


Effects of spirulina platensis supplementation on growth, hematological indices, biochemical responses, digestive enzymes, carcass composition, antioxidant defense and pigmentation in blue gourami (Trichogaster trichopterus)


Abstract
Market value in the ornamental fish industry is primarily determined by pigmentation quality, growth performance and overall physiological health. Blue Gourami (Trichogaster trichopterus) is a popular ornamental species, yet information on natural dietary additives to enhance its commercial traits remains limited. Spirulina platensis, a nutrient-rich microalga containing proteins, vitamins, minerals and carotenoids, represents a promising natural alternative to synthetic pigments and chemotherapeutics. This study evaluated the effects of graded dietary Spirulina supplementation on growth, hematological and serum biochemical parameters, digestive enzyme activity, immune response, antioxidant status and pigmentation in Blue Gourami.
A 90-day feeding trial was conducted using 480 male fingerlings (1.09–1.16 g), distributed into six dietary treatments containing 0% (T0), 2% (T1), 4% (T2), 6% (T3), 8% (T4) and 10% (T5) Spirulina platensis. Fish were fed twice daily to satiation. Growth indices, blood parameters, serum biochemistry, digestive enzymes, immune markers, colour attributes and tissue carotenoid content were analyzed.
Results demonstrated significant dose-dependent improvements with increasing Spirulina levels. Fish fed 10% Spirulina (T5) exhibited the highest growth performance and feed efficiency (FCR 1.47), improved hematological and serum biochemical profiles, enhanced digestive enzyme activities and improve immune responses. Pigmentation intensity and carotenoid deposition in skin and caudal fins were also maximized in T5.
Overall, dietary supplementation with 10% Spirulina platensis significantly enhanced growth, health, immunity and coloration in Blue Gourami, supporting its application as an effective natural feed additive for improving ornamental fish quality. Further studies should explore long-term reproductive performance, disease resistance under pathogen challenge and costbenefit analysis of Spirulina inclusion at commercial scale.
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1. Introduction
Ornamental fish rearing has emerged as the second most popular hobby next to photography due to its aesthetic beauty (Aly et al. 2008). Besides this, it also provides employment and revenue generation for the country. The major problem facing aqua culturists is the uncontrollable mortalities associated with disease and related disorders. Since the economic importance of aquarium fish is not less than that of the food fish. Ornamental fishes are susceptible to bacteria, viral, fungi, protozoa and parasitic organisms and cause loss to the produce. Control of the bacterial disease is made possible by using drugs and antibiotics. The traditional use of antibiotics as growth promoters in aquaculture has been challenged because of the potential development of antibiotic-resistant bacteria (Deepika et al. 2019). Furthermore, Ornamental fish come in a wide range of colors and patterns, and its vibrant color is vital to its success in the ornamental fish market. Color is a significant factor in determining aquarium fish prices globally (Saxena 1994; Torrissen 1989). Like other animals, fish cannot synthesize carotenoids on their own and must obtain them through diet. The principal source of color in the skin of ornamental fish is carotenoids (Sinha & Asimi 2007). Since synthetic additives are expensive, recent research has focused on natural substances. Different natural carotenoid sources such as plant petals, bacteria, microalgae and flower extract are often used as color enhancers and influence fish growth (Maiti 2017). 
Spirulina (Spirulina platensis) as a source of plant, capable of producing dense and value of proper food can play a promising trend in future years (Lu & Takeuchi 2004; Choonawala 2007). Spirulina is a blue-green algae, spiral shape with a diameter of 12 microns and a rich source of protein, vitamins, amino acids and essential fatty, mineral and antioxidant pigments (Diraman et al. 2009). Positive results in many aquatic species of Spirulina were reported over the determinants of growth, increased food intake, pigmentation, increased immunity and improved reproductive parameters (Regunthan & Wesley 2007; Güroy et al. 2012.). However, very limited data there are on the use of Spirulina on the characteristics of ornamental fish (Güroy et al. 2012; Lu & Takeuchi 2004). Blue gourami (Trichogaster trichopterus) is an attractive colored fish in the ornamental fish industry and has potential market demand worldwide (Degani 2013). Trichogaster trichopterus is an important air-breathing freshwater ornamental fish with a lot of commercial value. Blue gourami is a very hardy fish that can tolerate wide fluctuations of water quality parameters and is hence preferred by aquarists around the globe (Jorjani et al. 2019). 
The study on the effects of Spirulina on Blue Gourami is crucial due to the fish's significant commercial value and popularity in the ornamental fish industry. Blue Gourami, known for its vibrant color and hardiness, is highly sought after, making its growth and pigmentation key factors in its market success. Spirulina, a nutrient-rich blue-green algae, offers a natural and sustainable dietary option that can enhance these qualities. With its high content of proteins, vitamins and carotenoids, Spirulina has the potential to improve both the growth and color intensity of Blue Gourami, which are critical for consumer appeal. Despite its known benefits in other species, limited research has explored Spirulina's specific effects on Blue Gourami, making this study vital for advancing knowledge and improving ornamental fish-rearing practices.
2. Material and Method
2.1 Experimental design and feeding trial
Following their acclimation, 480 fish (fingerlings with an average starting weight of 1.09 to 1.16 ± 0.008) were stocked at random into 24 aquariums, with four replicate tanks for each of the six nutritional treatments, at a density of 20 fish per tank (60L). Aerated fresh water was added to each tank daily to replace one-third of the water volume accumulated by excrement. The blue gourami was hand-fed to satiation twice a day, at 9:00 am and 3:00 pm, throughout the 90-day trial. This amounted to about 3% of the biomass. Throughout the trial, fish were weighed every two weeks and the amount of feed was adjusted to their average body weight (derived from the intermediate samplings).


2.2 Preparation of experimental diets
Table 1 shows the formulation of six distinct diets with varying amounts of spirulina supplementation (0%, 2%, 4%, 6%, 8% and 10%). A study on the proximate content of feed was conducted; Table 2 presents the findings.
Table 1 Feed ingredients and nutrient composition (% dry weight) of the experimental diet.
	Treatments

	T0 (0% Spirulina)
	T1 (2%)
	T2 (4%)
	T3 (6%)
	T4 (8%)
	T5 (10%)

	Spirulina
	0.00
	2.00
	4.00
	6.00
	8.00
	10.00

	Fish meal (60.1%)
	39.92
	39.92
	39.92
	39.92
	39.92
	39.92

	Groundnut oil cake (45%)
	17.74
	17.74
	17.74
	17.74
	17.74
	17.74

	Soybean meal (46%)
	17.34
	17.34
	17.34
	17.34
	17.34
	17.34

	Rice bran
	9.50
	8.50
	7.50
	6.50
	6.00
	4.50

	Wheat flour
	9.50
	8.50
	7.50
	6.50
	5.00
	4.50

	Plant oil
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00

	Fish oil
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00

	Vitamin and mineral mix
	2.00
	2.00
	2.00
	2.00
	2.00
	2.00

	Total
	100.1
	100.1
	100.1
	100.1
	100.1
	100.1

	Vitamin and Mineral mix (Emix Plus) (Quantity/kg): Vitamin A: 22 00 000 IU; Vitamin D3: 4 40 000 IU; Vitamin B2: 800 mg; Vitamin C: 200 mg; Vitamin E: 300 mg; Vitamin K: 400 mg; Vitamin B6: 400 mg; Vitamin B12: 2.4 mg; Calcium Pantothenate: 1000 mg; Nicotinamide: 4 g; Choline Chloride: 60 g; Mn: 10 800 mg; I: 400 mg; Fe: 3000 mg; Zn: 2000 mg; Cu: 800 mg; Co: 180 mg; Ca: 200 g; P: 120 g; L-lysine: 4 g; DL-Methionine: 4 g; Selenium: 20 ppm.



Table 2 The Proximate composition of diets (%)
	Treatment
	T0 (0% Spirulina)
	T1 (2%)
	T2 (4%)
	T3 (6%)
	T4 (8%)
	T5 (10%)

	Moisture (%)
	9.20
	9.10
	8.90
	8.97
	9.22
	8.70

	Dry matter (%)
	90.80
	90.90
	91.10
	91.03
	90.78
	91.3

	Protein (%)
	40.00
	40.00
	40.00
	40.00
	40.00
	40.00

	Ether extract (%)
	6.20
	6.14
	6.18
	6.17
	6.80
	6.50

	Ash (%)
	4.20
	4.50
	4.60
	4.30
	4.20
	4.70

	Fiber (%)
	4.20
	4.26
	4.24
	4.23
	4.36
	4.30

	Carbohydrates (%)*
	40.40
	40.26
	40.32
	40.56
	39.78
	40.10

	Nitrogen-free extract (NFE) (%)*
	36.20
	36.00
	36.08
	36.33
	35.42
	35.8

	Gross energy (kcal/kg)
	4565
	4575
	4582
	4580
	4578
	4598

	Carbohydrates (%) were calculated on dry‑matter basis as: Carbohydrates =100 - (Protein + Ether extract + Ash + Fiber), Nitrogen‑free extract (NFE, %) was derived as: NFE = Carbohydrates - Fiber.


2.3 Growth parameters
The following equations were used to determine the growth performance of the fish-fed diets with varying protein levels as a function of weight gain:
2.3.1 Weight gain (%)
Weight gain (%) = Final body weight‐initial body weight/Initial weight x 100
2.3.2 Feed conversion ratio (FCR) 
Feed conversion ratio (FCR) = Feed given (dry weight) (g) / Weight gain (wet weight) (g) 
2.3.3 Protein efficiency ratio (PER) 
Protein efficiency ratio (PER) = Wet weight gain (g) / Protein consumed (g, dry weight basis)
2.3.4 Specific growth rate (SGR %) 
Specific growth rate (SGR %) = 100 x (In final wet weight (g)In initial wet weight g)/Duration (days)
2.3.5 Survival rate (SR) 
Survival rate (SR) = Initial fish number- number of dead fish/Initial fish number x 100
2.3.6 Feed efficiency ratio (FER) 
Feed efficiency ratio (FER) = Weight gain of fish/ Feed supply,
2.3.7 Daily growth rate (DGR)
Daily growth rate (DGR) = (Wf - Wi)/T
Where:
Wf = final body weight of fish (g)
Wi= Initial body weight of fish (g)
T is the duration of the experimental period that is equal to 90 days
2.4 Body indices analysis
2 
2.3 
2.4.1 Hepatosomatic index (HSI %) 
Hepatosomatic index (HSI %) = Liver weight (g) Body weight (g) × 100
2.4.2 Visceral fat-somatic indexes VFSI (%) 
Visceral fat-somatic indexes VFSI (%) = 100 × visceral fat weight/body weight 
2.4.3 Condition factor (CF)
Condition factor (CF) = Wf/L3f x 100
Where:
𝑊𝑓 = final body weight of fish (g)
Lf = final total length of fish (cm)
100 = constantly used to bring CF values close to unity (commonly used when weight is in grams and length in centimeters)
2.4.4 Viscerosomatic index (VSI, %/GSI)
Viscerosomatic index (VSI % /GSI) =100 × (viscera weight, g)/ (whole body weight, g)
2.4.5 Bile somatic index (BSI)
Bile somatic index (BSI) = 100 [Bile weight (g) / Weight of liver (g)]
2.5 Hematological parameters
At the end of 90‑day feeding trial, blood was collected from 10 fish per treatment (randomly selected from the 60 fish per treatment) via caudal puncture. From each fish, two blood samples were drawn: approximately 0.5-1.0 mL was collected into EDTA coated Blood collection for haematological and immune assays, and an equivalent volume was collected into blank microtubes without anticoagulant for serum preparation. The plain blood samples were allowed to clot at 4 °C for 2 h, then centrifuged at 3000 × g for 15 min at 4 °C. Serum was carefully separated and stored at -20 °C until analysis for biochemical parameters and humoral immune markers.
Hematological parameters such as red blood cells (RBCs), hemoglobin, hematocrit (HCT) and total and differential leucocyte count (neutrophils, lymphocytes, monocytes and eosinophils) were measured using an automatic blood cell counter (NIHON KOHDEN, India). Standard formulae were used to calculate erythrocyte indices like mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC) (Bain et al. 2006).
2.6 Haemato - biochemical parameter
Serum albumin, globulin and total protein, the activity of metabolic enzymes like alkaline phosphatase (ALP), alanine aminotransferase (ALT) and aspartate aminotransferase (AST) as well as serum metabolites like cholesterol and triglycerides were measured using an automated serum biochemical analyzer LANDWIND.
2.7 Immunological parameters:
The method described by (Siwicki 1993) was used to measure the serum total immunoglobulin (IgM) levels. Skin mucus lysozyme activity was determined using the selected methodology (Subramanian et al. 2007). Furthermore, E. coli was used as foreign bodies to measure the phagocytic activity, as Bedasso (2017) reported.
2.8 Digestive enzyme
According to Ahmadifar et al. (2019b), measurements were made of lipase and amylase activity. The protease activity was measured using trichloroacetic acid (TCA) and trisphosphate buffer (pH 7.8), using the casein digestion method (Drapeau 1976).
2.9 Color measurement
Skin color was measured using a Minolta CR-300 Chroma Meter (Minolta Camera Co. Ltd., Asaka, Japan) to take absolute measurements in the L* a* b* measuring mode (CIE 1976) using D65 illuminant. L* is the lightness variable (where white = 100 L* and black = 0 L*), a* is the red chromaticity coordinates where + a* stands for red, -a* stands for green and +b* is the yellow chromaticity coordinates where +b* stands for yellow and -b* stands for blue.
2.10 Skin, muscle and caudal fin total carotenoid analysis
We measured the amounts of carotenoids in various fish tissues. The fish skin, muscle and caudal fin were utilized to extract the carotenoids using the technique suggested by Torrissen and Naevdal (1984). A spectrophotometer (Model: WPA) operating at 474 nm was used to measure the extra optical density.
Total carotenoids ¼ Absorbance × V/210/W × 100
V = volume of acetone (4 mL).
210 = absorbance of 1 mg/mL carotenoid solution in acetone.
W = sample weight (mg).
2.11 Astaxanthin, canthaxanthin and β-carotene analysis
Astaxanthin, canthaxanthin and β-carotene concentrations were measured using reference materials as standards. These were run on high-performance liquid chromatography (HPLC) and retention times and extinction coefficients were obtained. (Suhnel et al. 2009).
2.12 Water quality analysis
The physicochemical parameters of water (temperature, dissolved oxygen, total alkalinity, total hardness, total ammonia nitrogen (NH3-N), nitrate nitrogen; nitrite nitrogen and pH) were recorded weekly, following the standard methods (APHA 1992). While pH (7.2-7.6) was measured by using a digital pH meter (pH ep-HI 98107 USA).
2.13 Biochemical analysis
The approximate composition of the initial and final carcass, the experimental diet and spirulina were estimated using standard methods (AOAC 1995) for the following: crude protein (N-Kjeldhal X 6.25), crude lipid by using the Soxtec extraction technique (FOSS Avanti automatic 2050, Sweden), ash (oven incineration at 650°C for 2-4 h) and dry matter (oven drying at 105 ± 1°C for 22 h). By drying the samples to a constant weight in a hot air oven (Behr, Germany) set at 105°C, the moisture content was ascertained. The fritted glass crucible method was used to analyze the crude fiber using an automatic analyzer (ANKOM A2000i, Macedon and New York, NY, United States). CHO is used for the total carbohydrate fraction, the dry matter minus the sum of the crude protein, fat and ash.
2.14 Statistical analysis
These response variables were subjected to a one-way analysis of variance (ANOVA) (snedecor & chochra 1967; Sokal & Rohlf 1981). Duncan’s Multiple Range Test (Duncan 1955) was employed to determine the significant differences among the treatments. Statistical analysis was done using SPSS 22 (SPSS Inc., Chicago, IL, USA).
3. Results and Discussions
3.1 Growth parameters
Treatments T0, T1, T2, T3, T4 and T5 had average final weights of 7.5±0.008gm, 7.56±0.005gm, 7.61±0.005gm, 7.7±0.014gm, 7.78±0.011gm and 7.91±0.008gm respectively (Table 3). The growth factors, such as WG, DGR, FCR, FER and PER, did not significantly differ between T0 and T1 compared to other treatments (p>0.05). Comparably, there is no significant difference between the T4 and T5 treatments in terms of WG% and SGR. Considerably higher (p<0.05) WG, DGR, FER, PER, SGR and best FCR observed in treatment T5. In comparison to other treatments, T1 exhibits considerably lower values of SGR (2.08±0.007b) and WG% (553.67±4.514a) (p<0.05). The lowest value of nearly all growth metrics is displayed throughout T0. The findings showed that the growth metrics (apart from FCR) increased (p<0.05) when the spirulina level was raised by 0%, 2%, 4%, 6%, 8% and 10%. The growth parameters in T5 (0.075 ± 0) are significantly higher (p<0.05) than those for T4 and so on, all the way down to T0. Result indicates that there was no significant variation in the survival rate (SR), which stayed constant at 100% across all treatments.
Table 3 Growth parameter analysis of blue gourami, Trichogaster trichopterus, fed with different levels of spirulina platensis.
	Treatments
	T0 (0% Spirulina)
	T1 (2%)
	T2 (4%)
	T3 (6%)
	T4 (8%)
	T5 (10%)

	Initial weight (g)
	1.09±0.012a
	1.15±0.008c
	1.12±0.008b
	1.16±0.008c
	1.14±0.008bc
	1.15±0.005bc

	Final weight (g)
	7.50±0.008a
	7.56±0.005b
	7.61±0.005c
	7.7±0.014d
	7.78±0.011e
	7.91±0.008f

	[bookmark: _Hlk175826879][bookmark: _Hlk175827042]WG (g)
	6.40±0.003a
	6.40±0.003a
	6.48±0.003b
	6.54±0.015c
	6.63±0.003d
	6.76±0.013e

	DGR (g/day)
	0.071±0.002a
	0.071±0.001a
	0.072±0.003b
	0.072±0.001c
	0.073±0.002d
	0.075±0.004e

	[bookmark: _Hlk175825393]WG (%)
	584.34±6.644c
	[bookmark: _Hlk175827302]553.67±4.514a
	575.51±4.807b
	560.64±4.91ab
	578.55±4.254c
	588.44±3.994c

	FCR
	1.56±0.001e
	1.56±0.004e
	1.54±0.003d
	1.52±0.003c
	1.5±0.002b
	1.47±0.001a

	[bookmark: _Hlk175826903]FER
	0.64±0.002a
	0.64±0.001a
	0.64±0.004b
	0.65±0.001c
	0.66±0.002d
	0.67±0.001e

	PER
	1.60±0.001a
	1.60±0.001a
	1.62±0.001b
	1.63±0.003c
	1.65±0.003d
	1.69±0.003e

	SGR (%/day)
	2.13±0.001c
	[bookmark: _Hlk175827321]2.08±0.007b
	2.12±0.007bc
	2.09±0.008ab
	2.12±0.006c
	2.14±0.006c

	Survival Rate %
	100
	100
	100
	100
	100
	100

	Treatments: T0 (Control, 0% Spirulina), T1 (2.5%), T2 (5%), T3 (7.5%), T4 (10%), T5 (12.5%).
Sample size: n = 60 fish per treatment (3 replicates, 20 fish per replicate). Values represent mean ± standard error (SE).
Statistical significance: Within each row, means with different superscript letters (a, b, c, d, e, f) differ significantly (P<0.05) as determined by one-way ANOVA followed by Tukey’s post-hoc test.
Survival Rate: 100% survival across all treatments; no statistical comparison performed.
Abbreviations: WG = Weight Gain, DGR = Daily Growth Rate, WG% = Weight Gain Percentage, FCR = Feed Conversion Ratio, FER =
Feed Efficiency Ratio, PER = Protein Efficiency Ratio, SGR = Specific Growth Rate.






3.2 Body indices analysis 
Significant variations between treatments (T0 to T5) are shown by the body indices (Table 4). All indicators, including the Bilesomatic index (BSI %), Visceral fat-somatic indexes (VFSI %), hepatosomatic index (HSI %), Viscerosomatic index (GSI %) and condition factor (CF %), had their lowest values in T0, indicating baseline levels. Significant increases in HIS%, GSI% and VFSI% were observed in T1 and T2, accompanied by a moderate increase in BSI and CF% (p<0.05), indicating slight improvements. All indices showed further improvements in T3, especially GSI% and CF%, which were considerably higher in T3 than in T0 to T2 (p<0.05). T4 carried on with this pattern, significantly raising all indexes, especially BSI% and HIS%. All body indices showed progressively higher values in T5, with the greatest improvements in HSI%, GSI%, VFSI%, BSI% and CF%, indicating that the highest spirulina level had the greatest positive effect on the fish's body condition (p<0.05). Significant differences were seen between treatments, particularly between the lower (T0 and T1) and higher spirulina levels (T4 and T5) (Table 4).
Table 4 Body indices analysis of blue gourami, Trichogaster trichopterus, fed with different levels of spirulina platensis.
	Treatments
	HIS%
	GSI%
	VFSI%
	BSI%
	CF%

	T0 (0% Spirulina)
	1.92±0.008a
	6.92±0.008a
	2.12±0.017a
	9.88±0.017a
	1.26±0.012a

	T1 (2%)
	1.96±0.008b
	6.97±0.005b
	2.15±0.014ab
	10.00±0.015b
	1.29±0.008a

	T2 (4%)
	1.98±0.012b
	7.01±0.008c
	2.19±0.008b
	10.18±0.014c
	1.35±0.011b

	T3 (6%)
	2.2±0.012c
	7.32±0.008d
	2.27±0.017c
	10.25±0.017d
	1.40±0.011c

	T4 (8%)
	2.32±0.012d
	7.47±0.005e
	2.36±0.008d
	10.31±0.011e
	1.44±0.014d

	T5 (10%)
	2.61±0.014e
	7.57±0.005f
	2.43±0.011e
	10.42±0.014f
	1.55±0.011e

	Abbreviations: HSI = Hepatosomatic index GSI = Gonadosomatic index; VFSI = Visceral fat-somatic index; BSI = Bile somatic index; CF = Condition factor.
Sample size: n = 10 fish per treatment (sampled at the end of 90 days). Values are mean ± standard error (SE).
Statistical analysis: Means within a column with different superscript letters (a, b, c, d, e & f) differ significantly (p<0.05) as determined by one-way ANOVA followed by Tukey’s HSD test.



3.3 Hematology parameter 
When fed with different doses of spirulina (T0 = Control, T1 = 2%, T2 = 4%, T3 = 6%, T4 = 8% and T5 = 10%), the hematological parameters of the blue gourami (Trichogaster trichopterus) revealed substantial (p<0.05) alterations (Table 5). With T5 exhibiting the highest results (RBC: 6.41±0.011e, WBC: 6.97±0.026f) in comparison to T0 (RBC: 3.11±0.011d, WBC: 5.45±0.023a) (p<0.05), RBC and WBC levels increased throughout treatments.
Higher levels of spirulina were accompanied by increases in hemoglobin, hematocrit, MCHC, MCH and MCV, which peaked in T5 (p<0.05). Increased spirulina led to a decrease in neutrophils and monocytes and an increase in lymphocyte percentages. Result shows eosinophils varied in number, being lowest in T3 and largest in T5. Spirulina often improved blood parameters, especially when it was present in larger concentrations.
Table 5 Haematology parameter analysis of blue gourami, Trichogaster trichopterus, fed with different levels of spirulina.
	Treatments
	T0 (0% Spirulina)
	T1 (2%)
	T2 (4%)
	T3 (6%)
	T4 (8%)
	T5 (10%)

	RBC (mm3 106)
	3.11±0.010d
	2.3±0.018a
	2.6±0.002b
	2.62±0.017bc
	2.66±0.015c
	6.41±0.011e

	WBC (mm3 104)
	5.45±0.02a
	5.6±0.014b
	5.99±0.017c
	6.21±0.02d
	6.41±0.02e
	6.97±0.026f

	HE (g %)
	5.84±0.02a
	5.96±0.011b
	6.1±0.011c
	6.24±0.023d
	6.27±0.031d
	6.35±0.031e

	HCT (%)
	32.52±0.07a
	33.21±0.02b
	34±0.017c
	34.32±0.017d
	35.49±0.02e
	37.72±0.02f

	MCHC (gdL−1)3
	22.12±0.014a
	22.33±0.008b
	22.17±0.005c
	22.31±0.014c
	23.31±0.02d
	23.59±0.008e

	MCH (Pg)4
	26.1±0.115a
	26.6±0.057b
	27±0.057c
	27.3±0.057d
	27.8±0.057e
	28.1±0.057f

	MCV (fL)5
	115.4±0.36a
	117.16±0.145b
	120.2±0.208c
	118.83±0.176d
	123.2±0.173e
	125.3±0.152f

	Lymphocyte (%)
	79.26±0.12a
	80.63±0.088b
	81.9±0.057c
	84±0.057d
	85±0.115e
	86.13±0.12f

	Monocyte (%)
	4.2±0.011f
	3.81±0.011e
	3.33±0.011d
	2.91±0.008c
	2.78±0.008b
	2.52±0.012a

	Neutrophils (%)
	15.56±0.08f
	14.6±0.057e
	14±0.057d
	12.7±0.057c
	11.4±0.057b
	10.2±0.057a

	Eosinophil (%)
	1.19±0.008e
	0.85±0.012c
	0.69±0.008b
	0.43±0.008a
	0.89±0.008d
	1.25±0.008f

	Abbreviations: RBC = Red blood cell count; WBC = White blood cell count; Hb = Hemoglobin; HCT = Hematocrit; MCHC = Mean corpuscular hemoglobin concentration; MCH = Mean corpuscular hemoglobin; MCV = Mean corpuscular volume.
Sample size: n = 10 fish per treatment. Blood collected via caudal puncture (0.5-1.0 mL per fish) using heparinized syringes.
Analysis method: Haematological parameters were determined using an automated haematology analyzer (NIHON KOHDEN, India).
Statistical analysis: Values are mean ± standard error (SE). Within each row, means with different superscript letters (a-f) differ significantly (p < 0.05; one-way ANOVA followed by Tukey’s test).


3.4 Haemato-biochemical parameter
Table 6 illustrates the noteworthy variations in the haemato-biochemical analysis between treatments (T0 to T5). Over time, total protein levels rose from T0 (4.56±0.025 g/dl) to T5 (5.85±0.015 g/dl), with each treatment exhibiting a statistically significant increase over the preceding one (p<0.05). Moreover, albumin rose dramatically across treatments, with T5 (2.91±0.011 g/dl) exhibiting the greatest level. T0 (2.23±0.014 g/dl) and T5 (2.21±0.014 g/dl) exhibited the highest levels of globulin, but the intermediate treatments (T1 to T4) showed lower values. This difference was evident in the albumin-to-globulin (A: G) ratio, which was substantially greater in T3 (1.38±0.003) in comparison to the other treatments (p<0.05). Result indicates a steady rise in triglyceride levels throughout treatments, with a substantial increase from T0 (153.5±0.23 mg/dl) to T5 (160.26±0.145 mg/dl). In contrast, spirulina levels were inversely correlated with cholesterol levels (p<0.05), with T5 having the lowest cholesterol (168.6±0.152 mg/dl) compared to T0 (191.46±0.145 mg/dl). Overall treatments, there was a considerable drop in the levels of the enzymes ALT (Alanine aminotransferase) and AST (Aspartate aminotransferase), with T5 showing the lowest levels (ALT: 38.13±0.088 U/L; AST: 57.93±0.12 U/L). In a similar vein, ALP (Alkaline phosphatase) levels dropped considerably (p<0.05), with T5 (24.16±0.088 U/L) exhibiting a considerable decline in comparison to T0 (30.16±0.088 U/L).
Table 6 Haemato-biochemical parameter analysis of blue gourami, Trichogaster trichopterus, fed with different levels of spirulina.
	Treatments
	T0 (0% Spirulina)
	T1 (2%)
	T2 (4%)
	T3 (6%)
	T4 (8%)
	T5 (10%)

	Total Protein (g/dL)
	4.56±0.025a
	4.95±0.011b
	5.18±0.011c
	5.35±0.012d
	5.67±0.012e
	5.85±0.015f

	Albumin (g/dL)
	2.32±0.015a
	2.55±0.008b
	2.60±0.014c
	2.80±0.005d
	2.84±0.011e
	2.91±0.011f

	Globulin (g/dL)
	2.23±0.014d
	1.94±0.014a
	1.97±0.014ab
	2.01±0.008b
	2.13±0.011c
	2.21±0.014d

	A:G ratio
	1.03±0.01a
	1.31±0.011b
	1.31±0.003b
	1.38±0.003c
	1.33±0.011b
	1.31±0.008b

	Triglyceride (Mg/dL)
	153.5±0.23a
	154.3±0.115b
	156.06±0.12c
	157.7±0.208d
	159±0.115e
	160.26±0.145f

	Cholesterol (mg/dL)
	191.46±0.145f
	188.16±0.088e
	181.4±0.208d
	178.1±0.208c
	173.16±0.202b
	168.6±0.152a

	ALT (U/L)
	41.56±0.088f
	41.13±0.088e
	40.16±0.088d
	39.36±0.088c
	38.76±0.088b
	38.13±0.088a

	AST (U/L)
	65.2±0.152f
	64.4±0.115e
	62.06±0.12d
	63.46±0.088c
	60.1±0.115b
	57.93±0.12a

	ALP (U/L)
	30.16±0.088f
	27.13±0.088e
	28.46±0.088d
	25.33±0.12c
	21.13±0.088a
	24.16±0.088b

	Abbreviations: A: G Ratio = Albumin: Globulin Ratio; ALT = Alanine aminotransferase; AST = Aspartate aminotransferase; ALP = Alkaline phosphatase
Sample size: n = 10 fish per treatment. Blood serum was collected after centrifugation of whole blood (obtained via caudal puncture) and analyzed using an automated serum biochemical analyzer (Model: LANDWIND).
Statistical analysis: Values are mean ± standard error (SE). Within each row, means with different superscript letters (a–f) differ significantly (p < 0.05; one-way ANOVA followed by Tukey’s test).


3.5 Digestive enzyme activity
Significant variations (p<0.05) in digestive enzyme activity are observed between treatments (T0 to T5), according to Table 7. From T0 (3.75±0.024 U/mg substrate) to T5 (4.29±0.011 U/mg substrate), amylase activity rose steadily with increasing spirulina levels. Each treatment showed a statistically significant increase in comparison to the preceding one (p<0.05). Similarly, T0 showed the lowest activity (4.21±0.014 U/mg substrate) and T5 the highest (4.62±0.017 U/mg substrate) for lipase activity. T1 (270.23±0.202 U/mg substrate) significantly increased from T0 (268.43±0.348 U/mg substrate) and successive treatments also showed significant increases, with T5 (312.83±0.317 U/mg substrate) demonstrating the highest protease activity (Table 7).
Table 7 Digestive enzyme activity analysis of blue gourami, Trichogaster trichopterus, fed with different levels of spirulina.
	Treatments
	Amylase (U/mg substrate)
	Lipase (U/mg substrate)
	Protease (U/mg substrate)

	T0 (0% Spirulina)
	3.75±0.024a
	4.21±0.014a
	268.43±0.348a

	T1 (2%)
	3.88±0.02b
	4.25±0.014a
	270.23±0.202b

	T2 (4%)
	3.97±0.017c
	4.33±0.011b
	284.13±0.202c

	T3 (6%)
	4.1±0.015d
	4.46±0.014c
	292.53±0.375d

	T4 (8%)
	4.2±0.017e
	4.56±0.008d
	301.3±0.264e

	T5 (10%)
	4.29±0.011f
	4.62±0.017e
	312.83±0.317f

	Sample size: n = 5 fish per treatment
Statistical analysis: Values are mean ± standard error (SE). Within each column, means with different superscript letters (a-f) differ significantly (p<0.05; one‑way ANOVA followed by Tukey’s test).


3.6 Immune response parameter
Improvements in the immune response are significant (p<0.05) in all treatments. T0 served as the baseline (p<0.05) and had the lowest values for phagocytic activity (70.9±0.057%), lysozyme activity (4.8±0.015 ng/ml) and IgM (1.74±0.02 μg/ml). Table 8 shows that T5 had the highest levels of lysozyme activity (4.98±0.008 ng/ml), phagocytic activity (80.12±0.011%) and IgM (2.11±0.012 μg/ml), suggesting that spirulina considerably enhances immunological function. All metrics showed a gradual increase in T1 and T2, with T2 achieving 1.84±0.017 μg/ml of IgM, 4.95±0.005 ng/ml of lysozyme activity and 73.2±0.057% of phagocytic activity (p<0.05). T3 improved these reactions even more, phagocytic activity in particular (74.97±0.011%). T4 revealed a rise in phagocytic activity to 76.9±0.057% and IgM to 2±0.008 μg/ml (Table 8).
Table 8 Immune response parameter analysis of blue gourami, Trichogaster trichopterus, fed with different levels of spirulina.
	Treatments
	IgM (μg/ml)
	Lysozyme activity (ng/ml)
	Phagocytic activity (%)

	T0 (0% Spirulina)
	1.74±0.02a
	4.8±0.015a
	70.9±0.057a

	T1 (2%)
	1.79±0.015b
	4.89±0.005b
	71.8±0.057b

	T2 (4%)
	1.84±0.017c
	4.95±0.005c
	73.2±0.057c

	T3 (6%)
	1.9±0.005d
	4.92±0.014bc
	74.97±0.011d

	T4 (8%)
	2±0.008e
	4.95±0.012cd
	76.9±0.057e

	T5 (10%)
	2.11±0.012f
	4.98±0.008d
	80.12±0.011f

	Sample size: n = 10 fish per treatment.
Statistical analysis: Values are mean ± standard error (SE). Within each column, means with different superscript letters (a-f) differ significantly (p<0.05; one‑way ANOVA followed by Tukey’s test).


3.7 Body composition
As shown in Table 9, the body composition study of blue gourami fed with different concentrations of spirulina (T0=Control, T1=2%, T2=4%, T3=6%, T4=8% and T5=10%) showed significant alterations. When spirulina was supplemented, the crude protein content rose dramatically and peaked in T5 (19.08%) as opposed to the control (T0, 17.52%) (p<0.05). On the other hand, crude lipid content dropped in all treatments; T5 had the lowest lipid percentage (5.21%) in comparison to T0 (5.74%) (p<0.05). The crude fiber content was maintained at higher spirulina levels (T3 to T5) but declined somewhat from T0 (1.2%) to T3 (1.0%). Higher spirulina levels were also associated with a decrease in ash content, which went from 3.55% in T0 to 3.31% in T5 (Table 9). The amount of carbohydrates (CHO) decreased; T5 had the lowest value (1.5%) and T0 had the highest value (1.98%) (p<0.05). The dry matter content varied slightly, reaching its highest point in treatment T4 (30.18%) and staying lower in the other treatments. Dry matter and moisture content had an inverse relationship, with T2 having the highest moisture content (70.12%) and T4 having the lowest (69.81%) (p<0.05).
Table 9 Body composition analysis of blue gourami, Trichogaster trichopterus, fed with different levels of spirulina.
	Treatments
	T0 (0% Spirulina)
	T1 (2%)
	T2 (4%)
	T3 (6%)
	T4 (8%)
	T5 (10%)

	Crude protein %
	17.52±0.04a
	17.85±0.011b
	18.01±0.017c
	18.29±0.011d
	18.68±0.017e
	19.08±0.02f

	Crude lipid %
	5.74±0.008f
	5.55±0.008e
	5.39±0.008d
	5.27±0.008c
	5.32±0.014b
	5.21±0.008a

	Crude fiber (%)
	1.2±0.008d
	1.11±0.008c
	1.05±0.011b
	1±0.012a
	1±0.006a
	1±0.005a

	Ash %
	3.55±0.008f
	3.5±0.008e
	3.46±0.008d
	3.41±0.005c
	3.36±0.008b
	3.31±0.015a

	CHO %
	1.98±0.012d
	1.97±0.008cd
	1.95±0.008c
	1.98±0.008cd
	1.8±0.008b
	1.5±0.005a

	Dry matter (%)
	30.01±0.054bc
	29.99±0.021b
	29.87±0.026a
	29.96±0.015ab
	30.18±0.037d
	30.11±0.032cd

	Moisture %
	69.98±0.054bc
	70±0.021c
	70.12±0.026d
	70.04±0.015cd
	69.81±0.037a
	69.89±0.032ab

	Sample size: n = 5 fish per treatment, separately sampled for whole‑body composition analysis. Fish were euthanized, homogenized, and dried to constant weight at 105°C.
CHO (%) = 100 - (Protein + Lipid + Ash + Fiber) on dry‑matter basis.
Units: All values expressed on wet weight basis, except CHO which is on dry‑matter basis (see calculation above).
Statistical analysis: Values are mean ± standard error (SE). Within each column, means with different superscript letters (a-f) differ significantly (p < 0.05; one‑way ANOVA followed by Tukey’s test).


3.8 Water quality parameter
The investigation of the water quality showed that spirulina levels had a substantial impact on several metrics (Table 10). pH and DO values are lowest in T0 treatment, while Hardness (mg/l), No3 (mg/l) and No2 (mg/l) were lowest in T3. In the T2 treatment, total ammonia and total alkalinity (mg/l) were low. The T0 and T2 treatments do not significantly differ in temperature or NO3 (mg/l) (P>0.05). In terms of Do (mg/l), Total alkalinity (mg/l), Hardness (mg/l) and No2 (mg/l), treatments T1-T4; T0-T3; T1-T2; and T1-T2-T3 do not significantly differ from one another (P>0.05). T5 exhibits the best results across the board, except DO and NO3, which are higher during T2 treatment (Table 10). Temperatures, pH, alkalinity, hardness, total ammonia and variable nitrate and nitrite levels were all found to be positively correlated (p<0.05) with greater spirulina levels.
Table 10 Water quality parameter analysis during the 90 days of experimental period.
	Treatments
	T0 (0% Spirulina)
	T1 (2%)
	T2 (4%)
	T3 (6%)
	T4 (8%)
	T5 (10%)

	Temperature (°c)
	29.10±0.057b
	28.80±0.057a
	29.13±0.088b
	30.10±0.057cd
	29.93±0.033c
	30.20±0.057d

	pH
	7.36±0.008a
	7.56±0.008c
	7.72±0.005d
	7.44±0.011b
	7.78±0.005e
	7.88±0.008f

	[bookmark: _Hlk175838903]Do (mg/L)
	5.90±0.008a
	6.23±0.008c
	6.70±0.008e
	5.98±0.012b
	6.26±0.008c
	6.48±0.008d

	[bookmark: _Hlk175838589]Total alkalinity (mg/L)
	56.86±0.120b
	58.63±0.088c
	55.63±0.088a
	56.76±0.088b
	58.86±0.088cd
	59.1±0.057d

	Hardness (mg/L)
	56.73±0.088b
	58.83±0.088c
	58.7±0.115c
	55.96±0.088a
	59.13±0.088d
	59.70±0.057e

	NO₃⁻ (mg/L)
	0.04±0.001c
	0.03±0.002b
	0.05±0.001c
	0.03±0.001a
	0.05±0e
	0.05±0de

	NO₂⁻ (mg/L)
	0.08±0.012cs
	0.03±0.005ab
	0.02±0.012ab
	0.02±0.005ab
	0.05±0.005b
	0.08±0.005c

	Total ammonia (mg/L)
	1.51±0.017d
	1.28±0.012c
	0.49±0.015a
	0.89±0.015b
	1.67±0.012e
	1.8±0.012f

	Sampling regime: Water quality parameters were measured weekly throughout the 90‑day experimental period. Values represent the mean of 90 days measurements per treatment. (APHA 1992)
Statistical analysis: Values are mean ± standard error (SE). Within each row, means with different superscript letters (a-f) differ significantly (p<0.05; repeated‑measures ANOVA followed by Tukey’s test).


3.9 Lightness values
Table 11 illustrates that on the 30th day, no significant variations (p>0.05) were found in the brightness color at different spirulina concentrations between T2 and T3 against the others. Notable variations in the color of lightness were observed at 60 and 90 days, except the 60th day when comparing T3 and T4 treatments. Significant differences in the lightness colors of all treatments were seen on day 90, with T5 having the biggest difference throughout the trial (p<0.05).
Table 11 Lightness values behind the operculum zone of blue gourami fed with different spirulina concentrations.
	Treatments
	T0 (0% Spirulina)
	T1 (2%)
	T2 (4%)
	T3 (6%)
	T4 (8%)
	T5 (10%)

	0 Day
	70.01±0.002a
	70.02±0.045a
	70.08±0.068a
	70.03±0.144a
	70.01±0.003a
	70.29±0.149a

	30 Day
	71.40±0.115b
	70.65±0.028a
	71.90±0.057bc
	72.06±0.233bc
	72.60±0.115c
	75.53±0.48d

	60 DAY
	72.20±0.116b
	71.00±0.028a
	72.5±0.057b
	73.53±0.26c
	73.80±0.115c
	76.13±0.48d

	90 Day
	72.60±0.115b
	72.20±0.028a
	73.54±0.017c
	74.23±0.001d
	76.01±0.002e
	77.82±0.184f

	Sample size: n = 10 fish per treatment per time point. Measurements were taken on the same individuals at 0, 30, 60 and 90 days.
Units: Values are expressed as mean L* ± standard error (SE).
Statistical analysis: Within each row (time point), means with different superscript letters (a-f) differ significantly (p < 0.05; One‑way ANOVA followed by Tukey’s test).



Significant differences were observed in the greenness (a*) values among treatments at different spirulina inclusion levels throughout the trial, except on the 60th day, when T3 and T5 did not differ significantly (p>0.05), as shown in Table 12. In the CIELAB system, negative a* values indicate a greener coloration. However, the magnitude of greenness decreased over time as spirulina concentration increased. From T0 to T5, a* values became progressively less negative, indicating a shift away from green and toward the neutral (zero) axis. For example, on the 90th day, a* increased from -8.03 (T0) to -2.64 (T5), showing a reduction in greenness, not an enhancement.
Across the 30th, 60th and 90th days, T0, T1 and T2 showed no significant differences (p>0.05), whereas T3, T4 and T5 exhibited significant differences (p<0.05). These results suggest that higher spirulina supplementation levels (T3-T5) altered the red-green balance, but contrary to the earlier interpretation, the change represents a loss of green intensity, not a gain.
Table 12 Redness/greenness values behind the operculum zone of blue gourami fed with different concentrations of spirulina.
	Treatments
	T0 
(0% Spirulina)
	T1 (2%)
	T2 (4%)
	T3 (6%)
	T4 (8%)
	T5 (10%)

	0 Day
	-10.99±0.014c
	-11.42±0.02a
	-10.98±0.014c
	-10.11±0.015d
	-11.01±0.012c
	-11.12±0.018b

	30 Day
	-9.69±0.008a
	-9.34±0.014b
	-8.01±0.017e
	-7.89±0.008f
	-8.33±0.011d
	-8.44±0.014c

	60 DAY
	-8.89±0.008a
	-7.79±0.009b
	-6.97±0.012c
	-5.99±0.010e
	-6.2±0.011d
	-5.98±0.008e

	90 Day
	-8.03±0.021a
	-6.67±0.023b
	-5.34±0.024c
	-4.52±0.026d
	-3.76±0.011e
	-2.64±0.008f

	Sample size: n = 10 fish per treatment per time point. Measurements were taken on the same individuals at 0, 30, 60, and 90 days.
Units: Values are expressed as mean a* ± standard error (SE).
Statistical analysis: Within each row (time point), means with different superscript letters (a-f) differ significantly (p < 0.05; ANOVA followed by Tukey’s test).


On the 90th day, significant differences (p<0.05) were found across all treatments. Table 13 indicates that there were no significant distinctions (p>0.05), in yellowness color on day 60 between T1, T2 and T3 and the other groups. By comparison, on the 30th day, there was significant variation (p<0.05) in T5, but not in T1 and T2 or T3 and T4. On subsequent days, T5 produced a comparatively higher (p<0.05) yellow color than T0, T1, T2, T3 and T4.
Table 13 Yellowness/blueness values behind the operculum zone of blue gourami fed with different spirulina concentrations.
	Treatments
	T0 (0% Spirulina)
	T1 (2%)
	T2 (4%)
	T3 (6%)
	T4 (8%)
	T5 (10%)

	0 Day
	9.32±0.006e
	9.24±0.003b
	9.3±0.008d
	9.26±0.006c
	9.22±0.028a
	9.29±0.018d

	30 Day
	9.55±0.008a
	10±0.012b
	10±0.014b
	10.1±0.007c
	10.09±0.004c
	10.32±0.011d

	60 DAY
	10.34±0.014a
	10.4±0.016b
	10.4±0.011b
	10.4±0.008b
	10.45±0.014c
	10.99±0.011d

	90 Day
	11±0.014a
	11.35±0.008b
	11.86±0.014c
	12.12±0.012d
	12.88±0.015e
	13.51±0.015f

	Sample size: n = 10 fish per treatment per time point. Measurements were taken on the same individuals at 0, 30, 60, and 90 days.
Units: Values are expressed as mean b* ± standard error (SE).
Statistical analysis: Within each row (time point), means with different superscript letters (a-f) differ significantly (p < 0.05; two‑way ANOVA followed by Tukey’s test, with treatment and time as factors).


3.10 Total Carotenoid analysis in the skin, muscle and caudal fin
Higher spirulina concentrations were associated with a significant increase in the total carotenoid content in the blue gourami's skin, muscle and caudal fin over time (Table 14). Carotenoids in the skin began at 6.23±0.004 μg/g in T0 and grew significantly (p<0.05) throughout the trial, reaching 10.23±0.005 μg/g in T5. This suggests a strong positive association between carotenoids and spirulina levels (p<0.05). The increase in muscle carotenoids was also more notable, rising from 0.65±0.008 μg/g in T0 to 0.93±0.006 μg/g in T5, which indicates that carotenoids accumulate more slowly in muscle tissue. Over time, the caudal fin showed a more significant rise in carotenoids (p < 0.05), with levels rising from 4.15±0.017 μg/g in T0 to 7.77±0.012 μg/g in T5. Similar trends were seen for the total body carotenoids, which peaked at 9.98±0.019 μg/g in T5 after an unanticipated decline in T2 (7.97±0.01 μg/g) (Table 14). The carotenoid buildup in blue gourami appears to be dependent on the amount of spirulina in their diet and extended exposure seems to be especially beneficial for their skin and caudal fin.
Table 14 Total Carotenoids analysis in the skin, muscle and caudal fin of blue gourami, Trichogaster trichopterus, fed with different levels of spirulina platensis.
	Treatments
	Skin (μg/g)
	Muscle (μg/g)
	Caudal fin (μg/g)
	Whole body (μg/g)

	T0 (0% Spirulina)
	6.23±0.004a
	0.65±0.008a
	4.15±0.017a
	8.49±0.003b

	T1 (2%)
	7.11±0.006b
	0.64±0.007ab
	5.32±0.012b
	8.97±0.02c

	T2 (4%)
	7.97±0.002c
	0.67±0.005bc
	5.98±0.014c
	7.97±0.01a

	T3 (6%)
	8.66±0.006d
	0.67±0.007c
	6.45±0.012d
	9.86±0.05e

	T4 (8%)
	9.01±0.007e
	0.77±0.004d
	6.86±0.028e
	9.23±0.005d

	T5 (10%)
	10.23±0.005f
	0.93±0.006e
	7.77±0.012f
	9.98±0.019f

	Units: Expressed as μg carotenoid per gram wet tissue weight (μg/g).
Sample size: n = 5/Treatment
Statistical analysis: Values are mean ± standard error (SE). Within each column, means with different superscript letters (a-f) differ significantly (p<0.05; one‑way ANOVA followed by Tukey’s test).


3.11 Carotenoids analysis in the skin
The carotenoids in the skin of blue gourami were analyzed and the results showed that increasing the number of spirulina in their diet significantly increased the concentration of key carotenoids. Asthaxanthin levels increased from 5.01±0.042 ng/g in T0 to 7.97±0.07 ng/g in T5, indicating a similar upward trend. Meanwhile, the most abundant carotenoid measured, β-carotene, increased significantly from 29.97±0.027 ng/g in T0 to 47.99±0.047 ng/g in T5 (p<0.05). Significant increases (p<0.05) were also observed in T3 (7.56±0.006 ng/g astaxanthin, 1.78±0.014 ng/g canthaxanthin, 43.2±0.012 ng/g β-Carotene) and T4 (6.59±0.06 ng/g astaxanthin, 1.87±0.008 ng/g canthaxanthin, 40.35±0.057 ng/g β-Carotene); however, T5 consistently showed the highest concentrations (p<0.05) (Table 15). These findings indicate that increased dietary spirulina significantly increases the presence of carotenoids in the skin, improving overall pigmentation and possibly providing health benefits for the fish.
Table 15 Carotenoids analysis in the skin of blue gourami, Trichogaster trichopterus, fed with different levels of spirulina platensis.
	Treatments (Skin)
	Astaxanthin (ng/g)
	Canthaxanthin (ng/g)
	β-Carotene (ng/g)

	T0 (0% Spirulina)
	5.01±0.042b
	1.37±0.007b
	29.97±0.027a

	T1 (2%)
	4.78±0.008a
	1.45±0.004c
	36.20±0.028c

	T2 (4%)
	5.45±0.005c
	1.25±0.011a
	35.09±0.02b

	T3 (6%)
	7.56±0.006e
	1.78±0.014d
	43.20±0.012e

	T4 (8%)
	6.59±0.06d
	1.87±0.008e
	40.35±0.057d

	T5 (10%)
	7.97±0.07f
	2.00±0.012f
	47.99±0.047f

	Units: Expressed as nanograms per gram wet tissue weight (ng/g).
Sample size: n = 5/Treatment
Statistical analysis: Values are mean ± standard error (SE). Within each column, means with different superscript letters (a-f) differ significantly (p<0.05; one‑way ANOVA followed by Tukey’s test).


3.12 Carotenoids analysis in the muscle
Carotenoids in blue gourami muscle were analyzed and the results showed that adding more spirulina to their diet significantly increased (p<0.05) the number of carotenoids in the muscle. Spirulina concentration and astaxanthin accumulation in muscle tissue have a strong positive connection (p<0.05), with astaxanthin levels rising significantly over treatments (Table 16), peaking at 5.01±0.008 ng/g in T5. Astaxanthin levels were lowest in T0 at 2.12±0.012 ng/g. Similar trends were observed for canthaxanthin, which peaked at 0.8±0.008 ng/g in T0 and increased to 1.6±0.015 ng/g in T5. Intermediate values of 1.56±0.018 ng/g and 1.43±0.014 ng/g, respectively, were seen in T3 and T4 (p<0.05). Significant increases were also observed in β-carotene, the most abundant carotenoid tested, which increased from 24±0.067 ng/g in T0 to 35±0.057 ng/g in T5. Table 16 also showed significant levels for T3 and T4, with T3 measuring 32.98±0.006 ng/g and T4 measuring 33.66±0.068 ng/g. These results showed a constant increase in β-Carotene as spirulina levels rose (p<0.05).
Table 16 Carotenoids analysis in the muscle of blue gourami, Trichogaster trichopterus, fed with different levels of spirulina platensis.
	Treatments (Muscle)
	Astaxanthin (ng/g)
	Canthaxanthin (ng/g)
	β-Carotene (ng/g)

	T0 (0% Spirulina)
	2.12±0.012a
	0.80±0.008a
	24.0±0.067a

	T1 (2%)
	2.84±0.007c
	1.20±0.011b
	29.60±0.047c

	T2 (4%)
	2.54±0.04b
	1.35±0.07c
	27.66±0.088b

	T3 (6%)
	3.34±0.006d
	1.56±0.018e
	32.98±0.006d

	T4 (8%)
	4.55±0.012e
	1.43±0.014d
	33.66±0.068e

	T5 (10%)
	5.01±0.008f
	1.60±0.015f
	35.0±0.057f

	Units: Expressed as nanograms per gram wet tissue weight (ng/g).
Sample size: n = 5/Treatment
Statistical analysis: Values are mean ± standard error (SE). Within each column, means with different superscript letters (a-f) differ significantly (p<0.05; one‑way ANOVA followed by Tukey’s test)


3.13 Carotenoids analysis in the caudal fin
When blue gourami's diet included more spirulina, the amount of carotenoid content in their caudal fin increased significantly (Table 17). The levels of astaxanthin in the caudal fin increased dramatically across treatment, peaking at 7.9±0.04 ng/g in T5 after starting at 3.48±0.005 ng/g in T0 (p<0.05). This suggests a substantial positive association between spirulina concentration and astaxanthin accumulation. Canthaxanthin also rose, with notable increases in T2 (1.36±0.011 ng/g) and T4 (1.35±0.005 ng/g), which demonstrate nonsignificant difference (p>0.05). It started at 1.01±0.012 ng/g in T0 and reached 1.39±0.008 ng/g in T5. The most abundant carotenoid detected, β-carotene, increased significantly in all treatments (Table 17). It began in T0 at 34.32±0.042 ng/g and increased gradually to 52.2±0.016 ng/g in T5, which represents the maximum accumulation. Significant levels were also shown by intermediate treatments T2 and T4, with T2 reaching 45.56±0.008 ng/g and T4 at 49.8±0.008 ng/g (p<0.05).
Table 17 Carotenoids analysis in the caudal fin of blue gourami, Trichogaster trichopterus, fed with different levels of spirulina platensis.
	Treatments (Caudal fin)
	Astaxanthin (ng/g)
	Canthaxanthin (ng/g)
	β-Carotene (ng/g)

	T0 (0% Spirulina)
	3.48±0.005a
	1.01±0.012a
	34.32±0.042a

	T1 (2%)
	4.86±0.03c
	1.22±0.008b
	38.32±0.061b

	T2 (4%)
	3.97±0.06b
	1.36±0.011c
	45.56±0.008d

	T3 (6%)
	6.78±0.02e
	1.24±0.012b
	40.01±0.012c

	T4 (8%)
	6.01±0.05d
	1.35±0.005c
	49.8±0.008e

	T5 (10%)
	7.9±0.04f
	1.39±0.008d
	52.2±0.016f

	Units: Expressed as nanograms per gram wet tissue weight (ng/g).
Statistical analysis: Values are mean ± standard error (SE). Within each column, means with different superscript letters (a-f) differ significantly (p<0.05; one‑way ANOVA followed by Tukey’s test).


4. Discussion
Growth and feed efficiency are greatly increased by spirulina supplementation, according to the growth analysis of blue gourami (Trichogaster trichopterus) fed at different amounts of spirulina (T0: control, T1: 2%, T2: 4%, T3: 6%, T4: 8% and T5: 10%). There was a significant increase in final weight, weight gain (WG) and daily growth rate (DGR) with increasing spirulina levels; the T5 group (10% spirulina) had the greatest increases. Feed efficiency ratio (FER) rose and feed conversion ratio (FCR) dropped in the groups with higher spirulina content, indicating more effective feed utilization. Better protein utilization and growth rates were indicated by improvements in the protein efficiency ratio (PER) and specific growth rate (SGR), especially in the T5 group. Crucially, all treatments maintained a 100% survival rate (SR), suggesting that spirulina had no detrimental effects on fish health. All in all, the 10% spirulina diet (T5) yielded the strongest effects, indicating that this is the best amount to increase the growth and effectiveness of blue gourami. Numerous studies (Cao et al. 2018a; Gogoi et al. 2018; James et al. 2006; Khanzadeh et al. 2016; Mustafa et al. 1994; Palmegiano et al. 2008; Promya & Chitmanat 2011; Ramakrishnan et al. 2008; Teimouri et al. 2013; Tongsiri et al. 2010; Ungsethaphan et al. 2018) corroborate our findings.
However, contradictory results have been reported with no beneficial effects of dietary spirulina on the growth of common carp (Cyprinus carpio) (Nandeesha et al. 1998), Catla catla (Nandeesha et al. 2001) and Nile tilapia Oreochromis niloticus (Takeuchi et al. 2002). The enhanced feed intake and nutrient digestibility resulting from dietary spirulina may be the cause of the growth observed. According to several studies (James et al. 2006; Teimouri et al. 2013), spirulina enhanced the balance of microorganisms in the gut, which enhances food absorption, the activity of digestive enzymes and the fat transport system. Furthermore, spirulina contains several nutrients, particularly vitamins, minerals, vital amino acids and fatty acids, which may help promote fish growth by activating metabolism and acting as growth stimulants (Mustafa et al., 1994). Previous research suggests that high vitamins, mineral, essential amino acid, linoleic acid and linolenic acid contents contribute to the improvement of growth and food utilization with dietary SP (Cao et al. 2018a; Cao et al. 2018b; Meshkat Roohani et al. 2018; Mustafa et al. 1994). 
Blue gourami body indices and spirulina supplementation are correlated in a way that indicates a positive and substantial link with different body indices increased as spirulina percentage in the diet rises (from T0: control to T5: 10%). There is a correlation between elevated spirulina levels and higher bile somatic index (BSI %), viscerosomatic fat index (VFSI %), hepatosomatic index (HSI %) and condition factor (CF %). This suggests a direct relationship between improvements in liver development, the potential for reproduction, buildup of fat, and general body condition and the amount of dietary spirulina, with the largest correlations seen at the highest supplementation doses (T4: 8% and T5: 10%) (Lee et al. 2002; Yang et al. 2002; Enes et al. 2009; Abdel-Tawwab et al. 2010; Coutinho et al. 2012; Guo et al. 2012; Jiang et al. 2015; Wu et al. 2015; Wang et al. 2016; Yang et al. 2016).
Hematology parameters in blue gourami are greatly impacted by supplementation with spirulina. The RBC count (6.41×106/mm3), WBC count (6.97×104/mm3) and haematocrit (37.72%) of T5 (10% spirulina) were significantly higher than those of the control (T0), which had the lowest values. These increases suggested enhanced production of red blood cells and total blood volume. Additionally, T5 had greater hemoglobin levels (6.27 g %) than T0 (5.84 g %). MCV, MCH and MCHC all showed significant improvements over treatments; T5 had the highest values, indicating improved red blood cell functionality. Lymphocyte percentages increased and monocyte percentages decreased in T5, suggesting a strengthened immune response. Overall, higher spirulina concentrations positively influence hematological health in blue gourami. It is reported that phycocyanin of SP affects the stem cells in the bone marrow, which develops the cellular immune system and red blood cells (Mengumphan & Saengkrachang 2008). Our findings demonstrated that the fish's levels of Hct, Hb and RBC, as well as secondary red blood cell indices (MCV & MCH), increased significantly (p<0.05), which is consistent with research on other fish species (Fazio et al. 2017; Karim et al. 2019; Fazio et al. 2020).
Improvements are observed in multiple parameters in the haemato-biochemical analysis when compared to the control group (T0). T5 (10% spirulina) showed higher amounts of total protein and albumin with spirulina, at 5.85 g/dl and 2.91 g/dl, respectively. At lower dosages, globulin levels declined initially; in T5, they peaked at 2.21 g/dl. With the highest value of 1.38 in T3 (6% spirulina), the A:G ratio improved in the majority of treatments. In T0, triglyceride levels were 153.5 mg/dl; in T5, they were 160.26 mg/dl and in T5, they were 168.6 mg/dl and 191.46 mg/dl, respectively. Spirulina was associated with a drop in ALT and AST levels, which are indicators of liver health and hepatic stress reduction. Between T0 and T4, ALP levels dropped dramatically from 30.16 U/L to 21.13 U/L, suggesting better bone and liver function. Spirulina improves fish health overall by having a beneficial effect on several haemato-biochemical markers. Fish fed a meal containing 5.0-10 g/kg SP exhibited higher levels of protein, albumin and globulins than the control, which was the same diet examined in this study, according to Abdel-Tawwab and Ahmad (2009). The albumin as protein transporters synthesized by the liver (Anderson et al. 1979) and globulins play important roles in the immune system (Kumar et al. 2012). Additionally, the reduction of total cholesterol and triglyceride levels in fish-fed dietary SP may suggest that this effect is related to lipid metabolism. The albumin–globulin ratio is used to assess liver and kidney diseases, and liver enzyme activities are important diagnostic indices related to the overall nutritional status and liver function of target animals (Schaperclaus et al. 1992). Accordingly, the results of this study suggest that fish health improved because of decreased liver enzyme activities and unchanged albumin–globulin ratio in fish-fed dietary SP for 90 days. These findings are consistent with those of Ansarifard et al. (2018) as well.
Spirulina supplementation has been shown to have a good effect on the digestive efficiency of blue gourami, as seen by the enhanced activity of digestive enzymes. All these patterns point to a beneficial effect of spirulina supplementation on the digestive processes, as each enzyme exhibits notable improvements over the control. This demonstrates how spirulina may help blue gourami’s digestive systems function more efficiently overall. By adding more spirulina to blue gourami meals, digestive enzyme levels were raised. As a result, amylase levels in each treatment significantly rose in comparison to the other treatments, indicating an increase in the diet's carbohydrate content. Gourami is an omnivorous fish that eats better food found in plants, therefore it's possible that the high amounts of vegetarian protein in their diet, which includes spirulina, contributed to the notable rise in protease in their digestive tract. Significant variations were observed when spirulina was added to the digestive tract to boost lipase up to 10%. However, this rise in lipase was not sustained, possibly due to the omnivorous fish's capacity to reduce fat digestion. Furthermore, dietary SP demonstrated increased digesting enzyme activity in fish intestines (James et al. 2006; Teimouri et al. 2013). Additionally, Ansarifard et al. (2018) found that in fish administered dietary SP, enhanced digestive enzyme activity resulted in decreased feed intake and increased nutrient retention.
When compared to the control group (T0), spirulina supplementation significantly improves immune function in blue gourami, according to the examination of immune response parameters. All the spirulina treatments resulted in increases in IgM, lysozyme activity and phagocytic activity, which suggests that the fish's immune system was strengthened. The gradual gains shown in T1 (2% spirulina) and T2 (4% spirulina) indicate that even modest doses of spirulina can boost immunological responses. Notably, T3 (spirulina content of 6%) and T4 (spirulina content of 8%) show additional improvements, especially in phagocytic activity, indicating an improvement in the fish's defenses against infections. T5 (10% spirulina) exhibits the most noticeable effects and is known to have the highest levels of IgM, lysozyme activity and phagocytic activity. Blood proteins such as immunoglobulins have been identified as potential markers of fish with heightened immune responses (Uribe et al. 2011; Burgos-Aceves et al. 2019). In fish, phagocytosis, bactericidal activity and respiratory burst activities are crucial components of the cellular immune system (Lamas et al. 1994, Rodríguez et al. 2009). According to Ragap et al. (2012), who found that continuous use of spirulina boosted lysozyme activity within a few weeks, the use of spirulina in the diet of blue gourami’s demonstrated an increase in enzyme activity. Therefore, adding spirulina up to 10% markedly increased this impact. The results obtained in this study are consistent with previous research by Ibrahem et al. (2013), which found that increasing the number of spirulina and its duration of usage in meals boosted the production of lysozyme enzymes in fish bodies. Spirulina aids in the synthesis of these enzymes.
Supplementing fish with spirulina improves the fish's nutritional value. Because spirulina contains high-quality protein and necessary amino acids, there may be increased protein synthesis and retention as evidenced by the notable increase in crude protein content, especially in the higher spirulina treatments (T4 and T5). It's also important to note that the crude lipid content decreased as spirulina levels rose, which may indicate that spirulina helps prevent fish fat accumulation. An additional indication that spirulina may be maximizing nutrient uptake and utilization, resulting in more effective feed conversion, is the decrease in crude fiber and ash levels across treatments. The inverse association between moisture content and dry matter for all treatments is in line with general trends in fish body composition, which shows that reduced moisture content is frequently accompanied by increased dry matter. Comparably, other research found that spirulina significantly increased the content of whole-body protein (Nandeesha et al. 2001; Promya & Chitmanat 2011; Velasquez et al. 2016) and decreased the content of whole-body fat (Cao et al. 2018a; Kim et al. 2013; Nandeesha et al. 1998; For instance, polyphenol chemicals found in SP are recognized for their ability to decrease fat and act as antioxidants (Balasundram et al. 2006; Kim et al. 2013). Our findings, however, are consistent with other research reporting increased or decreased whole-body ash content (Nandeesha et al. 2001; Tongsiri et al. 2010) and decreased whole-body moisture content (Promya & Chitmanat 2011; Tongsiri et al. 2010; Velasquez et al. 2016). Our research also found that dietary spirulina affected both ash and moisture.
The color characteristics of blue gourami are greatly influenced by supplementing with spirulina. T5 (10% spirulina) had the maximum lightness at 60 and 90 days, indicating enhanced brightness, although no discernible differences in lightness were seen between T2 and T3 on the 30th day. Higher spirulina levels appear to increase green coloration, as seen by the continuously highest values for greenness (T5), which were particularly visible in the 60th and 90th days. T5 demonstrated a notable rise in yellow coloration, yielding the highest values in yellowness when compared to the control and other treatments. Overall, blue gourami lightness, greenness and yellowness are significantly improved by spirulina, especially at higher concentrations, following previous research (Gogoi et al. 2018; Güroy et al. 2012; Lu & Takeuchi 2002; Promya & Chitmanat 2011; Teimouri et al. 2013; Tongsiri et al. 2010). The results showed that spirulina improved color, especially the natural mucus layer that gives skin and fins their glossy appearance since it contains a significant amount of carotenoid pigments. In terms of consumer perception and desire, color is a significant factor in fish quality, particularly for Caspian brown trout. Like other animals, this fish needs to be eaten to receive the pigment carotenoids, as they cannot synthesize those (Wade et al. 2017). Thus, supplementing the diet with spirulina may be a great way to enhance the color of the skin and fillets.
Supplementing with spirulina greatly increases the deposition of carotenoid pigments in the skin, muscle and caudal fin of blue gourami; T5 (10% spirulina) exhibits the highest concentrations of these pigments. Total and specific carotenoids such as β-carotene, canthaxanthin and astaxanthin significantly increased in the skin, especially in T5, suggesting enhanced pigmentation. Likewise, muscle tissue demonstrated elevated amounts of carotenoid pigments, particularly β-carotene, which showed steady increases in all treatments. The fish's caudal fin exhibited a significant rise and T5 had the highest amounts of β-carotene and astaxanthin, highlighting the possible health advantages and significance of spirulina in increasing fish coloration. Spirulina appears to be effective in enhancing the color and nutritional value of blue gourami, based on its overall effect on carotenoid levels. According to James et al. (2006), the overall carotenoid content of red swordtail fish's fins, skin and muscles increased as the number of spirulina increased. They concluded that in all treatments, the fins had the most coloration, followed by the skin and muscle. Astaxanthin has a higher deposition efficiency than other carotenoids, according to Scheidt et al. (1985). Adonirubin, canthaxanthin, zeaxanthin, lutein and β-carotene come next. In rainbow trout, dietary astaxanthin was primarily absorbed, stored and partially metabolized to zeaxanthin, according to Katsuyama et al. (1987). The current study's findings for fish color parameters and linear correlations are consistent with those of Wathne et al. (1998), Storebakken et al. (2004) and Mora et al. (2006).
5. Conclusion
The study demonstrates that spirulina supplementation significantly enhances various aspects of blue gourami (Trichogaster trichopterus) physiology and performance. The results show that including more spirulina in the diet enhances immunological responses, body indices, growth parameters, hematological health, body composition, color characteristics and carotenoid accumulation. The results indicate that the 10% spirulina supplementation (T5) has the most consistent positive impacts on all these parameters, making it the most suitable concentration for use for enhancing the blue gourami's ornamental value and nutritional quality. Although Spirulina is a relatively costly ingredient, its inclusion at T4-T5 levels significantly improved FCR and growth, potentially reducing feed cost per unit biomass produced. Therefore, Spirulina supplementation may be economically viable for ornamental fish culture where market value depends on growth and health quality. These findings highlight the potential of spirulina as an all-natural nutritional supplement for ornamental fish, providing long-term advantages that satisfy the needs for colorful, healthy fish in the international aquarium market.
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