


RT-PCR Analysis of IGF-1 and TGF-β Expression and Length–Weight Relationship in Channa striata Fingerlings Fed with Artemia-Derived Chitosan formulated fish feed

Abstract
The present study described the differential expression of insulin-like growth factor-1 (IGF-1) and transforming growth factor-β (TGF-β) genes in the striped murrel (Channa striata) fingerlings fed with three experimental diets: a chitosan-based feed prepared from Artemia shells, a basal diet (without chitosan), and a Black Soldier Fly Larvae (BSFL) diet. Total RNA was extracted from muscle tissues of the fingerlings using the TRIzol method, followed by cDNA synthesis and real-time PCR (RT-PCR). Beta-actin was taken as a housekeeping gene for normalization. The quantification of the gene expression was performed using the ΔΔCt method to determine relative fold changes between treatment groups. A significant upregulation of IGF-1 (7.27-fold) and TGF-β (5.51-fold) was exhibited in the chitosan-fed group (Exp 1) compared to the basal diet (Exp 2). These findings clearly explained that the chitosan derived from Artemia shells significantly increases the growth-promoting and immune-modulatory gene expression in C. striata. The study emphasizes the potential of Artemia-derived chitosan as functional feed additives for enhancing the overall aquaculture performance and reducing the requirement for conventional fishmeal.
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1. Introduction
Aquaculture is more and more recognized as an inevitable component of global food security as well as economic development. In recent years, there have been significant concerns that reliance on standard feed ingredients has increased (Tacon et al., 2011; Naylor et al., 2021). The environmental issues, including pollution, habitat destruction, and the overexploitation of wild fish stocks for feed, have intensified those concerns that threaten ecosystem wellbeing and the enduring sustainability of aquaculture production (FAO et al., 2020; Troell et al., 2014).
Aquaculture is dynamically exploring alternative protein sources, including algae, plant-based proteins and also the innovative farming practices, including recirculating aquaculture systems (RAS) and integrated multi-trophic aquaculture (IMTA) to confront the challenges (Henry et al., 2015; Tacon et al., 2020). These approaches are selectively taken to minimize environmental impacts, enhance the resource efficiency, and promote more ethical and sustainable seafood production (Béné et al., 2016; FAO et al., 2020). To enhance fish health, growth performance, and immune responses, functional feed additives including prebiotics, probiotics and polysaccharide derivatives, including chitosan have gained increasing attention for their capacity, thereby diminishing the dependence on antibiotics and other therapeutic agents (Ringø et al., 2010; Hai, 2015; El-Sayed et al., 2022).
Such nutritional advancements not only enhance aquaculture productivity but also provide for minimizing public health concerns relevant to antimicrobial resistance and chemical residues in aquatic products (Cabello et al., 2013; FAO et al., 2020). Totally, the future of aquaculture relies on achieving a stability between increased production and environmental management, ethical farming practices, and the implementation of innovative technologies that collectively support long-term sustainability and global food security (Troell et al., 2014; Naylor et al., 2021; FAO et al., 2022).
Chitin is often regarded as the most abundant natural biopolymer after cellulose and is available in crustacean cells, exoskeletons of insects, and cell walls of fungi (Younes et al., 2021; Kumari et al., 2020). It is composed of N-acetyl-D-glucosamine units, which in crustaceans mainly occur in the α-form, imparting rigidity and insolubility by reason of strong intermolecular hydrogen bonding (Younes et al., 2021; El-Sayed et al., 2022). The conversion of chitin to chitosan through deacetylation significantly enhances its usability, a method that specifically enhances its physicochemical and biological properties for various applications (Kumari et al., 2020; El-Sayed et al., 2022).
The primary commercial sources of chitin and chitosan are produced from crustacean shells, especially those from shrimp and crab processing industries. These shells are typically comprised of 20-40% protein, 20-50% calcium carbonate, and 15-40% α-chitin, although the composition varies with species, season, and processing conditions (Younes et al., 2021; Elieh-Ali-Komaili et al., 2023).
Recently, Artemia (brine shrimp) shells have developed as a propitious alternative source for chitin and chitosan production. Artemia-derived chitosan is considered to have high biocompatibility, strong sorption capacity, antimicrobial activity, and ease of processing, making it suitable for aquaculture feed formulations and biomedical applications (Hajji et al., 2021; El-Sayed et al., 2022).
 The uses of Artemia-based chitosan expand raw material options beyond conventional crustacean waste and characterize an environmentally sustainable approach for enlightening the functional properties of aqua-based feeds (Elieh-Ali-Komaili et al., 2023).
Channa striata, which is otherwise known as striped murrel or striped snakehead, is a valuable freshwater fish in India, highly valuable for its high consumer demand and nutritional benefits. It is considered a carnivorous species with a distinct suprabranchial organ that permits it to survive in low-oxygen environments, making it adaptable to fluctuating water conditions. Because of its strong physiological tolerance and market appeal, C. striata is a reliable species for aquaculture diversification.​
Optimized feeding strategies, especially high-protein diets and suitable ration sizes, are vital for successful Channa striata culture to ensure improved survival, growth, and seed production (Dayal et al., 2021; Kumar et al., 2023). The meat of C. striata is highly valued for its rich protein content, balanced amino acid composition, high presence of unsaturated fatty acids, pleasant aroma, tenderness, and low intramuscular spine count, contributing to its popularity across several Indian states (Mohanty et al., 2020; Kumar et al., 2023).
Given its commercial importance, environmental tolerance, and biological suitability for culture, C. striata has developed as a key species for enlarging freshwater aquaculture in India. Subsequently, functional feed interventions targeting improved growth performance, immune competence, and molecular regulatory pathways have expanded increasing attention (Hoseinifar et al., 2020; El-Sayed et al., 2022).
Insulin-like growth factor-1 (IGF-1) is a peptide hormone mainly synthesized in the liver and controlled by nutritional status and growth hormone signaling. It plays a vital role in body growth by promoting protein synthesis, muscle development, and anabolic metabolism (Abdel-Tawwab et al., 2021; Li et al., 2022). In Channa striata, enhancements in dietary quality, including fish protein hydrolysates or alternative protein sources, have been described to upregulate IGF-1 expression, resulting in higher growth performance and feed efficiency (Kumar et al., 2023; Abdel-Tawwab et al., 2021). Due to its sensitivity to dietary protein quality, IGF-1 is broadly applied as a molecular biomarker for estimating nutrition-related growth responses in aquaculture species (Li et al., 2022).
Transforming growth factor-β (TGF-β) is an immunoregulatory cytokine that acts in two major roles in regulating inflammatory responses and facilitating growth and tissue homeostasis. TGF-β is working as a key anti-inflammatory mediator frequently targeted to evaluate the effects of nutrient-rich feed ingredients, including chitosan, on immune modulation and growth in fish (Wang et al., 2020; Hoseinifar et al., 2022). Eventually, IGF-1 and TGF-β serve as major molecular indicators for evaluating both growth and immunomodulatory effects of nutritionally improved diets in aquaculture species (Hoseinifar et al., 2022; El-Sayed et al., 2022).
This study aimed to assess the length-weight relationship in different groups of fishes and the effect of dietary chitosan (derived from Artemia shells) diets on IGF-1 and TGF-β gene expression in C. striata fingerlings.
2. Materials and Methods
2.1. Experimental design and diets
Three experimental diets were prepared and administered to Channa striata fingerlings. The first diet comprised of a basal feed supplemented with Artemia derived chitosan (Exp 1, Chitosan diet). The second diet composed of basal feed without chitosan supplementation (Exp 2, basal diet). The third diet comprised of black soldier fly larvae meal a whole carnivore diet (Exp 3, BSFL diet). Fingerlings were acclimatized for two weeks and then fed twice daily for eight weeks under adequate conditions. At the end of the experiment, fishes from each group are taken to measure length-weight relationship (LWR) studies and for the gene expression studies muscle tissues were collected from anesthetized fish for molecular analysis.
2.2. Extraction of total RNA
Following accepted methods for processing fish tissues, total RNA was extracted using the TRIzol reagent in accordance with the manufacturer's instructions (HiMedia, India) (Rio et al., 2010; Livak & Schmittgen, 2020). In short, the pellet was homogenized in 700 µL of TRIzol for cell lysis after about 50 mg of well-pulverized tissue was centrifuged with Milli-Q water. After being moved to 1.5 mL microcentrifuge tubes, the lysate was well combined. After that, 200 µL of chloroform was added, thoroughly mixed for 5 minutes at room temperature, and centrifuged for 25 minutes at 4°C at 12,000 rpm.
After carefully transferring the aqueous phase to a new tube, 700 µL of isopropanol was added to precipitate the RNA, and the mixture was centrifuged at 12,000 rpm for 20 minutes at 4°C. After being air-dried and cleaned with 70% ethanol, the resulting RNA pellet was dissolved in 30 µL of nuclease-free water. Until it was needed again, the extracted RNA was kept at -80°C. A UV-Vis spectrophotometer (Labman) was used to measure the amount and purity of RNA, and electrophoresis on a 1% agarose gel stained with ethidium bromide was used to confirm integrity (Bustin et al., 2020; Taylor et al., 2019).
2.3. DNase treatment
DNase I (Thermo Scientific, USA) was used to treat total RNA samples in order to remove any possible genomic DNA contamination. After 30 to 45 minutes of incubation at 37°C and 3 minutes of enzyme inactivation at 85°C, the reaction was conducted in a final volume of 20 µL with 1 U of DNase. Until further cDNA synthesis, DNase-treated RNA was kept in storage (Bustin et al., 2020; Nolan et al., 2020).
2.4. cDNA synthesis
Using a High-Capacity cDNA Reverse Transcription Kit (Thermo Scientific, USA) and about 1.5 µg of total RNA, first-strand cDNA synthesis was carried out according to the manufacturer's instructions (Applied Biosystems, 2021). After 10 minutes of reverse transcription at 25°C and 120 minutes at 37°C, the enzyme was inactivated and denatured for two minutes at 85°C. The produced cDNA was utilized as a template for quantitative gene expression analysis and kept at -20°C.
2.5. Real-time PCR (RT-PCR)
Using a HiMedia Insta Q 96 Plus real-time PCR system and SYBR Green chemistry (SYBR Green PCR Kit, HiMedia, India), quantitative gene expression analysis was carried out. For β-actin (reference gene), IGF-1, and TGF-β, gene-specific primers were chosen based on prior research on fish gene expression (Livak & Schmittgen, 2020; Abdel-Tawwab et al., 2021).
To ensure reproducibility, each reaction was performed in duplicate. The protocol for amplification comprised an initial denaturation at 94°C for 5 min, followed by 40 cycles of denaturation at 94°C for 30 s, annealing at 52°C for 30 s, and extension at 72°C for 30 s, with fluorescence signal acquisition at the extension step. By using the comparative Ct (2⁻ΔΔCt) method, relative gene expression levels were calculated (Livak & Schmittgen, 2020; Taylor et al., 2019).
3. Results
3.1. Length-Weight relationship 
At the end of the feeding trial, 75 Channa striata fingerlings were sampled from each experimental group to assess their length-weight (L–W) relationship. The mean values of length and weight in every group are summarized in Table 1. The weekly basis of the length and weight measurement is clearly mentioned in Table 2, while Table 3 presents the descriptive statistics and regression parameters of the L–W relationship. Figures 1 and 2 exhibited the length (mean ± SE) and weight (mean ± SE) on a weekly basis.







Table.1 Summary of Average length and Weight of experimental fishes
	Feed type
	Initial length (cm)
	Final length (cm)
	Initial weight (g)
	Final weight (g)

	Exp 1
	8.7±0.21ᵃ
	4.26±0.23ᵃ
	8.7±0.21ᵃ
	4.26±0.23ᵃ

	Exp 2
	8.4±0.05ᵇ
	3.19±0.06ᵇ
	8.4±0.05ᵇ
	3.19±0.06ᵇ

	Exp 3
	8.06±0.03ᶜ
	2.56±0.02ᶜ
	8.06±0.03ᶜ
	2.56±0.02ᶜ


Table 1 shows that values are presented as mean ± standard error (SE). Different superscript letters (ᵃ, ᵇ, ᶜ) within the same column indicate significant differences among experimental groups (p < 0.05), as determined by one-way analysis of variance (ANOVA) followed by a post hoc multiple comparison test (e.g., Tukey’s HSD). Exp 1: chitosan-supplemented diet; Exp 2: basal diet; Exp 3: BSFL-diet.
Table 2. Weekly growth analysis (mean ± SE) of Length-Weight Relationship (LWR) in Channa striata fingerlings fed with different diets. Channa striata fingerlings fed with different diets.
	Week
	Feed Type
	Weight (Mean ± SE)
	Length (Mean ± SE)

	1
	With Chitosan
	1.37 ± 0.0115
	6.30 ± 0.0577

	
	Without Chitosan
	1.36 ± 0.0088
	7.37 ± 0.0882

	
	BSFL
	1.37 ± 0.0088
	6.40 ± 0.0577

	2
	With Chitosan
	1.72 ± 0.0742
	6.50 ± 0.3055

	
	Without Chitosan
	1.64 ± 0.0639
	6.63 ± 0.1202

	
	BSFL
	1.50 ± 0.0633
	7.17 ± 0.1764

	3
	With Chitosan
	2.00 ± 0.1714
	7.23 ± 0.2848

	
	Without Chitosan
	1.80 ± 0.0933
	7.37 ± 0.0882

	
	BSFL
	1.61 ± 0.0939
	7.17 ± 0.1764

	4
	With Chitosan
	2.26 ± 0.1541
	7.97 ± 0.1202

	
	Without Chitosan
	2.04 ± 0.1168
	7.57 ± 0.2667

	
	BSFL
	1.89 ± 0.1159
	7.17 ± 0.0333

	5
	With Chitosan
	2.48 ± 0.0549
	8.27 ± 0.1453

	
	Without Chitosan
	2.48 ± 0.0802
	8.10 ± 0.1155

	
	BSFL
	1.97 ± 0.0784
	7.53 ± 0.2028

	6
	With Chitosan
	2.94 ± 0.1225
	8.50 ± 0.1155

	
	Without Chitosan
	2.61 ± 0.1178
	8.27 ± 0.1453

	
	BSFL
	2.17 ± 0.0504
	7.77 ± 0.0667

	7
	With Chitosan
	3.84 ± 0.1618
	8.37 ± 0.1333

	
	Without Chitosan
	2.90 ± 0.0617
	8.17 ± 0.0333

	
	BSFL
	2.36 ± 0.0845
	7.97 ± 0.0333

	8
	With Chitosan
	4.27 ± 0.2373
	8.77 ± 0.2186

	
	Without Chitosan
	3.20 ± 0.0601
	8.40 ± 0.0577

	
	BSFL
	2.57 ± 0.0291
	8.07 ± 0.0333



Table 2. shows that the variations of the mean weight (±SE) and mean length (±SE) of Channa striata fingerlings in weekly basis were fed with three dietary treatments: chitosan-supplemented feed, basal feed, and BSFL (black soldier fly larvae) diet. Across the eight-week experimental period, fingerlings fed with chitosan-supplemented diets exhibited better results in growth performance and increasing in both weight and length compared to the other groups. The basal diet (without chitosan) showed moderate growth progression, whereas the BSFL diet group of fishes showed comparatively lower values of weight and length throughout the experiment. 

figure 1: shows that mean total length (± SE) of Channa striata fingerlings under three dietary treatments (With Chitosan, Without Chitosan, and BSFL) over an eight week experimental period. 


figure 2:  shows that mean body weight (± SE) of Channa striata fingerlings fed three different diets (with Chitosan, basal diet (without chitosan), and BSFL) across eight weeks experimental period. 
Table.3 Summary of the Descriptive statistics and length-weight relationship of C. striata 
	Feed type    
	TL range (cm)
Min
	TW range (g)
Max
	Intercept 
A
	Slope b
	r²
	K value

	Exp 1
	9.2
	4.74
	0.02964
	2.280
	0.8548
	1.0008

	Exp 2
	8.5
	3.28
	0.0021
	3.444
	0.9216
	2.2256

	Exp 3
	8.1
	2.62
	0.0017
	3.474
	0.1438
	1.003



Table 3: shows that descriptive statistics of regression model with high linearity. No post hoc test was applied (n = 3). 
TL =Total Length, TW = Total Weight
The Length-Weight relationship's slope values (b), which ranged from 2.280 to 3.474, showed both positive and negative allometric growth patterns among the experimental groups. Exp–1 showed negative allometric growth (b = 2.280; b < 3), indicating that fish in this group grew proportionately more in length than in weight—a pattern frequently seen in the early stages of development. Exp–2 (b = 3.444) and Exp–3 (b = 3.474), on the other hand, showed positive allometric growth (b > 3), suggesting comparatively larger weight gain in comparison to length increment. Murrel fingerlings have shown similar growth pattern variability, with changes from negative to positive allometry being linked to better nutrient utilization and dietary composition (Karthy et al., 2022).
Negative allometric growth, as observed in Exp–1, is often considered typical during early growth phases, reflecting physiological prioritization of skeletal development. Conversely, the positive allometric growth recorded in Exp–2 and Exp–3 suggests enhanced somatic tissue deposition, which may be associated with improved feed quality, better nutrient assimilation, and increased energy allocation toward biomass accretion. Among the treatments, Exp–3 showed the highest b value (3.474), followed closely by Exp–2 (3.444), indicating treatment-specific differences in growth dynamics likely influenced by dietary formulation.
The coefficient of determination (r²) values also varied considerably among groups. Exp–1 (r² = 0.8548) and Exp–2 (r² = 0.9216) showed a strong positive correlation between length and weight, confirming the suitability of the regression model for describing growth patterns. In contrast, Exp–3 exhibited a markedly lower r² value (0.1438), indicating greater variability in the length–weight relationship, possibly due to heterogeneous growth responses or differential energy allocation among individuals within this treatment.
Fulton’s condition factor (K), an indicator of general health and nutritional status, varied across treatments. The K values were 1.0008 in Exp–1, 2.2256 in Exp–2, and 1.003 in Exp–3. K values close to or exceeding 1 generally indicate satisfactory to good body condition. The substantially higher K value observed in Exp–2 suggests superior body robustness and energy reserves, likely reflecting enhanced lipid or protein deposition compared to the other groups.
Notably, Exp–1, despite exhibiting negative allometric growth, maintained a K value close to unity, indicating acceptable body condition with a growth strategy favoring linear extension over mass gain. In contrast, the positive allometric growth and elevated K value in Exp–2 reflect more efficient conversion of dietary nutrients into body biomass, while Exp–3, although showing positive allometry, exhibited greater variability in growth as reflected by the low r² value (Li et al. (2023)).
In summary, the Length–Weight relationship of Channa striata fingerlings revealed treatment-dependent growth patterns, with negative allometry in Exp–1 and positive allometry in Exp–2 and Exp–3. Variations in b, r², and K values highlight differential growth responses to dietary treatments, emphasizing the importance of considering both allometric growth parameters and condition factor when evaluating feed performance during early aquaculture phases.
3.2. Gene expression of IGF-1 and TGF-β using RTPCR 
The relative expression levels of IGF-1 and TGF-β in Channa striata fingerlings fed different experimental diets are exhibited in Table 4 and illustrated in Figure 3. Quantitative RT-PCR analysis observed a significant upregulation of both IGF-1 (7.27-fold) and TGF-β (5.51-fold) in the chitosan-supplemented group (Exp 1) compared to the basal diet (Exp 2) and BSFL diet (Exp 3). Moreover, fingerlings fed the BSFL diet showed the lowest baseline expression levels.
3.3. RNA integrity and cDNA synthesis
All RNA samples showed clear 28S and 18S rRNA bands, resulting high integrity. The A260/A280 ratio ranged from 1.9 to 2.1, confirming acceptable purity. DNase treatment efficiently removed genomic DNA contamination, ensuring reliable cDNA synthesis.
3.4. Differential gene expression analysis
The PCR analysis described distinct expression patterns of IGF-1 and TGF-β across dietary treatments. Using β-actin as the internal control, relative fold changes were derived from ΔΔCt values.
3.5.Data analysis: 
Data was analysed using inbuilt software with the appropriate instrument. Ct values were obtained for each well; normalized Ct values were calculated by subtracting the Ct values of internal control gene or reference gene from those of the target gene. 
Mean of these normalized Ct values were plotted.
Moreover, fold change in expression was calculated inbuilt software by the ΔΔCt method. For fold change of gene expression in target as compared to that in control:
ΔΔCt= ΔCt of sample- ΔCt of control
Fold variation was calculated based on 2Δ- ΔΔCt.









Table 4. Relative Gene Expression (2⁻ΔΔCt) of IGF-1 and TGF-β in Channa striata Fingerlings Fed Different Experimental Diets
	Gene
	Treatment
	ΔCt Mean
	ΔΔCt
	Fold Change (2^-ΔΔCt)

	IGF-1
	Exp 1 (Chitosan)
	-2.98
	-2.86
	7.27 ± 0.42

	IGF-1
	Exp 2 (Control)
	-1.47
	-1.35
	2.56 ± 0.06

	IGF-1
	Exp 3 (BSFL)
	-0.12
	0
	1.00 ± 0.41

	TGF-β
	Exp 1 (Chitosan)
	-2.87
	-2.46
	5.51 ± 0.42

	TGF-β
	Exp 2 (Control)
	-1.64
	-1.22
	2.34 ± 0.41

	TGF-β
	Exp 3 (BSFL)
	-0.41
	0
	1.00 ± 0.28



Table 4 shows that, the values are presented as mean ± standard error (SE). ΔCt values were calculated by normalizing target gene Ct values to the reference gene (β-actin). ΔΔCt values represent treatment groups normalized to the BSFL diet (Exp 3). Fold change was computed using the 2^–ΔΔCt method (Livak and Schmittgen, 2001). Different experimental diets include Chitosan-supplemented feed (Exp 1), commercial basal diet feed (Exp 2), and BSFL-based feed (Exp 3).
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figure 3: revealed the relative expression of IGF-1 gene and TGF-β gene in Channa striata fingerlings fed with three experimental diets: chitosan-supplemented feed (Exp 1), basal diet (Exp 2), and BSFL diet (Exp 3). Fold change values were calculated using the 2⁻ΔΔCt method, and expression levels are occured relative to the BSFL group. Fold change was computed using the 2⁻ΔΔCt method, with the BSFL group used as the calibrator.
4. Discussion
The present study establishes that dietary supplementation of Artemia-derived chitosan-formulated feed exhibited a significant growth-promoting and immunomodulatory effect in Channa striata fingerlings (Yan et al., 2017; Zakeri et al., 2024; Abu-Elala et al., 2025). The significant upregulation of IGF-1 and TGF-β expression was observed in the chitosan-fed group compared to both the basal diet and the BSFL diet groups, which is relevant to the earlier reports on chitosan-supplemented fish feed (Yan et al., 2017; Zakeri et al., 2024). IGF-1 is a key regulator of somatic growth, muscle development, and protein deposition in fish, and its nutritional responsiveness makes it a reliable biomarker of dietary quality and feed efficiency (Liu et al., 2022). The 7.27-fold elevation of IGF-1 observed in the chitosan-supplemented group indicates enhanced muscle growth, improved nutrient absorption, and greater physiological growth performance, which is in line with previous studies that show that chitosan increases growth rate, feed utilization, and protein synthesis in numerous aquaculture species due to its prebiotic and metabolic regulatory properties (Yan et al., 2017; Zakeri et al., 2024; Abu-Elala et al., 2025).
Similarly, the upregulation of TGF-β, a key anti-inflammatory and tissue-repair cytokine, ensured the immunostimulatory property of chitosan (Wang et al., 2018; Abu-Elala et al., 2025). The 5.51-fold increase in the chitosan-supplemented group exhibited higher immune regulation, moderated inflammatory responses, and higher cellular protection mechanisms (Wang et al., 2018). In this study, chitosan’s specified interactions with gut mucosal immunity and its capability to regulate innate immune pathways probably explain the higher TGF-β expression observed in this experiment (Hossam-Elden et al., 2024; Abu-Elala et al., 2025).
These observed findings support previous studies that chitosan enhances immune ability and disease resistance in fish due to its bioactive amino-polysaccharide structure (Yan et al., 2017; Hossam-Elden et al., 2024).
In weekly measurements, the highest final length and weight were observed in fingerlings fed with chitosan-supplemented feed, with overall growth curves demonstrating excellent growth performance (Yan et al., 2017; Hossam-Elden et al., 2024).
The LWR slopes and regression values for the chitosan group indicated favorable relative growth compared to the other diet, a result commonly associated with nutritionally improved and immunologically balanced diets (Zakeri et al., 2024), whereas the BSFL group demonstrated comparatively lower growth and baseline IGF-1 and TGF-β expression, reinforcing its role as the experimental calibrator for molecular comparisons. Although BSFL is increasingly recognized as a sustainable protein source, its functional bioactivity appears limited when used alone, compared to bioactive feed additives such as chitosan (Linh et al., 2024).
Comparatively, chitosan-fed group fishes exhibited favorable relative growth in LWR slopes and regression values with other diets, a result commonly associated with nutritionally improved and immunologically balanced diets (Zakeri et al., 2024), whereas the BSFL group demonstrated comparatively lower growth and baseline IGF-1 and TGF-β expression, emphasizing its role as the experimental measurement for molecular comparisons.  
Overall, based on the experimental results shown, the formulated feed using Artemia-derived chitosan functions as an effective biofunctional feed additive in C. striata (Abu-Elala et al., 2025). The present findings provide the enhancement of growth and immune modulation in freshwater carnivorous fishes (Abu-Elala et al., 2025) by utilizing the formulated feed prepared from crustacean-derived biopolymers, supporting their broader application in sustainable aquaculture systems (Abu-Elala et al., 2025).
5. Conclusion
The present study confirms that dietary supplementation with Artemia-derived chitosan enhances growth performance and modulates growth and immunity-associated molecular responses in Channa striata fingerlings. The physiological responses were improved from the results of the length-weight relationship along with the expression of IGF-1 and TGF-β in the chitosan-fed group of fishes.
These findings emphasize the potential of Artemia-derived chitosan-formulated feed as a significant, sustainable functional feed component, while the alternative protein sources such as BSFL might require complementary bioactive compounds to achieve similar functional benefits. Eventually, Artemia-derived chitosan exhibited a promising compound for inclusion in nutritionally efficient and sustainably formulated aquafeeds.
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