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Dietary supplementation with Lawsonia inermis enhances growth performance, innate immunity and disease resistance in Catla catla fingerlings against Aeromonas hydrophila

ABSTRACT
The present investigation reports the first-ever studies on the immunostimulatory efficacy of Lawsonia inermis supplementation against Aeromonas hydrophila in Catla catla fingerlings with its influence on their growth performance, disease resistance, survival rate, cumulative mortality and innate immune response. Varied concentrations viz- 5 g/kg, 10 g/kg and 15 g/kg of L. inermis diet remarkably displayed an increased body weight, length, protein conversion ratio, specific growth and survival rate in a dose-dependent manner compared to negative control (C) and positive control groups (I). Cumulative mortality was significantly reduced across the experimental groups, suggesting an enhanced disease resistance in fish administered with L. inermis-enriched diet. The minimum cumulative mortality rate of 4.33 % in the negative control group followed by 7.67 % in the highest dose 15 g/kg (E-III), 15.67 %  in the mid-dose 10 g/kg (E-II) 36.33 % in the lowest dose, 5 g/kg  (E-I) and a maximum of 75.67% in the positive control (I) group were observed. It was also reported that during the 30 days of the post-challenged period, compared to positive control and negative control, all the experimental groups supplemented with L.inermis diet revealed a concentration-dependent rise in immunological studies like phagocytic, alternative complement, respiratory burst and lysozyme activities. Thus, an ideal dose of 15 g/kg of L. inermis as a herbal supplement is a possible nutritive immunostimulant in the fingerlings of C. catla against A. hydrophila.
Keywords   Lawsonia inermis, Fish,  Pathogen, Innate immunity, Disease resistance. 
1. INTRODUCTION

Carps are the most significant farmed aquatic organism worldwide, both in number and value (Miao and Wang 2020). They are nutritionally important due to a high proportion of readily digestible animal proteins and are known as the "meat" of the "Third World." (Mohanty 2019) and are also rich in micronutrients (Abdel et al., 2007). Their cultivation can be regulated or partially controlled under conditions to meet commercial or societal objectives. Aquaculture techniques can dramatically increase fish and other marine food production beyond natural methods (Tacon 2020).  

C. catla, an endemic river fish, is the second most important Indian major carp and is highly nutritious and suitable for polyculture systems (Hossain et al., 2022). Its lower production cost and faster growth rate are notable features that can be targeted for extensive and intensive systems (Manam and Quraishi 2024). It belongs to the family Cyprinidae, commonly cultivated in India and Southeast Asia, and is prevalently attacked by diseases like ulcerative syndromes and hemorrhagic septicemia (Kibenge 2022). Of all the major Indian carp, C. catla is more prone to Aeromonas infection, affected by dropsy disease (Jhingran 1968). Freely moving aeromonads and A. hydrophila, a Gram-negative bacterium, are highly prevalent in freshwater fishes, causing chronic, acute and dormant infections (Saharia et al., 2018). In carp culture, A. hydrophila causes hemorrhagic septicemia, severe ulcers on the skin, tail and fins with eroded morphological signs and fluid accumulation in the abdomen (Saharia et al., 2018). Pathogenic severity and mortality of Aeromonas infection in fish are mostly influenced by the temperature of the water and the availability of nutrients in it (Zhang et al., 2020). A toxic component called aerolysin is responsible for the pathogenic effects of A. hydrophila in Cyprinids (Ran et al., 2018; Zhang et al., 2025). In recent decades, researches have suggested that the abundance of secondary metabolites in herbs and their antimicrobial properties are strategic alternatives to antibiotics and other chemical applications in aquaculture and are also highly economical and lucrative (Elumalai et al., 2020). In fish against Aeromonas species various plant based enrichment like Aloe extract in Cyprinus carpio (Andayani et al., 2020), leaf powders of Piper betle, Psidium guajava and Thithonia diversifolia in Clarius gariepinus (Nafiqoh et al., 2020), Moringa oleifera in Oreochromis niloticus (Abd El-Gawad et al.,, 2020), Spirulina powder in Heteropneustes fossilis fingerlings (Rahman et al., 2023), Chrysopanic acid (Harikrishnan et al., 2021) and Illicium verum supplementation in C. catla (Mohanasundari et al., 2022) have displayed an enhanced growth and nonspecific immune response. Various medicinal herbs included in fish feed have proven to increase the bioavailability of nutrients to the host (Semwal et al., 2023) and are known to have effective inhibitory mechanisms to influence the onset of immunostimulatory effects against a wide range of fish diseases (Vijayaram et al., 2023; Kumar et al., 2022).
Lawsonia inermis, commonly called henna, is known for its cosmetic properties and is widely distributed in India, Pakistan, Sri Lanka, Africa, Egypt and the Southern parts of Asia (Boubaya et al., 2011). It belongs to the Class-Magnoliopsida, Family-Lythraceae (Al-Snafi 2019), rich in bioactive constituents like alkaloids, phenols, flavonoids, saponins, coumarins, tannins and terpenes (Chaudhary et al., 2010; Sahuet al., 2012; Audu et al., 2018) and Lawsone, a naphthoquinone, is attributed to several medicinal characteristics of henna (Xavier et al., 2020). It is well studied that L. inermis used in all forms like seeds, fruits, leaves, extracts, and oils is effective against bacteria, viruses, fungi and other parasites (Hassaballa and Ahmed 2022). As a traditional medicine for many years in countries like Japan, China, Thailand, Vietnam, Bangladesh and India, henna is effective against malaria, respiratory and eye infections, muscular pains, headaches, skin diseases and hair fall (Batiha et al., 2024). It exhibits various pharmacological properties like healing wounds in rats (Nayak et al., 2007; Rekik et al., 2019), protective against liver damage (Kumar et al., 2017; Darvin et al., 2018), antibacterial (Habbal et al., 2011; Rahiman et al., 2013; Raja et al., 2013; Yusuf 2016) and antifungal effects (Kouadri 2018), controlling blood sugar levels (Ifaya 2021), improving survival rates in fish (Soltanian and Fereidouni 2016), antioxidant (Pasandi Pour and Farahbakhsh 2020), analgesic and anti-inflammatory (Humaish 2017), cytotoxic activity (Wang et al., 2007) and antibacterial activity (Elsharawy and Baghdadi 2022) against food-borne pathogens. 
Herbal feed supplementation in freshwater fishes plays an essential role in development and the nonspecific immunological response (Mbokane and Moyo 2024). In Cyprinus carpio, L. inermis has exhibited potential inhibiting efficacy against A. hydrophila with increased disease resistance and immune response (Soltanian and Fereidouni 2016). Leaf extract of henna showed an increased survival rate and remarkable antibacterial effect on A. hydrophila in Clarias gariepinus (Karina et al., 2015). It is also reported that the alcoholic extract of henna leaves displayed a significant wound healing capacity in Labidochromis caeruleus (Rezaie et al., 2014), immunostimulatory response against Aphanomyces invadans in murrells (Uthayakumar et al., 2014). In rainbow trout, the alcoholic extract of L. inermis has shown a significant repressing behaviour against the parasite, Ichthyophthirius multifiliis (Alishahi et al., 2021). 
Based on our literature review and thorough references, the present work is the first-ever study on analysing the protective capacity of L. inermis fortified dietary supplementation against A. hydrophila in C. catla fingerlings, focusing on their growth performance and non-specific immune response.    
2. MATERIALS AND METHODS
2.1. Experimental diet

Table 1 depicts the ingredients of the basal and L. inermis incorporated experimental diet. Washed leaves of L. inermis were shade dried for 10 days and made into a fine powder using an electric blender. The powder was sieved through a muslin cloth and stored in an air-tight plastic bag. All the ingredients for the basal diet were finely powdered and manually made into a dough with oil and water, and extruded. Similarly, three experimental diets were prepared at the rate of 5 g/kg, 10 g/kg, and 15 g/kg of L. inermis thoroughly mixed with the basal diet. Extruded pellets of 4 mm size were oven dried at 50◦C for 12 hrs and maintained in the freezer at −20◦C for future use (AOAC 1931).
Table 1 Ingredients of the experimental diets

	Ingredients (g/kg)
	Diet Groups (%)

	
	C
	I
	5 g/kg
	10 g/kg
	15 g/kg

	Fish meal
	50
	50
	50
	50
	50

	Soybean meal
	10
	10
	10
	10
	10

	Corn gluten meal 
	5
	5
	5
	5
	5

	Wheat flour
	15
	15
	10
	5
	0

	α- Starch
	2
	2
	2
	2
	2

	Wheat gluten
	10
	10
	10
	10
	10

	Fish oil
	5
	5
	5
	5
	5

	Vitamin premix (mg)a
	2
	2
	2
	2
	2

	Mineral premix (mg)b
	1
	1
	1
	1
	1

	Selected herbal supplement (Experimental supplement)
	0
	0
	5
	10
	15


aVitamin Premix per kg: Vitamin A = 700000 IU; Vitamin D = 140000 IU; Vitamin E = 500 mg; Vitamin B12 = 1000 mcg; FolicAcid = 100 mg; Nicotinamide = 1000 mg.

bMineral Premix per kg: Copper = 1200 mg; Cobalt = 150 mg; Iron = 1500 mg; Zinc = 3000 mg; Iodine = 325 mg; Selenium = 10 mg; Magnesium = 6000 mg; Manganese = 1500 mg; Potassium = 100 mg; Calcium = 270 gm; Phosphorus = 130 gm; Sulphur = 7.2 gm; Fluorine = 300 mg.

2.2. Bacterial strain

The bacterial strain A. hydrophila, MTCC 646, bought from the Institute of Microbial Technology, Chandigarh, India, was cultured in Tryptic Soy Broth and centrifuged for 20 minutes at 4◦C at the rate of 3500g.  0.15 M PBS was used to wash the bacterial pellets and stored in the same buffer at pH 7.2. Bacterial suspensions were stored at 70 ℃ until used. Morphological and biochemical characteristics of the bacteria were examined. Identification of genus and species was carried out by PCR, followed by re-isolation, cultivation and assessment of the pathogenicity of A. hydrophila (Krieg et al., 1984; Yogananth et al., 2009; Deng et al., 2009; Chatak et al., 2007). 

2.3. Experimental layout

8.69±2.05 grams of C. catla fingerlings procured from the fish farm were acclimatised, and healthy fingerlings were selected for the experiment. Fibre tanks with a capacity of 60 L were used to maintain the experimental groups. Five groups in triplicate, composed of 25 fingerlings in each, were formed, namely negative control (C),  positive control (I) and three supplemented groups (E-I, E-II and E-III). The negative control group was non-challenged and administered basal diet. The positive control group was challenged with the selected experimental bacteria and fed the same basal diet as the control group. The other three experimental groups were challenged and fed with 5 g/kg (E-I), 10 g/kg (E-II), and 15 g/kg (E-III) of L. inermis incorporated diet. The diet size was estimated to be 5% of their body weight, fed twice daily throughout the study period and adjusted proportionate to their biomass at regular intervals. 

2.4. Growth indices

To determine the growth performance of the experimental groups, Total Weight Gain (TWG), Specific Growth Rate (SGR), Feed Conversion Ratio (FCR), Protein Efficiency Ratio (PER), Survival Rate (SR), and Condition Factor (CF) were assessed.

TWG (g) = Final Weight (g) - Initial Weight (g)

SGR (%) per  day = [InFw-InTw] X 100/T

FCR= Feed administered / Final weight (mg) − Initial weight (mg)
PER = Weight gain (g) / Protein intake (g)

SR (%) = Final number /Initial number X 100
CF = W x 100/TL3

2.5. Isolation of head kidney macrophages

For the assessment of Immunological parameters, serum was prepared using 6 fish from each group in triplicate on the 10th, 20th and 30th day of post-challenge period.  Using MS-222 (Sigma USA), fish were anaesthetised and blood was obtained in Z Serum Sep Clot Activator tubes by puncturing the caudal vein. Gently mixed Clot Activator tubes were kept undisturbed and inverted for 2 hours. At 40C, they were centrifuged at 3500 g for 25 minutes. Serum collected was stored at -80℃ for further use. Density gradient sedimentation was used to isolate head kidney macrophages while excluding other cells. Macrophages were the only isolated leukocytes to exhibit prolonged adhesion to plastic surfaces. These cells thrived at 28 ºC in L-15 with 20% FBS. Using the cultured head kidney macrophages (HKM), phagocytic, respiratory burst, alternate complement and lysosyme activity were analysed, adapting the standard protocol of Secombes (1996) and Awasthi et al., (2014).

2.6. Evaluation of immunological parameters 

As per the standard protocol of Anderson (1995), Phagocytic assay (PA) and release of reactive oxygen species due to Respiratory Burst Activity (RBA) were studied. Following the method explained by Yano (1992), Alternate Complement Activity (ACA) was analysed using rabbit RBC (RBC; Oxoid) and Lysozyme Assay (LA) as per the procedure explained by Anderson (1995). 

2.7. Bacterial challenge 


Following the feeding trial, 6 fish from each L. inermis supplemented and positive control group were challenged with the infectious A. hydrophila. Fish were injected intraperitoneally with about 3.1x107cfu ml-1 of A. hydrophila with 100 μl of PBS. Non-challenged control group was injected with PBS only. Cumulative mortality was assessed and calculated (Amend 1981) throughout the experimental period, and reasons for the cause of death in the groups were analysed and confirmed as Aeromonas infection by bacteriological studies from the dead tissues.

2.8. Statistical analysis 

One-way analysis of variance (ANOVA) was employed in conjunction with Tukey’s pairwise comparison test using SPSS 22.0 to analyse the effect of supplemental diet and data of all the parameters studied were denoted as the mean ± standard deviation (SD) and a significant difference when p < 0.05 was recorded.

3. RESULTS
3.1. Growth study and feed utilization

During the entire 30 days of post-challenged period, at a periodical interval of 10 days,  all the L. inermis supplemented groups, positive control and negative control groups were subjected to a growth performance study. Compared to positive and negative control groups, L. inermis supplemented groups, though challenged, displayed an enhanced growth rate with reduced mortality and statistically higher survival rate. They were also found to be active and healthy. The challenged experimental groups fed with 15 g/kg of L. inermis supplemented diet exhibited an increased survival rate of 92.33 ± 2.52 %  followed by a gradual decrease in the dose of 10 g/kg (84.33 ± 2.08%), 5 g/kg (63.67 ± 1.15%) and the positive control group reported the least (24.33 ± 3.21%) (Fig. 1). There was also a significant (p < 0.05) difference in total weight gain (g), specific growth rate (% d-1), protein efficiency ratio, feed conversion rate, feed efficiency and condition factor (Table 2). 
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Fig. 1 Survival rate (%) of C. catla administered with varied concentrations of L. inermis supplementation against A. hydrophila.  Values are mean ± SE. Bars with different letters are significantly different (at p < 0.05).
Table 2  Growth performance of C. catla fingerlings administered with basal diet and L. inermis supplementation.

	Parameters
	Control
	I
	5 g/kg
	10 g/kg
	15 g/kg

	FL (cm)
	17.72±0.18NS
	17.58±0.20NS
	17.69±0.09NS
	17.72±0.18NS
	17.68±0.16NS

	FW (g)
	17.32±0.60c
	13.92±0.30d
	17.62±0.33c
	18.90±0.70b
	20.42±0.45a*

	TWG (g)
	11.09±0.26c
	7.62±0.56d
	11.36±0.57c
	12.67±0.99b
	14.19±0.10a*

	SGR (% d-1)
	3.41±0.07c
	2.65±0.23d
	3.45±0.21c
	3.70±0.29b
	3.96±0.11a*

	PER
	1.02±0.08b
	0.81±0.04c
	1.09±0.01ab
	1.12±0.03a*
	1.16±1.81a*

	FCR
	1.04±0.06a*
	1.10±0.02a*
	0.80±0.03b
	0.72±0.05bc
	0.68±0.02c

	CF
	0.31±0.02c
	0.26±0.01d
	0.32±0.01c
	0.34±0.01b
	0.37±0.01a*


The values are expressed as mean±standard deviation (SD). Asterisks (*) indicate significant differences (p<0.05); NS – Non significant.

FL-Final length, FW-Final weight, TWG-Total weight gain, SGR-Specific growth rate, PER-Protein efficiency ratio, FCR-Feed conversion ratio, CF-Condition factor.
3.2. Immune response

Phagocytic Assay 

Throughout the 30-day post-challenged period, phagocytic behaviour of head kidney macrophages of all the experimental groups studied at regular intervals of 10 days revealed a moderate and a significant increase (p<0.05), whereas the positive control group showed a decline in values. A maximum value of 46.00 ± 0.62 % in 15 g/kg, with a decreased value of 27.33 ± 1.55 % in 10 g/kg, 19.90 ± 1.25% in 5 g/kg, 13.73 ± 0.25% in the negative control and on the 30th day,  the positive control reported the least value of 8.37 ± 0.31 % (Fig. 2).
[image: image2.png]PA (%)

50

C

L-BS

®5gke W10gks M 15gkg

Days of Experiment





Fig. 2 Phagocytic activity (%) of C. catla fingerlings administered with varied concentrations of L. inermis supplementation against A. hydrophila. Values are mean ± SE. Bars with different letters are significantly different (at p < 0.05).

Alternate Complement Activity 

Complement activity studied at regular intervals of 10 days for 30 days of the challenged period revealed a gradual rise with a significant difference  (p < 0.05) in all the groups. On the 10th day, the positive control group displayed the least complement activity of 3.47 ± 0.21 U ml-1 and 3.63 ± 0.15 U ml-1 in the non-challenged control group. On the 10th day, the maximum dosage group, 15 g/kg, exhibited the highest complement activity of 6.87 ± 0.31 U ml-1, followed by 4.83 ± 0.15 U ml-1 in 10 g/kg and 4.17 ± 0.15 Uml-1 in 5 g/kg and revealed an increasing trend in the activity throughout the challenged period (Fig. 3).

Fig. 3 Alternate complement activity (%) of C. catla fingerlings administered with varied concentrations of L. inermis supplementation against A. hydrophila. Values are mean ± SE. Bars with different letters are significantly different (at p < 0.05).
Respiratory Burst Activity

The non-challenged control group fed with the basal diet displayed respiratory burst activity with minimal variations, but the positive control group showed significantly reduced values on the 20th and 30th day. However, from the 20th day, there was a marked and statistically significant increase (p < 0.05) in the supplemental groups. On the 30th day, the highest value of 19.47 ± 1.06 in 15 g/kg was followed by 15.60 ± 0.89 in 10 g/kg and 12.00 ± 0.56 in 5g/kg, and the least value of 2.47 ± 0.29 in the positive control group at OD 540nm was observed (Fig. 4).
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Fig. 4 Respiratory burst activity (OD 540 nm) of C. catla fingerlings administered with varied concentrations of L. inermis supplementation against A. hydrophila. Values are mean ± SE. Bars with different letters are significantly different (at p < 0.05).

Lysozyme Assay

Lysozyme activity was significantly lower (p < 0.05) in the negative (0.57 ± 0.12) and positive control (0.20 ± 0.10) groups compared to all supplemented groups. On day 30, lysozyme activity increased significantly (p < 0.05) in all L. inermis supplemented groups in a dose-dependent manner. A maximum of 4.40 ± 0.36 U ml-1 in 15 g/kg, followed by 2.27 ± 0.15 U ml-1 in 10 g/kg and a minimum of 2.10 ± 0.10 U ml-1 in 5 g/kg, 0.57 ± 0.12 U ml-1 in negative control, 0.20 ± 0.10 U ml-1 in positive control group were recorded on the 30th day  (Fig. 5).
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Fig. 5 Lysozyme activity (Units ml-1) of C. catla fingerlings administered with varied concentrations of L. inermis supplementation against A. hydrophila. Values are mean ± SE. Bars with different letters are significantly different (at p < 0.05).

Disease resistance

A maximum mortality rate of 75.67 % in the positive control group and a minimum of 4.33 % in the non-challenged control group was observed. However, the challenged experimental groups fed with L. inermis supplemental diet compared to positive control group revealed a significant (p < 0.05) reduced mortality rate of 7.67% in the maximum dose group, 15 g  kg-1, with an increased value of 15.67 % in the mid-dose group, 10 g/kg and 36.33% in the minimum dose group, 5 g/kg (Fig. 6).
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Fig. 6 Cumulative mortality (%) of C.catla fingerlings administered with varied concentrations of L. inermis supplementation against A. hydrophila during the post challenged period.
4. DISCUSSION
In the present study, L. inermis supplemented diet at varied concentrations in C. catla fingerlings challenged against A. hydrophila has revealed enhanced growth parameters, survival rate and cumulative mortality. In addition, a dose-dependent increased non-specific immune response, like phagocytic, alternate complement, respiratory burst and lysozyme activity in the experimental groups, highlights the antibacterial property of  L. inermis and provides an insight to adopt it in mitigating microbial infections in C. catla cultivation.

Among the Indian major carp, C. catla provides a quality protein with necessary fatty acids and micronutrients at a minimal production cost (Naylor et al., 2023). To fulfil the need of the growing population, its sustainable production harnessed through intensive farming has burdened the aqua sector to combat the emerging microbial diseases, leading to poor production (Sandeep et al., 2016). It is well stated that a continuous array of disease outbreaks in fish is due to the intricate relationship between the pathogen, host and environmental factors like water quality, pollutants, stress, etc (Snieszko 1974). A. hydrophila is an opportunistic bacterium found in all kinds of water, and its capability to be fatal in carps has gained importance in investigating its pathogenicity and toxic proteins (Mohanasundari et al., 2022; Semwal et al., 2023). Cost-effective herbal treatments in fish to control Aeromonas infection have been widely practised in recent decades and found to have significant results in stimulating the immune response in them (Ng et al., 2024). Jeyavani et al., (2022) have reviewed that in aquaculture practices, plant-based supplements rich in bioactive components have successfully controlled the non-judicious utilisation of antibiotics and have proven to boost the growth rate and nonspecific innate immunity, thus establishing an eco-friendly organic aquaculture.

The present study establishes that a plant-based fish diet rich in bioactive constituents can be substituted as growth promoters and immune modulators, eventually replacing the over-exploitation of the use of antibiotics in aquaculture (Citarasu 2010) since herbal diets support and increase the microbiota of the gastrointestinal tract, maintaining the gut homeostasis and bringing out the anti-microbial action in fish triggered by intestinal lymphoid organs (Azeredo et al., 2017; Rodrigues et al., 2020).
In the current investigation, the E-III administered with the maximum dose of 15 g/kg of L. inermis enriched diet showed elevated values in all the growth parameters in correlation with the results obtained in L. inermis injected intraperitoneally (Soltanian and Fereidouni 2016) and grape seed extract included diet (Mehrinakhi et al., 2021) in Cyprinus carpio against A. hydrophila with increased survival rate and reduced cumulative mortality. The minimum dose of 5 g/kg and the mid dose of 10 g/kg groups showed a moderate increase in body weight and length compared to the positive control group, which reported the least value. In the present study, the positive control, challenged but fed with the basal diet, displayed the maximum mortality, followed by the lowest dosage group, mid-dose and the highest dosage group, whereas the least mortality was recorded in the non-challenged fed with basal diet group, suggesting an increased disease resistance in the supplemented groups. Similar to our findings, it is reported that ethanolic extracts of Cynodon dactylon (Kaleeswaran et al., 2011), dietary Ginger powder (Arulvasu et al., 2013) and oyster mushroom inclusion (Sattanathan et al., 2018) against A. hydrophila in C. catla displayed a concentration-dependent increase in the relative survival percentage and disease resistance. In coherence with C. catla, a similar observation is recorded in green chiretta (Palanikani et al., 2020) and tulsi (Das et al., 2015) enriched fish diet in Labeo rohita against A. hydrophila on survival rate and nonspecific immune response. The current study establishes that herbal-supplemented fish groups show a remarkable increase in the FCR and PER is in correlation with Oregano vulgare  (Faisal et al., 2024) and extracts of star anise (Ali et al., 2024) supplemented C. catla fingerlings. In our findings, the condition factor in all the experimental groups with values less than 1 is consistent with the result obtained in the growth performance of Cyprinus carpio challenged with Pseudomonas sp. (Wani 2023). In fish culture, it is opined that stressed conditions affect their overall well-being; fish feed supplementations have proved to influence a better state in the experimental groups than the control groups (Metaxa et al., 2018).
Similar to our results, increased weight gain and reduced FCR in the highest dosage are observed in broiler chickens fed with L. inermis fish meal (Adedeji et al., 2019). Following our study, it is reported that both the coccidiosis-challenged and unchallenged broiler chicken administered with an L. inermis fortified diet exhibited a significantly elevated growth rate and serum values in response to protozoan infection (Eldeeb et al., 2025). Similarly, Ahmad et al. (2024) have observed a considerable elevation in the egg quality and well-developed reproductive tract in white leghorns supplemented with L. inermis compared to the control groups. 

In recent decades, phytotherapeutics have proven to be an efficient and economical alternative to modulate immune response in fish to hamper microbial infections. Researches prove that alkaloids, polyphenols, quinones, terpenes, coumarins and flavonoids enhance antibacterial activity in various ways, like cell membrane permeability alterations and cellular interactions with minimal lipid content (Elansary et al., 2020; Fatahi Bafghi et al., 2022). In the present work, all the experimental groups E-I, E-II and E-III fed with the L.inermis diet showed a significant (p<0.05) increase in the phagocytic, complement, respiratory burst and lysozyme activity and were found to be maximum in the highest dosage group 15 g/kg followed by slightly reduced values in 10 g/kg, 5 g/kg and control with the least recorded in the positive control group are consistent with the reports of Soltanian and Fereidouni (2016) in L. inermis injected C. carpio against A. hydrophila at 6 mg/kg, 60 mg/kg and 600 mg/kg.. The results suggest that the bioactive naphthoquinone, Lawsone and other phenolic compounds are potential candidates for the antibacterial properties of L. inermis (El-Hag et al., 2007).
In fish, head kidney macrophages play a crucial role in engulfing pathogens and provide a non-specific immune response by cytokine and defensive secretions (Tort 2011) and by respiratory burst activity under stressed conditions (Zhu and Su 2022). During the experimental period, the control group revealed a gradual and mild increase in the phagocytic behaviour. L. inermis fed groups exhibited a gradual and huge increase after the 10th day and on the 30th day it was found to be maximum in the highest dosage group and the least in the positive control which is consistent with the dose-dependent increased phagocytic index in Andrographis paniculata administered L. rohita against A. hydrophila (Palanikani et al., 2020). This observation can be correlated with the findings that organic extracts of henna rich in ursolic acid, triterpene and naphthoquinones could be the notable key components of antibacterial activity (Youl et al., 2024) in agreement with increased bactericidal behaviour displayed by Chrysophanic acid, an anthraquinone administered in C. catla against A. hydrophila (Harikrishnan et al., 2021). These studies support that administration of plant-based supplements rich in bioactive molecules in fish elevates the White blood corpuscles count and antibodies, eventually exhibiting resistance in the fish (Nya and Austin 2009).
   Complement activity helps to assess the impact of feed additives, pollutants and pathogens in fish and provides insights to connect the innate and adaptive immunity in them (Bavia et al., 2022). In the present investigation, on the 10th day, compared to the negative control, the complement activity was notably raised in 15 g/kg and continued to increase throughout the experimental period. On the other hand, values continued to decline in the positive control group. However, the L. inermis supplemented groups, 10 g/kg and 5 g/kg, displayed a gradual but moderate elevation compared to the negative control group. This observation is consistent with the results obtained in Mucuna pruriens administered Oreochromis mossambicus against A. hydrophila (Musthafa et al., 2018) and also by the findings that beta-Glucan (Zanuzzo et al., 2017), Aloe vera (Robertsen 1999) inclusion has influenced hemolysis and inflammation, the entry of pathogens also initiates a cascade of serum proteins geared up by their cell wall polysaccharides to promote the same, displaying a significant alternate complement activity against A. hydrophila in Brazilian fish, Piaractus mesopotamicus. The increased complement activity in the experimental groups suggest that alkaloids, polyphenols and flavonoids are the phytochemicals for immunostimulating behaviour of L. inermis that triggered a series of actions like opsonization, hindered bacterial colonization and also the hemolytic action of bacterial polysaccharide (Robertsen 1999) that are innate protection exhibited by fish against harmful pathogens (Ellis 2001).   
   In the present investigation, the respiratory burst activity almost remained similar in the negative control group throughout the experiment. It gradually declined in the positive control group, with the least recorded on the 30th day. In the experimental groups the production of oxygen radicals increased from the 10th day to 30th day and the maximum was observed on the 30th day in the highest dosage group which is consistent with the reports of L. inermis fed C. carpio against A. hydrophila (Soltanian and Fereidouni, 2016) highlighting the records of bioactive components have a strong impact on neutrophils and macrophages that can bring out removal of pathogens by increased production of hydroxyl and oxygen radicals (Skowrońska et al., 2022). This finding follows the results obtained in ginger (Arulvasu et al., 2013) mixture of probiotic bacterium and Mentha piperita (Bhatnagar and Saluja 2019), administered C. catla against A. hydrophila. It is also reported that administration of, rosemary and turmeric (Ayoub et al., 2019), Moringa oleifera leaf powder (Abd El-Gawad et al., 2020) and Withania somnifera root (Zahran et al., 2018) in Nile tilapia against A. hydrophila has proven to be a great source of immunostimulant, revealing a remarkable respiratory burst activity compared to the control. Thus, the bioactive molecules can attack the infection-causing organisms through the excessive production of oxygen radicals. This can be attributed to the cytotoxic behaviour of naphthoquinone in henna, causing cell death, hampering the enzymes responsible for bacterial growth (Sperandio et al., 2013). 
In fish, lysozyme activity is one of the immediate responses to the entry of pathogens and other nonconducive circumstances, as they mainly depend on innate immunity rather than adaptive immunity. It is also an important marker of disease resistance (Saurabh and Sahoo 2008). In our study, during the post-challenge period, the lysozyme activity displayed an increasing trend in the experimental groups with insignificant changes in the negative control and reduced values in the positive control group. On the 30th day, the maximum was recorded in the highest dosage group and the least in the positive control which is consistent with the reports of C. carpio challenged with A. hydrophila fed with L. inermis enriched diet (Soltanian and Fereidouni 2016) and a similar finding is observed in Cynodon dactylon (Kaleeswaran et al., 2011), Zingiber officinale (Arulvasu et al., 2013) and Achyranthes aspera (Chakrabarti et al., 2014) supplemented C. catla against A. hydrophila. An elevated lysozyme activity in a dose-dependent manner recorded in the current investigation is consistent with coriander (Das et al., 2023), shilajit (Musthafa et al., 2018) fed Nile Tilapia against A. hydrophila.

Research reports that hydroxyl and carbonyl groups with the aromatic quinone structure of Lawsone are crucial in preventing bacterial multiplication also implies that Lawsone, the key component of henna, is more effective against even the thick-walled Gram-negative bacteria than the Gram-positive ones, which can alter the permeability of lipophilic molecules, suggesting a plausible explanation for the present study that A. hydrophila is a Gram-negative bacterium (Ravichandiran et al., 2019). Apart from Lawsone, its derived products like alkannin and shikonin can also be attributed to antibacterial activity, suggesting the pharmacological importance of L. inermis in C. catla cultivation against A. hydrophila (El-Hag et al., 2007). Thus, the overall immune response exhibited by the C. catla fingerlings fed with L. inermis against A. hydrophila can be attributed to medically significant secondary metabolites like luteolin, gallic and ferulic acid as antimicrobial agents, radical scavengers and allergic and inflammation inhibitors (Khantamat et al., 2021; Guo et al., 2020).   

5. CONCLUSION
Dietary supplementation with Lawsonia inermis improved growth performance, survival and selected innate immune responses in Catla catla fingerlings challenged with Aeromonas hydrophila. Among the tested inclusion levels, 15 g/kg produced the highest survival rate, lowest cumulative mortality and strongest immune responses, including phagocytic activity, alternative complement activity, respiratory burst activity and lysozyme activity. The findings suggest that L. inermis may serve as a plant-based dietary supplement for supporting health and disease resistance in C. catla culture. Further validation under extended culture conditions is required before broad field application.
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