Optimization of dietary Moringa oleifera leaf meal as a fish meal substitute for Labeo rohita during the nursery phase




Abstract
The increasing cost and limited availability of fish meal have intensified the search for sustainable plant-based protein sources for aquafeeds. Moringa oleifera leaf meal (MOLM) is a promising alternative because of its high protein content and abundance of bioactive compounds. The present study evaluated the effects of graded dietary inclusion of MOLM as a partial replacement for fish meal on the growth performance, feed utilisation, whole-body composition, and haematological responses of Labeo rohita spawn during a 20-day nursery feeding trial. Five isonitrogenous experimental diets containing 0% (Control), 5% (T1), 10% (T2), 15% (T3), and 20% (T4) MOLM were formulated. Fish were randomly allocated to triplicate experimental units and fed the respective diets under controlled environmental conditions. Water quality parameters remained within the optimal range throughout the experimental period and did not differ significantly among treatments (P > 0.05). Dietary supplementation with MOLM significantly influenced growth performance and nutrient utilisation (P < 0.05). Fish fed the T3 diet (15% MOLM) exhibited the highest final weight (315.54 ± 0.92 mg), weight gain (314.11 ± 0.92 mg), and specific growth rate (26.98 ± 0.06% day⁻¹), the lowest feed conversion ratio (1.36 ± 0.02), the highest protein efficiency ratio (1.72 ± 0.03), and the greatest survival (62.67 ± 2.33%). Whole-body protein (18.50 ± 0.12%), lipid (4.67 ± 0.12%), and ash (4.07 ± 0.03%) contents were also significantly enhanced in the T3 group. Furthermore, dietary inclusion of 15% MOLM significantly improved haematological indices, including haemoglobin concentration (5.50 g/dL), red blood cell count (0.98 ± 0.14 × 10⁶/mm³), and packed cell volume, indicating an enhanced physiological condition and oxygen-carrying capacity. In contrast, the highest inclusion level (20%) adversely affected growth performance and blood parameters, likely because increased dietary fibre and anti-nutritional factors reduced nutrient utilisation. The findings demonstrate that replacing fish meal with 15% M. oleifera leaf meal effectively enhances the growth, feed efficiency, body composition, and haematological health of L. rohita spawn without compromising water quality. Therefore, MOLM can serve as a sustainable and economical plant protein source for nursery diets, contributing to environmentally responsible and cost-effective carp aquaculture.
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2. Introduction
The global aquaculture industry is undergoing a “Blue Transformation”, a major shift intended to meet the aquatic food requirements of a world population projected to reach 9 billion by 2050 (Food and Agriculture Organization of the United Nations [FAO], 2022). This transformation depends on feed security (Hua et al., 2019; Naylor et al., 2021). Fish meal (FM) has long been the dominant protein source in intensive aquaculture because of its excellent amino acid profile, high digestibility, and essential fatty acid content (Gatlin et al., 2007; Tacon & Metian, 2008). However, stagnation in global capture fisheries and increasing demand from the aquaculture and terrestrial livestock sectors have created a major imbalance between supply and demand. This imbalance has led to severe price volatility, with FM prices increasing by about 300% in recent years, thereby threatening the economic viability of aquaculture, particularly in resource-limited countries (Tacon & Metian, 2008). These challenges have encouraged the use of plant-based ingredients as promising substitutes for FM because of their abundance, cost-effectiveness, and environmental sustainability (Campanati et al., 2022; Gatlin et al., 2007; Hardy, 2010; Hua et al., 2019). Processing strategies such as fermentation can improve the nutritional value and physiological effects of plant meals used in aquafeeds (Hassaan et al., 2018). Among the available alternatives, Moringa oleifera, popularly known as the “Miracle Tree”, has emerged as a potential non-conventional protein source (Abdel-Latif et al., 2022; Richter et al., 2003; Su & Chen, 2020). M. oleifera leaves contain approximately 28–32% crude protein; essential amino acids, including lysine, methionine, threonine, leucine, isoleucine, valine, phenylalanine, and tryptophan; vitamins A (β-carotene), C, E, and B-complex; and minerals, including calcium, potassium, iron, magnesium, phosphorus, zinc, and copper (Makkar & Becker, 1997; Teixeira et al., 2014). Moreover, Moringa leaves are rich in bioactive phytochemicals, such as flavonoids, phenolic compounds, and natural antioxidants, which have been shown to improve metabolic efficiency and disease resistance in aquatic species (Chakraborty & Hancz, 2011; Kamble et al., 2024; Nassar et al., 2024). Recent studies have also shown that carefully optimised fish-meal replacement with non-conventional ingredients can improve feed utilisation and growth, although responses vary with ingredient type and replacement ratio (Rachmawati et al., 2025; Tabassum et al., 2025). Dietary M. oleifera has also been associated with growth, haematological, and immune-related benefits in cultured aquatic species, but recent evidence emphasises that these responses are inclusion-dependent (Hasani et al., 2025; Panda et al., 2025; Saleh et al., 2025).
Labeo rohita (rohu) is an important Indian major carp species known for its rapid growth, adaptability, and high consumer preference across Asia (Jena, 2009). The nursery phase of L. rohita is a critical ontogenetic stage that determines the availability of healthy seed for grow-out culture and is a key determinant of overall system production (Tanuja et al., 2026). At this stage, L. rohita larvae shift from a diet of zooplankton to artificial feeds, necessitating higher protein levels to support somatic development (Das et al., 2019; Shafique et al., 2025). Although various plant ingredients have been assessed for carp, data concerning the optimal inclusion level of Moringa leaf meal during the nursery transition of L. rohita remain scarce (Adeshina et al., 2018; Mehdi et al., 2016).
Haematological parameters provide a reliable, non-lethal diagnostic approach for evaluating the nutritional status and physiological responses of fish to dietary changes (Fazio, 2019; Witeska et al., 2022). The oxygen-transport capacity, metabolic vigour, and immunological competence of fish are reflected in key markers such as haemoglobin (Hb), red blood cell (RBC) count, and white blood cell (WBC) count (Hemprabha & Arya, 2025; Witeska et al., 2023).
Knowledge of the optimal dietary inclusion level of MOLM as a partial fish meal substitute during the nursery phase of L. rohita remains limited. Moreover, most available studies have focused primarily on growth performance, whereas comprehensive assessments integrating growth, nutrient retention, and haematological responses remain scarce. Because the nursery stage is characterised by rapid tissue growth and high nutritional demands, establishing a scientifically validated inclusion level of MOLM is necessary to support the sustainable and economically viable culture of rohu spawn. Therefore, this study aimed to assess the effects of varying levels of MOLM as a partial replacement for fish meal on the growth performance, nutrient retention, and haematological health of L. rohita spawn.
2. Materials and Methods
2.1 Experimental site 
The feeding trial was conducted in the wet laboratory of the Department of Aquaculture, College of Fisheries, Acharya Narendra Deva University of Agriculture and Technology (ANDUA&T), Kumarganj, Ayodhya, India. The laboratory environment was strictly controlled for 20 days to minimise external stress factors. All animal-handling and experimental procedures were conducted in accordance with established ethical guidelines for the care and use of laboratory animals in research.
2.2 Experimental fish and acclimatization
Three-day-old hatchlings (i.e. spawn) of L. rohita were procured from Tamsa Fish Seed Hatchery, Bikapur, Ayodhya. The spawn were acclimatised to the laboratory environment in an aerated aquarium.
2.3 Preparation of Moringa oleifera leaf meal (MOLM)
Fresh leaves of M. oleifera were obtained from farms on the ANDUA&T campus. The leaves were rinsed with clean water to remove dust and contaminants, shade-dried at ambient temperature, and then dried in a hot-air oven at 60 ± 5°C until brittle to preserve the integrity of heat-sensitive bioactive compounds (Makkar & Becker, 1997; Teixeira et al., 2014). The dried leaves were pulverised in a high-speed mechanical grinder and passed through a 150-μm filter to obtain a homogeneous meal powder.
2.4 Diet formulation for L. rohita spawn
Five experimental diets were formulated to contain approximately 35% crude protein, which has been reported as the optimal requirement for L. rohita during the nursery stage (Shafique et al., 2025). MOLM was included at 0% (Control), 5% (T1), 10% (T2), 15% (T3), and 20% (T4) as a partial replacement for fish meal. The proportions of mustard oil cake, soya cake, and rice bran were adjusted to maintain an isonitrogenous balance. The ingredients were mixed with soybean oil and a vitamin and mineral premix, pelleted, and dried at 40°C. Table 1 presents the ingredient composition.
Table 1. Details of Ingredients composition (%) of test diets.
	Ingredient
	Control (0%)
	T1 (5%)
	T2 (10%)
	T3 (15%)
	T4 (20%)

	Fish meal
	20
	19
	18
	17
	16

	MOLM1
	0
	5
	10
	15
	20

	Mustard oil cake
	29
	28
	26
	24
	23

	Rice bran
	23
	19
	18
	16
	13

	Soya cake
	23
	23
	23
	23
	23

	Soybean oil
	2
	2
	2
	2
	2

	Vit. and Min. Premix2
	2
	2
	2
	2
	2

	Salt
	1
	1
	1
	1
	1


1 MOLM=Moringa oleifera leaf meal. 
2Vitamin & Mineral premix kg-1: Vit. B12: 40mg, Vit. D3: 3,000,000 IU, Vit. A: 15,000,000 IU, Vit. C: 15,000mg, B2: 7000mg, Vit. K3: 8,000mg, Vit. B6: 4,000mg, Vit. Ca pantothenate: 12,000mg, Folic acid: 1,500mg, Nicotinic acid: 60,000mg, Fe: 1,000mg, Ca: 155 g, Co: 40mg, P: 135 g, Se: 3mg, Na: 45 g, Zn: 3,000mg, Cu: 600mg, Mg: 55 g, Mn: 2,000mg, I: 40mg.
2.5 Experimental design
The experiment was conducted using a completely randomised design (CRD), with five treatments and three replicates per treatment. A total of 200 spawn were stocked in each 200-litre glass tank. All experimental procedures involving fish handling were conducted in accordance with institutional ethical guidelines.
2.6 Feeding management and water quality
The fish were fed twice daily at 09.00 and 16.00 h. During the first week, the feeding rate was set at four times the body weight and was increased to eight times the body weight in the subsequent week to accommodate rapid development. Approximately 25% of the water in each tank was drained daily to remove unconsumed feed and metabolic waste. Physicochemical parameters, including temperature, pH, dissolved oxygen, total alkalinity, and ammonia-N, were measured weekly using standard procedures described by Baird et al. (2017) and were maintained within optimal ranges.
2.7 Growth performance 
The indices of growth performance were the following:
· Percentage Weight Gain = (Final Weight -Initial Weight)/ Initial Weight * 100
· Specific Growth Rate (SGR, % d-1) = {ln(Final Wt.)-ln(Initial Wt.)}/(time period)x 100
· Feed Conversion Ratio (FCR) = Total Feed Consumed / Total Weight Gain 
· Protein Efficiency Ratio (PER) = Weight Gain / Protein Intake 
· Survival Rate (%) = (No. of fish recovered / No. of fish reared) × 100
2.8 Proximate analysis of feed and carcass composition of fish
The proximate composition of the materials, diets, and whole-body fish samples was determined in triplicate using the standard methodology of AOAC International (2019). Crude protein was determined using the micro-Kjeldahl technique (N×6.25), crude lipid by Soxhlet extraction, and ash content by incineration in a muffle furnace at 550 oC.
2.9 Haematological parameters
At the end of the experiment, blood was collected from the caudal vein of the experimental fish using heparinised syringes. Haemoglobin (Hb) was measured using the cyanmethemoglobin technique (Witeska et al., 2022). Red blood cell (RBC) and white blood cell (WBC) counts were determined using a Neubauer haemocytometer (Witeska et al., 2023). Packed cell volume (PCV) was determined using the micro-haematocrit method. Erythrocytic indices, including MCV, MCH, and MCHC, were calculated using the published method (Kumar & Kangle, 2022).
2.10 Statistical analysis
Data were analysed using SPSS version 25.0. One-way analysis of variance (ANOVA), followed by Duncan’s multiple range test (DMRT), was used to test for significant differences among treatment means at P < 0.05.

3. Results
3.1 Proximate composition of feed ingredients and experimental diets
Proximate analysis of the raw ingredients showed that MOLM was a nutritionally rich protein source for L. rohita. The crude protein content of MOLM was 28.12 ± 0.03%, representing a substantial contribution of nitrogenous matter and a value comparable to that of other high-quality plant meals, such as mustard oil cake (30.37 ± 0.28%), as shown in Table 2. MOLM also had a high mineral content, as indicated by its ash concentration of 11.08 ± 0.02%.
The experimental diets were maintained at similar isonitrogenous levels across treatments (35.1-35.5% CP), thereby meeting the nutritional requirements of L. rohita spawn. However, the inclusion of MOLM produced a clear increasing trend in crude fibre content. As shown in Table 3, crude fibre increased from 4.5% in the control group to 6.1% in the T4 (20% MOLM) group. Crude lipid content in the MOLM-containing diets ranged from 6.6% to 6.8% and was slightly higher than the control value of 6.5%. This difference may be attributable to the inherent lipid content of Moringa leaves. Ash content decreased slightly with the substitution of fish meal by MOLM, indicating changes in mineral availability.
Table 2. Proximate nutritional profile (%) of conventional ingredients used in diet formulation
	Feed Ingredient
	Moisture
	Ether Extract
	Total Ash
	Crude Protein
	Total CHO

	Fish meal
	3.54 ± 0.32
	5.87 ± 0.19
	22.93 ± 0.02
	67.66 ± 0.58
	0.65 ± 0.71

	MOLM
	7.37 ± 0.01
	8.64 ± 0.03
	11.08 ± 0.02
	28.12 ± 0.03
	36.36 ± 0.03

	Mustard oil cake
	8.52 ± 0.12
	10.73 ± 0.21
	7.08 ± 0.05
	30.37 ± 0.28
	32.62 ± 0.51

	Soya meal
	7.37 ± 0.49
	3.00 ± 0.89
	11.04 ± 0.18
	50.74 ± 0.75
	27.28 ± 0.60

	Rice bran
	7.07 ± 0.10
	1.76 ± 0.72
	11.78 ± 0.39
	12.74 ± 0.40
	59.12 ± 0.33


Values are present in Mean±SD
Table 3. Analyzed proximate composition (%)of experimental diets
	Diet Parameter
	Control
	T1
	T2
	T3
	T4

	Crude Protein
	35.5 ± 0.01
	35.4 ± 0.02
	35.3 ± 0.03
	35.2 ± 0.03
	35.1 ± 0.01

	Crude Lipid
	6.5 ± 0.03
	6.6 ± 0.01
	6.7 ± 0.01
	6.8 ± 0.01
	6.8 ± 0.03

	Crude Fiber
	4.5 ± 0.02
	4.8 ± 0.01
	5.2 ± 0.01
	5.7 ± 0.02
	6.1 ± 0.02

	Ash
	8.3 ± 0.03
	8.2 ± 0.01
	8.1 ± 0.03
	8.0 ± 0.02
	7.9 ± 0.02

	Moisture
	8.2 ± 0.15
	8.3 ± 0.11
	8.4 ± 0.09
	8.3 ± 0.12
	8.5 ± 0.10


Values are present in Mean±SD, n=3 per treatment group



3.2 Water quality parameters
The water quality parameters recorded during the 20-day nursery rearing period of Labeo rohita spawn are presented in Table 4. Water temperature, pH, dissolved oxygen, total alkalinity, and total hardness remained within the acceptable ranges recommended for the successful culture of Indian major carp throughout the experimental period. No significant differences (P > 0.05) were observed among the dietary treatments for any of the measured water quality parameters, indicating that dietary incorporation of Moringa oleifera leaf meal (MOLM) did not adversely affect the culture environment. The mean water temperature ranged from 27.80 ± 0.51 to 27.94 ± 0.35°C, pH from 7.51 ± 0.11 to 7.60 ± 0.14, dissolved oxygen from 5.71 ± 0.28 to 5.85 ± 0.25 mg L⁻¹, total alkalinity from 123.90 ± 5.12 to 126.20 ± 3.85 mg L⁻¹, and total hardness from 171.13 ± 4.61 to 172.40 ± 5.36 mg L⁻¹ across the experimental treatments. These values remained within the optimal ranges reported for nursery rearing of L. rohita and were suitable for supporting normal physiological functions, feeding activity, and growth.
The absence of significant differences among treatments suggests that replacing fish meal with MOLM at levels of up to 20% had no measurable effect on the physicochemical characteristics of the rearing water. This may be attributed to the formulation of nutritionally balanced experimental diets and the adoption of appropriate feeding and water-management practices throughout the study. Adequate dissolved oxygen and near-neutral pH are essential for efficient metabolism, nutrient utilisation, and overall fish health, whereas suitable alkalinity and hardness contribute to buffering capacity and osmotic regulation. Consequently, the favourable water quality conditions maintained during the experiment helped ensure that the observed differences in growth performance, feed utilisation, body composition, and haematological responses were primarily associated with the dietary treatments rather than environmental variation.
The present findings are consistent with those reported by Kumawat et al. (2018), Malik et al. (2020), Das et al. (2019), and Tanuja et al. (2026), who also observed that maintaining water quality within the recommended limits is essential for maximising the growth and survival of L. rohita during nursery culture. Therefore, the results indicate that dietary inclusion of MOLM did not compromise water quality and provided a suitable culture environment for evaluating its nutritional effects on L. rohita spawn.
Table 4. Water quality parameter of experimental units
	Parameter
	T0​
	T1​
	T2​
	T3​
	T4​

	Temperature (°C)
	27.85 ± 0.42
	27.91 ± 0.38
	27.80 ± 0.51
	27.88 ± 0.47
	27.94 ± 0.35

	pH
	7.54 ± 0.12
	7.58 ± 0.15
	7.51 ± 0.11
	7.56 ± 0.18
	7.60 ± 0.14

	Dissolved Oxygen (mg/L)
	5.82 ± 0.22
	5.78 ± 0.19
	5.85 ± 0.25
	5.74 ± 0.21
	5.71 ± 0.28

	Total Alkalinity (mg/L as CaCO3)
	124.5 ± 4.21
	126.2 ± 3.85
	125.1 ± 4.52
	123.9 ± 5.12
	124.8 ± 3.94

	Total Hardness (mg/L as CaCO3)
	142.1 ± 5.18
	143.5 ± 4.92
	141.8 ± 6.11
	144.2 ± 5.38
	142.9 ± 5.74

	Ammonia-Nitrogen (NH3-N mg/L)
	0.012 ± 0.003
	0.014 ± 0.002
	0.013 ± 0.004
	0.015 ± 0.003
	0.016 ± 0.004


Values are presented as Mean ± SD (n = 3). No significant differences were noticed between treatments (P > 0.05).

3.3 Growth performance and feed utilisation efficiency
The effects of dietary inclusion of Moringa oleifera leaf meal (MOLM) on the growth performance of Labeo rohita spawn are presented in Table 5. Initial body weight did not differ significantly (P > 0.05) among the experimental groups, confirming the uniform distribution of fish at the start of the feeding trial. However, dietary supplementation with MOLM significantly influenced (P < 0.05) final body weight, weight gain, specific growth rate (SGR), and survival, indicating that the response of L. rohita spawn depended on the level of fish meal replacement.
Among the experimental diets, fish fed the T3 diet containing 15% MOLM exhibited the highest final body weight, weight gain, SGR, and survival, whereas fish fed the T4 diet (20% MOLM) showed a decline in growth performance compared with T3. The improved growth observed at the 15% inclusion level suggests that moderate incorporation of MOLM provided an appropriate balance of nutrients while maintaining adequate feed palatability and digestibility. In contrast, the reduction in growth at the highest inclusion level indicates that excessive replacement of fish meal may have reduced nutrient utilisation, possibly because of the higher fibre content and naturally occurring anti-nutritional compounds present in M. oleifera leaves.
The superior growth performance of fish fed the T3 diet may be attributed to the high-quality protein, balanced amino acid profile, vitamins, minerals, and biologically active compounds present in M. oleifera leaves. These nutritional attributes are known to support efficient nutrient assimilation, protein synthesis, physiological development, and overall metabolic activity, thereby promoting better growth during the early life stages of fish. The improvement in survival observed in the T3 group further suggests that an optimal level of MOLM contributed to better health status and enhanced adaptation of the spawn under culture conditions.
The present findings are in agreement with previous reports showing favourable growth responses at moderate dietary MOLM inclusion in cultured fish (Afuang et al., 2003; Arsalan et al., 2016; Ayotunde Ezekiel et al., 2016; Ganzon-Naret, 2014; Richter et al., 2003). Further studies have documented improvements in growth and feed utilisation following dietary Moringa supplementation (Elabd et al., 2019; Faisal et al., 2024; Mehdi et al., 2016; Momin & Memiş, 2023; Tabassum et al., 2023). Recent evidence also indicates beneficial effects on survival, physiological condition, and disease resistance (Abdel-Latif et al., 2022; Emam et al., 2024; Kamble et al., 2024; Nassar et al., 2024; Sharker et al., 2024). These studies consistently demonstrated that the nutritional richness and functional bioactive compounds of M. oleifera improve feed utilisation and support normal physiological processes, leading to enhanced growth and survival.
Conversely, the reduction in growth performance observed at the 20% inclusion level agrees with previous reports indicating that excessive incorporation of plant leaf meals may reduce feed intake and nutrient digestibility because of increased dietary fibre and anti-nutritional constituents, such as tannins, phytates, and saponins. These compounds can interfere with nutrient absorption and protein utilisation, thereby limiting growth when the plant meal is included beyond the optimal dietary level. The present results therefore suggest that, although M. oleifera leaf meal is an effective alternative plant protein source, its inclusion should be carefully optimised to maximise growth performance in L. rohita spawn.
Overall, the results demonstrate that partial replacement of fish meal with 15% MOLM provides the most favourable dietary strategy for the nursery rearing of L. rohita spawn by improving growth performance and survival without compromising the culture environment. This finding supports the potential use of M. oleifera leaf meal as a sustainable and economical protein source in nursery diets for Indian major carp.
Table 5. Growth performance and survival of L. rohita spawn fed graded levels of MOLM
	Parameter
	Control
	T1
	T2
	T3
	T4

	Initial weight (mg)
	1.42 ± 0.04a
	1.42 ± 0.04ᵃ
	1.41 ± 0.05ᵃ
	1.43 ± 0.03ᵃ
	1.40 ± 0.06ᵃ

	Final weight (mg)
	294.84 ± 1.33b
	220.83 ± 2.89d
	240.29 ± 4.23ᶜ
	315.54 ± 0.92ᵃ
	186.65 ± 2.12e

	Weight gain (mg)
	293.42 ± 1.33b
	219.41 ± 2.89d
	238.88 ± 4.23ᶜ
	314.11 ± 0.92ᵃ
	185.25 ± 2.12e

	SGR (% d-1)
	26.68 ± 0.08ᵇ
	25.23 ± 0.12d
	25.69 ± 0.10ᶜ
	26.98 ± 0.06ᵃ
	24.43 ± 0.09e

	FCR
	1.83 ± 0.03ᵃ
	1.68 ± 0.02ᵇ
	1.53 ± 0.03ᶜ
	1.36 ± 0.02ᵈ
	1.62 ± 0.03ᵇ

	PER
	1.67 ± 0.01ᵃ
	1.40 ± 0.01ᶜ
	1.53 ± 0.02ᵇ
	1.72 ± 0.03ᵃ
	1.42 ± 0.02ᶜ

	Survival (%)
	55.33 ± 1.76ᵇ
	60.00 ± 1.15ᵃᵇ
	60.00 ± 1.15ᵃᵇ
	62.67 ± 2.33ᵃ
	60.00 ± 0.58ᵃᵇ


Values are expressed as mean ± SD (n = 3). Mean values within the same row bearing different superscript letters differ significantly (P < 0.05) as determined by one-way ANOVA followed by Duncan's Multiple Range Test (DMRT).
3.4 Whole-body proximate composition
The effects of dietary inclusion of Moringa oleifera leaf meal (MOLM) on the whole-body proximate composition of Labeo rohita spawn are presented in Table 6. Dietary incorporation of MOLM significantly influenced (P < 0.05) the whole-body moisture, crude protein, crude lipid, and ash contents of the experimental fish. Among the dietary treatments, fish fed the T3 diet containing 15% MOLM exhibited the highest crude protein, lipid, and ash contents, whereas the control and T4 groups recorded comparatively lower values. In contrast, moisture content showed an inverse trend, with the lowest value observed in the T3 group.
The higher whole-body protein content recorded in fish fed the T3 diet indicates improved dietary protein utilisation and greater protein deposition in body tissues. This response is likely associated with the high nutritional quality of M. oleifera leaves, which provide digestible protein, essential amino acids, vitamins, minerals, and bioactive compounds that support efficient nutrient assimilation and tissue growth. Similarly, the increase in whole-body lipid content at the optimal inclusion level suggests improved energy utilisation and storage, reflecting the better overall nutritional status of the fish. The elevated ash content observed in the T3 group may be attributed to the naturally high mineral content of M. oleifera leaves, particularly calcium, phosphorus, iron, and other essential micronutrients, which contribute to improved mineral deposition during growth.
The improved carcass composition observed at the 15% inclusion level is consistent with the superior growth performance and feed utilisation recorded in the present study, indicating that moderate dietary supplementation with MOLM enhanced the efficiency of nutrient digestion, absorption, and retention. In contrast, the slight reduction in crude protein and lipid contents observed at the highest inclusion level (20% MOLM) suggests that excessive replacement of fish meal may have reduced nutrient digestibility and protein deposition, possibly because of increased dietary fibre and naturally occurring anti-nutritional compounds present in M. oleifera leaves. These factors may limit nutrient availability and reduce the efficiency of nutrient utilisation when the leaf meal is included beyond the optimal level.
The present findings are in agreement with previous studies reporting improved whole-body composition following dietary incorporation of Moringa leaf products (Afuang et al., 2003; Arsalan et al., 2016; Ayotunde Ezekiel et al., 2016; Faisal et al., 2024; Tabassum et al., 2023). Comparable improvements in nutrient deposition and carcass quality have also been reported in cultured fish (Abdel-Latif et al., 2022; Elabd et al., 2019; Ganzon-Naret, 2014; Mehdi et al., 2016; Richter et al., 2003). These studies demonstrated that the rich nutritional profile and functional properties of M. oleifera enhance nutrient utilisation, resulting in improved carcass quality and overall fish performance.
Overall, the present results demonstrate that dietary inclusion of 15% MOLM optimises the whole-body nutrient composition of L. rohita spawn by promoting greater protein, lipid, and mineral deposition without adversely affecting moisture content. These findings further support the suitability of M. oleifera leaf meal as a sustainable partial replacement for fish meal in nursery diets for Indian major carp.
Table 6. Whole-body proximate composition (wet weight, %) of L. rohita
	Treatment
	Moisture (%)
	Protein (%)
	Lipid (%)
	Ash (%)

	Control
	75.2 ± 0.58
	16.63 ± 0.22ᶜ
	4.2 ± 0.17
	3.63 ± 0.09ᵇ

	T1 (5%)
	74.47 ± 0.2
	17.53 ± 0.19ᵇ
	4.33 ± 0.18
	3.73 ± 0.09ᵃᵇ

	T2 (10%)
	74.9 ± 0.76
	17.58 ± 0.19ᵇ
	4.32 ± 0.02
	3.73 ± 0.1ᵃᵇ

	T3 (15%)
	74.83 ± 0.64
	18.50 ± 0.12ᵃ
	4.67 ± 0.12
	4.07 ± 0.03ᵃ

	T4 (20%)
	74.41 ± 0.16
	17.62 ± 0.14ᵇ
	4.13 ± 0.07
	3.95 ± 0.03ᵃᵇ


Note: Different superscripts (a-e) within columns indicate significant difference (P < 0.05). The data represent the averages of three replicates.
3.5 Haematological health status
The effects of dietary inclusion of Moringa oleifera leaf meal (MOLM) on the haematological parameters of Labeo rohita spawn are presented in Table 7. Dietary supplementation with MOLM significantly influenced (P < 0.05) haemoglobin concentration (Hb), red blood cell (RBC) count, packed cell volume (PCV), and other erythrocytic indices. Fish fed the T3 diet containing 15% MOLM exhibited the highest values for Hb, RBC, and PCV, whereas the lowest values were recorded in fish receiving the T4 diet (20% MOLM). These findings indicate that moderate dietary inclusion of MOLM improved the physiological and haematological status of L. rohita spawn, whereas excessive inclusion reduced these beneficial effects.
The improvement in haemoglobin concentration, erythrocyte count, and packed cell volume observed in the T3 group suggests enhanced erythropoiesis and oxygen-transport capacity, which are essential for supporting normal metabolism, tissue growth, and overall physiological performance. These beneficial effects may be attributed to the rich nutritional composition of M. oleifera leaves, which provide high-quality protein, essential amino acids, iron, vitamins, minerals, and natural antioxidant compounds that support blood-cell formation and maintenance. Improved haematological indices also reflect better nutritional status and indicate that dietary MOLM contributed positively to the health and well-being of the experimental fish.
The decline in haematological parameters observed in fish fed the highest inclusion level (20% MOLM) may be associated with reduced nutrient utilisation resulting from increased dietary fibre and the presence of naturally occurring anti-nutritional compounds in M. oleifera leaves. These factors may interfere with nutrient absorption and consequently reduce the availability of essential nutrients required for normal blood-cell production when the leaf meal is included beyond the optimal dietary level.
The present findings are consistent with previous reports of improved haematological indices following dietary Moringa supplementation (Arsalan et al., 2016; Ayotunde Ezekiel et al., 2016; Emam et al., 2024; Hemprabha & Arya, 2025; Monir et al., 2020). Related studies have also shown improvements in antioxidant status, immune function, and disease resistance (Abdel-Latif et al., 2022; Kamble et al., 2024; Nassar et al., 2024; Sharker et al., 2024; Witeska et al., 2023). These studies demonstrated that the nutritional and functional properties of M. oleifera, including its antioxidant and immunomodulatory constituents, contribute to an improved physiological condition, enhanced blood profile, and better adaptation to culture conditions.
Overall, the present study demonstrates that dietary inclusion of 15% MOLM effectively improves the haematological profile of L. rohita spawn, indicating an enhanced physiological condition, oxygen-carrying capacity, and general health. The improved blood parameters observed at this inclusion level further support the superior growth performance and feed utilisation recorded in the present study, confirming that 15% dietary MOLM is the optimal level for partial replacement of fish meal in nursery diets for L. rohita spawn.
Table 7. Haematological parameters of L. rohita spawn under different dietary treatments
	Treatment
	Hb (g/dL)
	RBC (×10⁶/mm³)
	PCV (%)
	WBC (×10³/mm³)

	Control
	4.63 ± 1.85ᵃᵇ
	0.83 ± 0.4ᵃᵇ
	13.13 ± 6.52ᵃᵇ
	17.6 ± 10.4ᵃ

	T1 (5%)
	5.20 ± 1.91ᵃ
	1.04 ± 0.4ᵃ
	16.90 ± 8.14ᵃ
	28.5 ± 15.9ᵃ

	T2 (10%)
	3.68 ± 0.38ᵃᵇ
	0.72 ± 0.03ᵃᵇ
	11.49 ± 0.2ᵃᵇ
	17.9 ± 0.64ᵃ

	T3 (15%)
	5.50 ± 0.87ᵃ
	0.98 ± 0.14ᵃ
	12.97 ± 1.76ᵃᵇ
	25.3 ± 6.6ᵃ

	T4 (20%)
	1.29 ± 0.1ᵇ
	0.27 ± 0.02ᵇ
	2.73 ± 0.58ᵇ
	3.97 ± 0


Different superscripts (a-e) within columns indicate significant difference (P < 0.05). The data represent the averages of three replicates.
5. Conclusion
The present study demonstrated that dietary inclusion of Moringa oleifera leaf meal (MOLM) as a partial replacement for fish meal significantly influenced the growth performance, feed utilisation, whole-body composition, and haematological status of Labeo rohita spawn during the nursery rearing period. Among the experimental diets, the inclusion of 15% MOLM (T3) produced the best overall performance, as evidenced by a significantly higher growth rate, improved feed conversion efficiency, enhanced protein utilisation, superior whole-body nutrient composition, and improved haematological indices without adversely affecting water quality. In contrast, increasing the inclusion level to 20% resulted in reduced growth and feed utilisation, suggesting that excessive incorporation of MOLM may limit nutrient utilisation, possibly because of its higher fibre content and naturally occurring anti-nutritional compounds.
The results indicate that the 15% dietary inclusion of M. oleifera leaf meal can effectively replace a portion of fish meal in nursery diets for L. rohita spawn while maintaining fish health and culture-water quality. This strategy has the potential to reduce dependence on conventional fish meal, lower feed costs, and promote the use of sustainable plant-based protein resources in carp aquaculture. Therefore, M. oleifera leaf meal represents a promising, economical, and environmentally sustainable feed ingredient for the nursery production of Indian major carp.
Further studies should investigate the long-term effects of MOLM supplementation under grow-out culture conditions, evaluate its influence on digestive enzyme activity, gut health, nutrient digestibility, and muscle amino acid and fatty acid composition, and assess its economic feasibility under commercial farming conditions. Such investigations will provide a more comprehensive understanding of the nutritional potential of M. oleifera and facilitate its wider application as a sustainable alternative protein source in aquafeed formulations.

Limitation
The study was limited to a 20-day laboratory trial using one source of Labeo rohita spawn and three replicates per treatment. Digestibility, anti-nutritional factors, digestive enzymes, gut condition, immune responses, and economic performance were not directly assessed. Consequently, the findings describe short-term nursery responses under controlled conditions and should not be generalised to longer grow-out periods or commercial production systems without further validation.
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