that the combination of aquaponic 
cultivation and biofloc-derived nutrients may enhance the synthesis of antioxidant com-
pounds, even under varying feed regimes for the fish component.

The absence of significant differences among treatments indicates that changes in feed-
ing frequency did not negatively affect plant performance. This reinforces the potential of 
biofloc-aquaponic systems to maintain stable plant productivity even under fish feeding 
restrictions, which could reduce feed costs without compromising vegetable yield or qual-
ity (Pinho et al. 2021).

Implications and perspectives for integrated aquaculture systems

The results of this study highlight the feasibility of combining feed restriction strategies 
with integrated biofloc-aquaponic systems without compromising fish survival, plant 
productivity, or water quality. The high survival rates observed under severe feed restric-
tion indicate the capacity of bioflocs to function as a continuous source of nutritional and 
immunological support, thereby mitigating physiological stress (Khanjani and Sharifinia 
2020; Ramasubburayan et al. 2024).

Moreover, the differential gene expression patterns indicate that moderate restriction 
(T1) supports growth and metabolic homeostasis, while more severe protocols (T2, T3) 
trigger adaptive responses such as suppression of anabolic signaling and upregulation 
of stress-related genes. These findings offer insights into the physiological thresholds of 
tilapia in constrained feeding environments and underscore the importance of balancing 
restriction intensity with system support capacity.

On the plant side, stable biometric and phytochemical performance across treatments 
reinforces the robustness of basil as a horticultural component in aquaponic modules, even 
when nutrient input from fish is reduced. This contributes to the year-round viability of 
integrated systems, especially in resource-limited settings.

From a practical standpoint, the results of this study suggest that moderate feed restric-
tion can be safely implemented in integrated biofloc–aquaponic systems as a cost-reduction 
strategy without compromising fish growth, survival, water quality, or plant productivity. 
A moderated feed restriction proved to be the most balanced strategy, promoting full com-
pensatory growth, stable anabolic signaling, and minimal physiological stress. More severe 
restriction schedules, although improving feed conversion efficiency, resulted in reduced 
growth performance and activation of stress-related pathways, indicating a trade-off that 
may not be desirable for commercial production.

Therefore, for producers operating biofloc–aquaponic systems, moderate restriction 
protocols are recommended, particularly in contexts where biofloc availability and plant 
integration can buffer nutritional deficits. These findings provide a practical guideline for 
optimizing feed management while enhancing sustainability and reducing operational costs 
under controlled intensive production conditions.

Conclusions

Moderate feed restriction in Nile tilapia cultured under integrated biofloc–aquaponic con-
ditions resulted in complete compensatory growth, whereas prolonged restriction led to 
partial compensation accompanied by improved feed conversion efficiency. High survival 
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rates across all treatments indicate that biofloc-based systems can maintain adequate physi-
ological support under reduced feeding input. Gene expression analyses revealed that mod-
erate did not significantly alter IGF1, mTOR, or hsp70 expression; however, long-term 
restrictions resulted in a marked downregulation of mTOR and an upregulation of hsp70. 
Notably, FAS expression appeared responsive to moderate restriction. Basil growth and 
phenolic content were not adversely affected by fish feeding regimes, demonstrating stable 
plant performance within the integrated system. Therefore, moderate feed restriction rep-
resents a balanced and practical option for producers seeking to optimize feed efficiency 
and sustainability under intensive biofloc–aquaponic conditions. Collectively, these find-
ings indicate that controlled feed-restriction strategies can be implemented in integrated 
biofloc–aquaponic systems to improve feed efficiency without compromising fish survival 
or plant productivity, within the experimental conditions evaluated in this study.
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