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A B S T R A C T   

This study evaluated the effects of jamun leaf extract (JLE) as a feed supplement on growth performance, 
haemato-immunological, oxidative stress-related parameters, and cytokine gene expression in Cyprinus carpio 
challenged with Aeromonas hydrophila.. Diets containing four different JLE concentrations, that is, 0 (basal diet), 
5 (JLE5), 10 (JLE10), and 15 g kg− 1 (JLE15), were fed to carp (6.17 ± 0.43 g) for eight weeks. Growth per
formance was significantly higher in JLE10. Haemato-immunological and antioxidant parameters were deter
mined in fish at 48 h post-challenge with A. hydrohila. The cumulative survival was highest in JLE10 (69.69%) 14 
days post-challenge. Serum protein (2.18 ± 0.06 g dL− 1), lysozyme (32.38 ± 1.2 U mL− 1), alternative com
plement pathway (70.43 ± 1.61 U mL− 1), phagocytic activity (21.18 ± 0.48%), respiratory burst activity (0.289 
± 0.09 OD630nm), and immunoglobulin levels (6.67 ± 0.36 U mg mL− 1) were significantly higher in JLE10 than 
in the control. Serum alanine aminotransferase (44.06 ± 1.62 Unit mL− 1), aspartate aminotransferase (31.58 ±
1.82 Unit mL− 1), and malondialdehyde (2.57 ± 0.26 nmol mL− 1) levels were lower in JLE10 than in the control 
(p < 0.05), whereas myeloperoxidase activity was significantly higher in JLE5 and JLE10 than in the control. 
Superoxide dismutase levels in the serum were higher (p < 0.05) in JLE5 and JLE10 than in the other groups. 
Gene expression analysis revealed that the mRNA expression of pro-inflammatory cytokines TNF-α and IL-1β was 
upregulated (p < 0.05) in the liver, head-kidney, and intestine of challenged carp in JLE10. The signalling 
molecule NF-κB p65 was upregulated in lymphoid organs in JLE10 but not in the liver. The anti-inflammatory 
cytokine IL-10 was significantly downregulated in challenged carp in JLE10 compared with that in the con
trol. Quadratic regression analysis showed that optimal dietary JLE was estimated to be 9.03–10.15 g kg− 1 to 
maximize the growth performance. Results of the present study revealed that dietary JLE at 10 g kg− 1 can 
significantly improve the immunity and disease resistance of C. carpio. Thus, JLE is a promising food additive for 
carp aquaculture.   

1. Introduction 

Aquaculture is one of the fastest-growing food-producing sectors and 
is an ideal source of high-quality protein and micronutrients in humans 
[1]. Global fisheries and aquaculture production is up from 148.1 

million metric tons (mmt) in 2010 to 184.6 mmt in 2022 [2]. Yet there is 
a need to increase aquaculture production to meet the protein needs of 
humans. However, intensive aquaculture often generates stressors. 
When fish are subjected to severe stress conditions, an acute drop in 
oxygen causes irregular oxidative reactions that lead to excessive 
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amounts of reactive oxygen species (ROS) being produced [3]. Any 
change in the equilibrium between antioxidants and ROS, in support of 
ROS, is considered oxidative stress. Oxidative stress weakens the im
mune system of fish and renders them susceptible to various bacterial, 
parasitic, fungal, and viral pathogens [4]. The use of antibiotics and 
chemotherapeutic drugs in aquaculture leads to drug-resistant patho
gens, immune suppression in fish, environmental pollution, and the 
accumulation of chemical residues in fish, which can potentially be 
hazardous to humans [5]. The need to replace synthetic drugs with 
eco-friendly options is becoming increasingly important. Currently, 
research approaches are being extended to vaccination, probiotics, 
herbal plants, and immunostimulants. However, the success rate of 
vaccines varies because they are species-specific, and developing vac
cines against intracellular pathogens is challenging. Natural immunos
timulants are attractive alternatives for sustainable aquaculture because 
they are biodegradable, eco-friendly, often easily available, and have 
little or no side effects on humans [6]. 

A wide range of investigations has revealed that medicinal plants 
could be potential substitutes for antibiotics in fish farming [7]. Plant 
extracts show various activities such as growth promotion, appetite 
enhancement, stress management, immunostimulation, anti-pathogen 
activity, and maturation of culture species owing to the presence of 
active compounds, such as alkaloids, tannins, terpenoids, glycosides, 
saponins, phenolics, flavonoids, and essential oils [7–9]. They also 
facilitate growth, reduce stress, and have antimicrobial properties [10]. 
Whole plants, extracted plant compounds, or plant parts (leaves, seeds, 
or roots) have been used as feed supplements in aquaculture. It has been 
demonstrated that various plant substances, including Astragalus poly
saccharides [1], grape pomace flour [10], azadirachin [11], dehydrated 
lemon peels [12], and extracts of Pandanus tectorius [13], ginger [14], 
date palm fruit [15], Origanum majorana [16], guava leaf [GLE; 17], 
Rehmannia glutinosa (or root powder) [18], Artemisia absinthium [19], 
and dandelion [20] have been found to improve immune responses and 
disease resistance in fish. However, the effects of many herbal plants and 
their compounds on fish yet to be investigated in detail. 

Syzygium cumini (java plum or jamun tree) is a very important me
dicinal plant that has long been used in traditional medicine. It is widely 
available in Bangladesh, India, Indonesia, Nepal, the Philippines, and 
Malaysia [21]. Jamun leaves are available throughout the year and 
exhibit antioxidant [22], antibacterial [22], and anti-inflammatory [23] 
activities. Jamun leaves possess various bioactive substances, such as 
anthocyanins, alkaloids, flavonoids, myricetin, quercetin, tannins, 
kaempferol, and ellagic acid [24]. The methanolic extract of S. cumini 
leaves showed satisfactory 2,2′-azino-bis 3-ethylbenzthiazoline-6-sul
fonic and superoxide radical scavenging activities in vitro [25]. 
Furthermore, Prabu et al. [26] demonstrated that jamun leaf powder 
could mitigate oxidative stress and improve innate immune responses in 
snubnose pompano (Trachinotus blochii) infected with Vibrio 
parahaemolyticus). 

Cyprinus carpio is a highly valued aquaculture species worldwide, but 
outbreaks of Aeromonas hydrophila, a gram-negative pathogenic bacte
rium associated with various fish diseases [16], in carp ponds have been 
reported [27]. This study was conducted to evaluate the effect of jamun 
leaf extract (JLE) supplementation on growth, haemato-immunological 
and antioxidant parameters, disease resistance, and cytokine gene 
expression in C. carpio. To our knowledge, this is the first study to 
investigate the effect of JLE on antioxidant activity, immune parame
ters, and cytokine gene expression in A. hydrophila-affected C. carpio. 

2. Materials and methods 

2.1. Preparation of jamun leaf extract 

Fresh Syzygium cumini leaves were collected from Thanjavur, Tam
ilNadu, India. Leaves were washed in running tap water, and shade dried 
for few days to reduce the moisture content to approximately 8% on a 

dry basis. Dried leaves were brought to the laboratory, pulverised, 
milled to a fine powder, and dissolved in methanol. The flasks were 
wrapped in aluminium foil and kept in a thermostatic shaking water 
bath. The mixture was filtered using Whitman no. 1 filter paper, and the 
filtrate was further concentrated in a rotary evaporator (BUCHI Rota
vapor). The solvent-free extract was dried in a lyophiliser and stored at 
4 ◦C until use. 

2.2. Diet preparation 

A basal diet (crude protein: 33.17%; crude lipid: 8.94; ash: 9.63%) 
was prepared, the composition of which is shown in Table 1. JLE was 
mixed with the basal diet at various concentrations (g kg− 1) to prepare 
the experimental diets: 0 (control), 05 (JLE5), 10 (JLE10), and 15 
(JLE15). The ingredients were mixed thoroughly, pelleted (2 mm 
diameter), and air-dried in an oven (60 ◦C) until the moisture level was 
<10%. Prepared feeds were packed, labelled, and stored at − 4 ◦C until 
use. 

2.3. Fish and experimental design 

Healthy C. carpio (mean average weight: 6.17 ± 0.43 g) were accli
matised to laboratory conditions for 2 weeks at 23 ± 2 ◦C and fed the 
basal diet. Approximately 20% of the tank water was renewed daily, and 
the water was completely replaced weekly. Basic physicochemical water 
parameters were monitored weekly: Oxygen and ammonia concentra
tions were 6.2–7.1 mg L− 1 and 0.03–0.07 mg L− 1, respectively, and pH 
ranged from 7.0 to 7.8 [13]. 

A total of 252 fish were randomly assigned to four experimental 
groups. In each independent group, 63 fish were distributed into three 
aerated 300 L tanks (21 fish per tank). Fish were fed corresponding 
experimental diets twice daily for 8 weeks. This was adjusted fortnightly 
by batch weighing after 24 h of starvation. The amount of feed 
consumed was determined by the daily recovery of excess feed (in any). 
All experiments complied with the Animal Research: Reporting of In 
Vivo Experiments (ARRIVE) guidelines and were performed according 
to the National Institute of Health Guide for the Care and Use of Labo
ratory Animals. 

2.4. Growth performances 

At the end of 8 weeks, fish were weighed to evaluate growth 

Table 1 
Composition of Basal diet formulation and composition.  

Ingredients Concentration (g kg− 1 dry matter) 

Basal diet JLE (5.0) JLE (10) JLE (15) 

Soybean meal 300 300 300 300 
Wheat flour 350 345 340 335 
Groundnut meal 160 160 160 160 
Fish meal 100 100 100 100 
Vegetable oil 40 40 40 40 
Fish oil (Menhaden) 30 30 30 30 
Mineral and Vitamin mixa 19 19 19 19 
Vitamin Cb 01 01 01 01 
Jamun leaf extract 0 05 10 15 

Proximate analysis (g Kg− 1) 
Crude protein 331.7 336.8 335.9 334.4 
Crude lipid 89.4 89.1 88.9 88.7 
Ash 96.3 96.7 96.4 96.6  

a Every 250 g of mineral-vitamin mixture (Supplevite-M, Sarabhai Zydus 
Animal Health Ltd., India) provides vitamin A, 500000 IU; vitamin D3, 100000 
IU; vitamin B2, 0.2 g; vitamin E, 75 units; vitamin K, 0.1 g; calcium pantothe
nate, 0.25 g; nicotinamide, 0.1 g; vitamin B12, 0.6 mg; choline chloride, 15 g; 
calcium, 75 g; manganese, 2.75 g; iodine, 0.1 g; iron, 0.75 g; zinc, 1.5 g; copper, 
0.2 g; and cobalt, 0.045 g. 

b Merck, USA. 
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parameters:  

Weight gain (g) = Wt – W0                                                                     

Weight gain rate (WGR; %) = [(Wt – W0) / W0] × 100                                

Specific growth rate (SGR; % day− 1) = [(lnWt – lnW0) / t] × 100                 

Feed conversion ratio (FCR) = [total dry feed intake (g) / wet weight gain (g)]  

Survival rate (%) = 100 × (final number of fish / initial number of fish)         

In the above equations, Wt and W0 are the final and initial weights 
(g) of the fish, respectively, and ‘t’ is the duration of feeding (in days). 

2.5. Challenge study 

At the end of the feeding trial, 14 fish from each of the three tanks (42 
fish per group) were selected for the challenge test. All fish were intra
peritoneally (i.p.) injected with 100 μL of phosphate-buffered saline 
(PBS) containing 1 × 107 live Aeromonas hydrophila cells [14]. Another 
group of 10 fish (fed the basal diet) was i.p. injected with 100 μL of PBS 
as a control. The fish were fed a basal diet and observed for two weeks. 
The cause of death and pathological changes were confirmed by 
re-isolation of the pathogen from dead or moribund fish. To investigate 
survival over time, a Kaplan–Meier (K–M) survival analysis was per
formed separately for each treatment (IBM SPSS Statistics, v26; IBM 
Corp). The log-rank test was used for pairwise comparisons to identify 
the significant differences among JLE-supplement groups. 

2.6. Sample collection 

After 48 h of pathogen challenge, fish from each tank (n = 3) were 
anaesthetised with MS222 (100 mg L− 1) (Merck, USA). Blood samples 
were collected from the caudal vein and transferred into EDTA-coated 
heparinised tubes and non-heparinised tubes. Heparinised tubes were 
agitated vigorously to prevent blood clotting and stored at 4 ◦C. Non- 
heparinised tubes were allowed to clot at 32 ± 2 ᵒC, centrifuged 
(4000 g, 5 min, 4 ◦C) to collect serum, and stored at − 20 ◦C until use. 

2.7. Haemato-immunological parameters 

Total serum protein and albumin levels were measured using com
mercial assay kits (Merck, USA) according to the manufacturer’s in
structions. The globulin value was calculated by subtracting the albumin 
values from the total serum protein. The A/G ratio was calculated by 
dividing the albumin and globulin values. 

Serum lysozyme activity (LA) was measured using a turbidimetric 
method based on the lysis of the lysozyme-sensitive gram-positive bac
terium Micrococcus lysodeikticus (Merck, USA) [28]. The alternative 
complement pathway (ACP) in the serum was measured according to the 
procedure described by Yano [29]. 

Serum immunoglobulin (Ig) levels were determined using the 
method described by Hoseinifar et al. [15]. Immunoglobulin molecules 
were precipitated using 12% polyethylene glycol (Merck, USA). The 
difference in protein content before and after Ig precipitation was 
considered the Ig content. 

The respiratory burst activity (RBA) of phagocytes was measured 
using the Nitroblue tetrazolium test (NBT; Merck, USA), following the 
method described by Geng et al. [30]. Colour development was 
measured at 630 nm using a spectrophotometer, and KOH/DMSO was 
used as a blank. The phagocytic activity (PA; %) was assessed according 
to the microscopic blood count method described by Siwicki et al. [31]. 

2.8. Oxidative stress-related parameters 

Malondialdehyde (MDA) content was measured using barbituric acid 
reaction chronometry [32] and expressed as nmol mL− 1. The total 

myeloperoxidase (MPO) content in the blood serum was measured using 
a commercial kit (Abcam, USA). 

Serum aspartate aminotransferase (AST) and alanine aminotrans
ferase (ALT) levels were determined using commercial assay kits 
(Sigma-Aldrich, USA). ALT and AST activities were expressed as U mL− 1. 

Superoxide dismutase (SOD) and catalase (CAT) activities were 
determined using an enzymatic assay and a commercial kit (Randox, 
Crumlin, UK). 

2.9. Gene expression study 

After blood collection, liver, head-kidney, and intestine tissues were 
aseptically collected from the fish. Samples were collected in 1.5 mL 
tubes containing TRIZOL reagent (Invitrogen, USA) and stored at–80 ◦C. 
Total cellular RNA was extracted from the tissues following the standard 
protocol. The purity and concentration of the isolated RNA were 
assessed using a spectrophotometer (Bio-Rad, CA, USA) and agarose gel 
electrophoresis. The extracted RNA was treated with DNase (Takara, 
Shiga, Japan), and re-suspended in DEPC pyrocarbonate-treated water. 
A Nanodrop spectrophotometer (Thermo Scientific) was used to quan
tify RNA samples, and they were assessed for purity based on the 
A260nm/A280nm ratio. Complementary DNA (cDNA) was synthesised 
using a cDNA synthesis kit (Life Technologies, Carlsbad, CA, USA). 
Prepared cDNA was stored at < 20 ◦C until further analysis. Real-time 
polymerase chain reaction analyses (qPCR) of interleukin (IL)-1β, 
tumour necrosis factor (TNF)-α, IL-10, nuclear factor kappa B 65 (NF-κB 
p65), heat-shock protein 70 (HSP70), and β-actin (as a reference 
housekeeping gene) were performed using a CFX96 Real-Time PCR 
system (Bio-Rad, Hercules, CA, USA) following standard protocols. The 
primers and thermocycling conditions used for the qPCR are listed in 
Table s1. The expression of all genes was determined in triplicate. After 
amplification, a melting curve analysis was performed to verify the ac
curacy of each amplicon. Gene expression results were analysed using 
the 2− ΔΔCT method after verifying that the primers had an efficiency of 
approximately 100% [33]. The expression levels in all treatment groups 
were compared to those in the control group. Fold changes = 2− ΔΔCT, 
where △△Ct = [Ct (treatment group) ‒ Ct (treatment β-actin)] ‒ [Ct 
(control group) ‒ (control β-actin)]. Polymerase chain reaction products 
were validated for their correct size and single band amplification using 
2% agarose gel electrophoresis with 8 μL of the sample. 

2.10. Statistical analysis 

The data were analysed using one-way analyses of variance 
(ANOVA), and multiple comparisons were performed with Tukey’s test 
using OriginPro software (version 8; OriginLab Corporation, North
ampton, MA, USA). Results are expressed as the mean ± standard error 
of the mean (SE) and were considered statistically significant at p <
0.05. To determine the optimal JLE dose, regression analysis was per
formed. Best-fitted curve between linear and quadratic equations based 
on the R-square values was selected [34]. Finally, the classical optimi
zation technique (solving first-order derivative as zero) was used to 
determine the optimal supplementary dose that maximizes FBW, WGR, 
and SGR, and minimize FCR value. 

3. Results 

3.1. Growth parameters 

The growth parameters of fish at the end of the feeding trial are 
shown in Table 2. Supplementing feed with JLE significantly increased 
the FWG and WGR in the experimental groups. The highest FWG and 
WGR were recorded in JLE10. The SGR was significantly higher only in 
JLE10, compared to the control. Similarly, the best (i.e. lowest) FCR was 
recorded in JLE10 (p < 0.05). The highest FCR was recorded in the 
control group, followed by JLE15. No mortality was recorded during the 
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eight-week feeding trial. 
The quadratic curves showing relationship of growth parameters 

(FBW, SGR, WGR, and FCR) with JLE level are shown in Fig. 1. Those 
parameters were best fitted with quadratic trends (R-square was high) 
(Fig. 1). The classical optimization demonstrated that the optimal value 
of JLE inclusion level as 1.015%, 0.968%, 0.962%, and 0.903% for 
maximum FBW, WGR, and SGR and minimum FCR, respectively. 

3.2. Challenge study 

The effect of dietary administration of JLE on the resistance of fish 
against A. hydrophila was demonstrated using a Kaplan-Meier survival 
curve and log rank test (Fig. 2; Table s2). The highest survival rate was 
recorded in JLE10 (69.69%), followed by JLE5 (60.6%) and JLE15 
(45.45%), while the control group had the highest mortality ((81.82%). 
Mortality started in the control group 24 h post-challenge with the 
pathogen. In JLE10, the first mortality was recorded on day four post- 
challenge. 

The Kaplan–Meier analysis and log rank test revealed significantly 
different time-to-event estimates for JLE treatments. Mean survival rate 
detected significant differences among different treatments, and mean 
survival rate is maximum in JLE10. 

3.3. Haemato-immunological parameters 

Feed supplementation with JLE at 10 g kg− 1 significantly increased 
the carps’ serum protein level (2.11 ± 0.06 g dL− 1) relative to the 
control and JLE15 and albumin levels (0.87 ± 0.07 g dL− 1) relative to 
the control Table 3). Globulin levels did not differ significantly at sup
plementation rates of up to 10 g kg− 1. However, carp in the JLE15 group 
had significantly lower globulin rates than all the other groups. The A/G 
ratio was the highest in JLE10 (p < 0.05). 

Dietary JLE had a profound effect on serum lysozyme activity 
(Table 4). The highest lysozyme activity was recorded in the JLE10 
group (32.38 ± 1.21 U mL− 1, p < 0.05). Serum ACP activity was 
significantly higher in the 5–10 g kg− 1 JLE groups than in the control 
and JLE15. The highest ACP was recorded in JLE10 (70.43 ± 1.61 U 
mL− 1). The JLE supplementation at 10 g kg− 1 significantly increased the 
serum Ig level relative to the control. 

The respiratory burst and phagocytic activity were significantly 
higher in JLE10 and JLE15 than in the control; the highest activity level 
was found in JLE10. The lysozyme, ACP, PA, IgM, and respiratory burst 
activities were all highest in JLE10 and decreased when the supple
mentation rate exceeded 10 g kg − 1 (Table 4). 

3.4. Serum oxidative-stress-related parameters 

Supplementation with JLE at an appropriate level reduced oxidative 
stress in the fish (Fig. 3). JLE supplementation at 10 g kg− 1 (JLE10) 
significantly reduced serum MDA level (2.57 nmol mL− 1) relative to the 
control. MPO levels were significantly higher in JLE5 and JLE10 than in 
the control and JLE15. Higher levels of JLE (15 g kg− 1) had no signifi
cant effect on serum MDA or MPO levels. 

Serum AST and ALT levels declined with increasing supplementation 

Table 2 
Growth performance after 8 weeks of feeding trial with dietary JLE in Cyprinus 
carpio. Different superscript letters in the same row are significantly different (p 
< 0.05). Values are presented as mean ± SEM (n = 3).  

Parameters Control JLE5 JLE10 JLE15 

Initial weight 
(g) 

5.93 ± 0.8 6.22 ± 0.23 6.14 ± 0.24 6.31 ± 0.24 

FBW (g) 38.02 ±
1.04a 

43.75 ±
1.53b 

49.16 ±
0.58c 

44.97 ±
0.95bc 

WGR (%) 525.11 ±
14.87a 

603.59 ±
8.02b 

699.65 ±
12.7c 

613.65 ±
12.89b 

SGR (% day− 1) 3.32 ± 0.09a 3.47 ±
0.02ab 

3.71 ± 0.03b 3.5 ± 0.03a,b 

FCR 1.62 ± 0.06a 1.32 ± 0.05b 1.26 ± 0.02b 1.41 ± 0.05ba 

Survival rate 
(%) 

100a 100a 100a 100a 

Note: FBW = final body weight; WGR = weight gain rate; SGR = specific growth 
rate; FCR = feed conversion ratio. values are presented as mean ± SEM (n = 3). 

Fig. 1. The relationship between FBW (g), WGR (%), (SGR, % day− 1), and FCR against dietary JLE based on regression analysis.  
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rate up to JLE10. The lowest AST (31.58 U mL− 1) and ALT (44.07 U 
mL− 1) values were recorded in JLE10. 

SOD activity was significantly higher in JLE5 and JLE10 than in the 
other groups, and CAT activity was highest in JLE10 (24.29 ± 0.98 U 
mL− 1; p < 0.05. The maximum SOD activity was recorded in JLE10 
(18.76 ± 1.42 U mL− 1). 

3.5. Gene expression 

The expression of IL-1β in the liver, head-kidney, and intestine of 
A. hydrophila-challenged fish fed a JLE-supplemented diet was signifi
cantly modulated (Fig. 4). In the liver, IL-1β expression was significantly 
higher in the JLE groups than in the control, with the highest expression 
observed in JLE10 (2.1-fold higher than that in the control). In the head- 
kidney, IL-1β expression was significantly higher in JLE10 than in the 
control and JLE5, whereas in the intestine, expression was higher (p <
0.05) in JLE5 and JLE10 than the control. Upregulation of IL-1β 
expression was highest in JLE10 and declined at the higher supple
mentation rate (i.e., JLE15). 

The expression of TNF-α in all three tissues was the highest (p < 0.05) 
in JLE10 (Fig. 4). In the liver, expression levels in JLE10 were signifi
cantly higher than in all other groups, whereas in the kidney TNF-α 
expression was significantly higher in JLE5 and JLE10 than in the con
trol. In the intestine, all three treatment groups had significantly higher 
TNF-α expression levels than the control. In general, TNF-α expression 
was lowest among the treatment groups at the highest level of JLE 
supplementation. 

The expression of the anti-inflammatory cytokine IL-10 was down
regulated in the JLE groups (Fig. 4). IL-10 expression was significantly 
downregulated in the liver and intestinal tissues of JLE5 and JLE10. 
However, JLE supplementation at 15 g kg − 1 had no significant effect on 
IL-10 expression in liver and intestinal tissues. In the head-kidneys, IL-10 
expression was significantly lower in JLE10 and JLE15 than in the 
control and JLE5. 

Supplementation with JLE had no significant effect on the expression 
of NF-κB p65 in liver tissue (Fig. 4). However, in the head-kidney and 
intestine, the highest (p < 0.05) NF-κB p65 expression was recorded in 
JLE10. The expression of HSP70 was not significantly affected by JLE 
supplementation in the kidney and intestinal tissues of the challenged 
fish. However, liver tissue from JLE15 had significantly higher HSP70 
expression levels than the control. 

4. Discussion 

Faster growth, good health, and resistance to diseases are key pa
rameters for successful and sustainable aquaculture practices. Eco- 
friendly alternatives to chemical or synthetic agents are becoming 

Fig. 2. Kaplan-Meier survival curve [(cumulative survival (%) two weeks)] of fish challenged with Aeromonas hydrophila. Log Rank (Mantel-Cox): χ2 
= 20.477, df =

3, p < 0.01). 

Table 3 
Serum total protein, albumin, and globulin in fish fed with JLE supplemented 
diets for 8 weeks.  

Fish 
group 

Total protein (g 
dL− 1) 

Albumin (g 
dL− 1) 

Globulin (g 
dL− 1) 

A/G ratio 

Control 1.86 ± 0.04ac 0.59 ± 0.06a 1.27 ± 0.06a 0.46 ±
0.02ac 

JLE5 2.03 ± 0.1ab 0.68 ± 0.03ac 1.29 ± 0.02a 0.52 ±
0.06ac 

JLE10 2.18 ± 0.06b 0.87 ± 0.07bc 1.24 ± 0.04a 0.70 ±
0.01b 

JLE15 1.96 ± 0.09c 0.84 ± 0.04c 0.95 ± 0.03b 0.46 ±
0.04c 

Different superscript letters in the same column are significantly different (p <
0.05); values are presented as mean ± SEM (n = 3). 

Table 4 
Serum immune activities in C. carpio fed with various graded level of JLE sup
plemented diets.  

Fish 
group 

Lysozyme ACP Phagocytic activity IgM RBT 

(U mL− 1) (U mL− 1) (PA %) (Unit-mg 
mL− 1) 

(OD630nm) 

Control 23.61 ±
1.1a 

62.08 ±
1.47a 

16.23 ±
0.39a 

5.1 ±
0.27a 

0.183 ±
0.006ab 

JLE5 27.02 ±
0.63b 

67.11 ±
0.86bc 

17.36 ±
0.61ab 

5.82 ±
0.43ab 

0.217 ±
0.08abc 

JLE10 32.38 ±
1.21c 

70.43 ±
1.61b 

21.18 ±
0.48b 

6.67 ±
0.36b 

0.289 ±
0.009b 

JLE15 27.64 ±
0.53b 

65.82 ±
1.33ac 

19.44 ±
0.33b 

5.63 ±
0.23b 

0.194 ±
0.005c 

Values in the same column with different superscripts letters are significantly 
different (P < 0.05); values are presented as mean ± SEM (n = 3). 
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increasingly important for aquaculture sustainability [8], and research 
on the use of phytobiotics in fish cultures is increasing. Several plant 
extracts, including those from marjoram [16], oak leaf [35], lavender 
leaf [36], P. tectorius [13], GLE [20] in C. carpio, and Tulsi [37], have 
been reported to boost immune responses in cultured fish species. The 
immune functions and resistance of tilapia against A. hydrophila have 

been boosted by JLE [38]. However, studies pertaining to the impact of 
dietary JLE on immune function and disease resistance in 
pathogen-challenged carp are unavailable. This study aimed to deter
mine the impact of dietary JLE on immune function in C. carpio. 

Growth enhancement is a trait of particular interest in fish farming as 
it is directly linked to the productivity and profitability of aquaculture 

Fig. 3. Changes in serum oxidative stress-related parameters in fish fed with various graded level of JLE supplemented diets. Column with different superscripts 
letters are significantly different (P < 0.05); values are presented as mean ± SEM (n = 3). 
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practices [18]. In this study, dietary JLE (particularly at 10 g kg− 1) 
increased the growth performance of carp. Similarly, dietary JLE at 10 g 
kg− 1 increased the growth performance of genetically improved farmed 
tilapia (GIFT) [38]. Similarly, dietary Rehmania glutinosa [18], marjo
ram [16], P. tectorius [13], and palm fruit extracts [15] significantly 
increased the growth performance of C. carpio. Dietary jamun leaf 
powder had no significant impact on the WGR or SGR of snubnose 

pompano [26]. The primary purpose of feed supplementation is to 
achieve faster growth and lower FCR. The low FCR value and high FBW 
in the group supplemented at 10 g kg− 1 indicates that this treatment 
achieved that primary purpose. The higher supplementation rate did not 
result in better growth performance which is consistent with the results 
of carp fed on herbal-supplemented diets [13,39,40]. Excess JLE may 
lead to higher energy consumption for metabolism, resulting in 

Fig. 4. Expression of cytokine-related genes in liver, kidney, and intestine of fish fed different concentrations of JLE supplemented diets and challenged with 
A. hydrophila. Different superscript letters on the top of error bars differ significantly. Data are shown as mean ± SEM (n = 3 (P < 0.05). 
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unfavourable effects in fish. Furthermore, the presence of 
anti-nutritional factors, such as tannins and polyphenols, have been 
reported in JLE [38]. Consuming excessive amount of these 
anti-nutrients factors may interfere with digestion and absorption of 
biomolecules (e.g: proteins, and fats); thus affecting the fish health [41]. 

Serum total protein is an indicator of the broader health, stress, and 
nutritional condition of fish. Protein components, such as albumin, 
lysozyme, immunoglobulins, complement proteins, lectins, and trans
ferrin are included in the protein spectrum [42]. In this study, total 
serum protein and albumin levels were significantly higher in JLE10, 
indicating an improved nutritional and health status of the fish. Dietary 
jamun leaves at 1% for 45 days increased the serum protein levels in 
snubnose pompano [26]. Similarly, dietary ginger extract [14] and 
pomegranate peel extract (PPE) [40] elevated serum protein levels in 
carp. Furthermore, the lowered total protein in JLE15 might be related 
to immunosuppression in fish. Lysozyme is a protective protein found in 
the blood, mucus, plasma, and other body fluids of fish. It cleaves the 
β-1,4 glycosidic bond between N-acetyl glucosamine and N-acetyl 
muramic acid in the peptidoglycan layer, which catalyses the hydrolysis 
of most bacterial cell walls [43]. On the other hand, ACP is a vital serum 
factor that stimulates the cellular defence mechanisms by phagocytosis 
via the opsonin process [10]. In this study, 10 g kg− 1 JLE increased the 
lysozyme and ACP levels. Similarly, significantly higher lysozyme and 
complement activities were recorded in C. carpio fed a diet supple
mented with 200 mg kg− 1 GLE [17], 5 g kg− 1 PPE [40], or dietary oak 
leaf extract at 1–2 g kg− 1 [35], and grass carp fed a diet supplemented 
with 438.20 mg kg− 1 curcumin [43]. The enhanced lysozyme activity in 
JLE10 could be attributed to the presence of phenolic compounds in JLE 
[45], which function as potent antimicrobial agents by mediating the 
sensitisation of membrane phospholipids in pathogenic microorganisms 
[46]. Higher complement activity in JLE10 enhances inflammatory and 
phagocytic activity (PA) via enhanced opsonisation and chemotaxis 
[10]. 

Immunoglobulin plays a key role in systemic immune responses. It 
participates in the opsonisation of pathogens by facilitating phagocy
tosis [47]. Dietary administration of plant compounds, such as ginger 
extract at 0.5% [14], P. tectorius extract at 2% [13], or PPE at 0.5% [40] 
increased the serum IgM levels in carp. Myeloperoxidase is a vital 
enzyme expressed mainly in neutrophils and produces hypochlorous 
acid from oxidative radicals (H2O2) [48]. Dietary inclusion of P. tectorius 
extract or dried lemon peels increases serum MPO levels in fish [12,13], 
which were in agreement with the results of the present study. The 
enhanced lysozyme and MPO activities increase the leucocyte count, 
which may, in turn, enhance PA [12]. 

Phagocytosis is a vital cellular component of the innate immune 
system in fishes [42]. Phagocytes produce respiratory bursts that attack 
invasive pathogens during the process of phagocytosis. Excessive accu
mulation of reactive oxygen intermediates is extremely toxic to the cells 
[48]. In this experiment, significant increases in PA and RBT were 
observed in JLE10. Similarly, dietary azadirachtin at 4 g kg− 1 for 28 
days significantly increased PA and RBT in goldfish [11]. Dietary PPE at 
0.5% [40] and grape pomace flour at 200 mg kg− 1 [10] increased the 
RBT in pathogen-challenged L. rohita. Dietary R. glutinosa root powder at 
4% for 80 days [18] or P. tectorius extract at 20 g kg− 1 for eight weeks 
[13] increased the serum PA level in C. carpio. In this study, the 
maximum LA, ACP, PA, RBT, and IgM activities were found in JLE10 but 
not in JLE15. This suggests that long-term feeding with high levels of 
immunostimulants may lead to immune suppression in fish, which is 
consistent with earlier studies [10,13,14,16,40,49]. 

Antioxidant systems are vital for fish health, and plant compounds 
are useful additives to augment the system owing to the presence of 
natural antioxidants. Antioxidant enzymes (e.g: SOD, CAT, GPx) protect 
cells from oxidative stress and attendant damage by scavenging 
hydrogen peroxide (H2O2), lipid peroxides, and superoxide (O2− ) radi
cals under stress [50]. In this study, 10 g kg− 1 of JLE significantly 
decreased MDA content and increased the activities of SOD and CAT in 

the serum. As the first line of defence against oxidative stress, SOD, CAT, 
and glutathione peroxidase convert superoxide radicals into H2O2 and 
then into water and molecular oxygen [51]. Malondialdehyde content 
can be used to measure the degree of lipid peroxidation [52] but a high 
MDA content can negatively affect cell morphology and function [50]. 
Dietary supplementation with an appropriate level of marjoram [19], 
Artemesia absinthium extract [19], GLE [17], and P. tectorius extract [13] 
decreased the MDA level in fish while increasing the antioxidant activ
ities. The low MDA level in JLE10 indicates that the endogenous anti
oxidant defence system was enhanced in the fish. The higher antioxidant 
activities of JLE10 may be associated with the presence of bioactive 
compounds in JLE. 

ALT and AST are important indicators of the physiological state of 
the liver in fish. Generally, ALT and AST are released into the blood 
when the liver is impaired [53]. A significantly lower serum ALT and 
AST levels were recorded in JLE10. Similarly, dietary administration of 
jamun leaf powder reduced AST and ALT levels in snubnose pompano 
under pre- and post-challenge conditions [26]. Dietary supplementation 
with emodin [49], GLE [17], and Artemisia absinthium extract [19] also 
decreased the serum ALT and AST levels in carp. Furthermore, ALT and 
AST levels are inversely correlated with serum protein levels, indicating 
that AST and ALT levels may play a role in protein metabolism [54]. 

In fish, the inflammatory response is a key element against various 
challenges and is mediated primarily by cytokines, including pro- and 
anti-inflammatory cytokines [55]. IL-1β is a pro-inflammatory cytokine 
that plays a role in phagocyte function, eicosanoid production, and 
lymphocyte stimulation and proliferation by major histocompatibility 
complex (MHC) presented antigens [56]. The main immunocompetent 
organs in fish, such as the liver, head-kidney, and intestine, demon
strated a strong elevation in IL-1β mRNA expression in JLE10. Therefore, 
JLE activated immune cells and triggered IL-1β expression. Similarly, 
dietary banana peel flour at 5% increased the expression of IL-1β in the 
hepatopancreas and head-kidney of L. rohita [39]. Dietary supplemen
tation with PPE at 0.5% for 60 days significantly increased the expres
sion of IL-1β in L. rohita challenged with A. hydrophila [40]. Tumour 
necrosis factor-α is vital for diverse cellular processes, including cell 
proliferation and differentiation [57]. Its expression was significantly 
upregulated in the tissues tested in JLE10. Similarly, upregulation of 
IL-1β and TNF-α was recorded in the head-kidney, intestine, and hepa
topancreas of L. rohita fed a diet supplemented with 0.5% guava leaf 
flour [58]. Grass carp fed a diet supplemented with Ficus carica poly
saccharide exhibited strong upregulation of IL-1β and TNF-α [59]. The 
pattern of variability in expression levels between the treatment groups 
was the same for IL-1β and TNF-α in all the tested organs. 

Monocytes, B cells, T cells, natural killer cells, macrophages, and 
dendritic cells produce IL-10, which inhibits chemokine receptors and 
the effects of pro-inflammatory cytokines [60]. We observed a signifi
cantly lower IL-10 expression in the tested tissues of JLE10 than that of 
the control. Similarly, Dietary supplementation with banana peel flour 
[39] or PPE [40] significantly downregulated the expression of IL-10 in 
various tissues of L. rohita. The inverse pattern of anti-inflammatory 
cytokines (IL-10) and pro-inflammatory cytokines (IL-1β, TNF-α) in 
fish after dietary administration of plant immunostimulants has been 
reported in numerous studies [13,14,40,44,49]. Nuclear factor kappa B 
plays a critical role in the regulation of cell survival genes and induces 
the expression of inflammatory enzymes and cytokines such as iNOS, 
COX-2, TNF-α, IL-1β, and IL-6 [61]. NF-κB p65 is associated with the 
classical NF-κB pathway. In this study, JLE supplementation (10 g kg− 1) 
significantly upregulated the expression of NF-κB p65. The upregulated 
expression of NF-κB p65 can upregulate the mRNA levels of 
pro-inflammatory cytokines [62], which is in agreement with the results 
of this study. Thus, the presence of bioactive compounds in JLE may 
regulate cytokine gene expression. However, the exact mechanism of 
inflammatory cytokine regulation requires further investigation. 

Heat-shock proteins are stress-resistant proteins and can be used as 
biomarkers for different types of environmental stress, such as hypoxia, 
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microbial invasion, and starvation in fish [63]. In the present study, 10 g 
kg− 1 JLE had no significant effect on HSP70 expression under 
post-challenge conditions. This revealed that dietary JLE can modulate 
stress conditions in fish. 

Bacterial challenge studies are key to evaluating the effectiveness of 
immunostimulants in terms of protection against pathogen attack [20]. 
Several plant compounds have been reported to protect fish against 
pathogen invasion [14,16–20,30,37,49,58]. Dietary administration of 
PPE at 5 g kg− 1 for 60 days [40] and P. tectorius extract at 20 g kg− 1 for 
eight weeks [13] improved the protection of L. rohita and C. carpio, 
respectively, against A. hydrophila. In this study, JLE at 10 g kg− 1 pro
vided higher protection to fish against pathogen attack, and the relative 
per cent survival (RPS) for JLE10 was 62.95%. According to Amend 
[64], a RPS of more than 50% indicates a positive impact of adminis
tered bioactive compounds or vaccines. The enhanced immune param
eters (LA, ACP, IgM, RBT, MPO, and PA), antioxidant enzymes (SOD and 
CAT), and declines in certain biochemical parameters (MDA, AST, and 
ALT) in the fish fed diets supplemented with 10 g kg− 1 JLE may be 
associated with the improved resistance of fish against A. hydrophila, 
resulting in higher post-challenge survival rates. The negative impact of 
higher doses of JLE (15 g kg− 1) could be related to the immunosup
pressive effect of JLE in fish at higher doses. 

5. Conclusions 

The results of this study revealed that dietary administration of JLE 
at 10 g kg− 1 could increase the antioxidant status, serum immune pa
rameters, and modulate the expression of cytokine genes in carp. The 
supplementation of JLE (10 g kg− 1) for eight weeks strongly increased 
the resistance of fish against A. hydrophila challenge. Based on regression 
analysis, the recommended JLE inclusion level was 9.03–10.15 g kg− 1 in 
the carp diet for maximum growth performance. Moreover, JLE may 
modulate inflammatory and stress responses in fish. The optimum dose 
of JLE could be an economically viable alternative to chemical or syn
thetic agents in carp production because of its potential. However, 
excessive dietary JLE may negatively affect fish health. Further in
vestigations are warranted to characterise JLE as a feed additive while 
addressing its specific immunological mechanisms. 

CRediT authorship contribution statement 

Sib Sankar Giri: Conceptualization, design, experiment, Writing – 
original draft. Sang Guen Kim: manuscript revision, Data curation. 
Won Joon Jung: Formal analysis, Validation. Sung Bin Lee: Manu
script formatting; revision. Young Min Lee: Formal analysis, manu
script preparation. Su Jin Jo: Manuscript preparation, Validation. Mae 
Hyun Hwang: Manuscript revision, proof reading. Jae Hong Park: 
Data curation, proof reading. Ji Hyung Kim: Manuscript, Writing – 
review & editing. Subrata Saha: Formal analysis. Venkatachalam 
Sukumaran: Methodology, Supervision. Se Chang Park: Supervision, 
Funding acquisition, Writing – review & editing. 

Declaration of competing interest 

Authors do not have any competing interest to declare. 

Data availability 

Data will be made available on request. 

Acknowledgement 

This study was supported by the grant received from the Cooperative 
Research Program of the Centre for Companion Animal Research of the 
Rural Development Administration, Republic of Korea (PJ0139852020). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.fsi.2023.108830. 

References 

[1] R. Harikrishnan, G. Devi, H.V. Doan, W. Tapingkae, C. Balasundaram, J. Arockraj, 
E. Ringø, Changes in immune genes expression, immune response, digestive 
enzymes -antioxidant status, and growth of catla (Catla catla) fed with Astragalus 
polysaccharides against edwardsiellosis disease, Fish Shellfish Immunol. 121 
(2022) 418–436. 

[2] FAO, Global fish production from 2002 to 2022 (in million metric tons), Chart. 
December 20 (2022). Statista. https://www.statista.com/statistics/264577/total 
-world-fish-production-since-2002/. 

[3] C.H. Pan, Y.H. Chien, B. Hunter, The resistance to ammonia stress of Penaeus 
monodon Fabricius juvenile fed diets supplemented with astaxanthin, J. Exp. Mar. 
Biol. Ecol. 297 (2003) 107–118. 

[4] G. Devi, R. Harikrishnan, B.A. Paray, M.K. Al-Sadoon, S.H. Hoseinifar, 
C. Balasundaram, Effects of aloe-emodin on innate immunity, antioxidant and 
immune cytokines mechanisms in the head kidney leucocytes of Labeo rohita 
against Aphanomyces invadans, Fish Shellfish Immunol. 87 (2019) 669–678. 

[5] N.N. Gabriel, Review on the progress in the role of herbal extracts in tilapia culture, 
Cogent Food Agric. 5 (2019) 1. 

[6] C.E. Boyd, L.R. D’Abramo, B.D. Glencross, D.C. Huyben, et al., Achieving 
sustainable aquaculture: historical and current perspectives and future needs and 
challenges, J. World Aquacult. Soc. 51 (2020) 578–633. 

[7] D.A. Tadese, C. Song, C. Sun, B. Liu, et al., The role of currently used medicinal 
plants in aquaculture and their action mechanisms: a review, Rev. Aquacult. 14 
(2022) 816–847. 

[8] T. Citarasu, Herbal biomedicines: a new opportunity for aquaculture industry, 
Aquacult. Int. 18 (2010) 403–414. 

[9] S.B. Chakraborty, C. Hancz, Application of phytochemicals as immunostimulant, 
antipathogenic and antistress agents in finfish culture, Rev. Aquacult. 3 (2011) 
103–119. 

[10] R. Harikrishnan, G. Devi, H.V. Doan, C. Balasundaram, M.A. Esteban, M. Abdel- 
Tawwab, Impact of grape pomace flour (GPF) on immunity and immune- 
antioxidant-anti-inflammatory genes expression in Labeo rohita, Fish Shellfish 
Immunol. 111 (2021) 69–82. 

[11] S. Kumar, R.P. Raman, P.K. Pandey, S. Mohanty, A. Kumar, K. Kumar, Effect of 
orally administered azadirachtin on non-specific immune parameters of goldfish 
Carassius auratus (Lin 1758) and resistance against Aeromonas hydrophila, Fish 
Shellfish Immunol. 34 (2013) 564–573. 

[12] A.N. Abdel Rahman, M. ElHady, S.I. Shalaby, Efficacy of the dehydrated lemon 
peels 355 on the immunity, enzymatic antioxidant capacity and growth of Nile 
tilapia (Oreochromis niloticus) and African catfish (Clarias gariepinus), Aquaculture 
505 (2019) 92–97. 

[13] C. Cheng, S.C. Park, S.S. Giri, Effect of Pandanus tectorius extract as food additive on 
oxidative stress, immune status, and disease resistance in Cyprinus carpio, Fish 
Shellfish Immunol. 120 (2022) 287–294. 

[14] V. Sukumaran, S.C. Park, S.S. Giri, Role of dietary ginger Zingiber officinale in 
improving growth performances and immune functions of Labeo rohita fingerlings, 
Fish Shellfish Immunol. 57 (2016) 362–370. 

[15] S.H. Hoseinifar, M. Khalili, R. Rufchaei, M. Raeisi, M. Attar, H. Cordero, 
M. Esteban, Effects of date palm fruit extracts on skin mucosal immunity, immune 
related genes expression and growth performance of common carp (Cyprinus 
carpio) fry, Fish Shellfish Immunol. 47 (2015) 706–711. 

[16] M. Yousefi, H. Ghafarifarsani, S.H. Hoseinifar, G. Rashidian, H.V. Doan, Effects of 
dietary marjoram, Origanum majorana extract on growth performance, 
hematological, antioxidant, humoral and mucosal immune responses, and 
resistance of common carp, Cyprinus carpio against Aeromonas hydrophila, Fish 
Shellfish Immunol. 108 (2021) 127–133. 

[17] S.S. Giri, H.J. Kim, S.G. Kim, S.W. Kim, J. Kwon, S.B. Lee, V. Sukumaran, S.C. Park, 
Effectiveness of the guava leaf extracts against lipopolysaccharide-induced 
oxidative stress and immune responses in Cyprinus carpio, Fish Shellfish Immunol. 
105 (2020) 164–176. 

[18] J.-L. Wang, X-l. Meng, R-h. Lu, C. Wu, Y.-T. Luo, X. Yan, X.-J. Li, X.-H. Kong, G.- 
X. Nie, Effects of Rehmannia glutinosa on growth performance, immunological 
parameters and disease resistance to Aeromonas hydrophila in common carp 
(Cyprinus carpio L.), Aquaculture 435 (2015) 293–300. 

[19] M. Yousefi, S. Zahedi, M. Reverter, H. Adineh, S.M. Hoseini, H.V. Doan, E.R. El- 
Haroun, S.H. Hoseinifar, Enhanced growth performance, oxidative capacity and 
immune responses of common carp, Cyprinus carpio fed with Artemisia absinthium 
extract-supplemented diet, Aquaculture 545 (2021), 737167. 

[20] X. Tan, Z. Sun, S. Chen, S. Chen, Z. Huang, C. Zhou, Effects of dietary dandelion 
extracts on growth performance, body composition, plasma biochemical 
parameters, immune responses and disease resistance of juvenile golden pompano 
Trachinotus ovatus, Fish Shellfish Immunol. 66 (2017) 198–206. 

[21] J. Morton, Jambolan, Syzygium cumini Skeels: Fruits of Warm Climates, Purdue 
University, Miami, USA, 1987, pp. 375–378. 

[22] D.L. Prabu, S. Chandrasekar, K. Ambashankar, J. Syama Dayal, et al., Effect of 
dietary Syzygium cumini leaf powder on growth and non-specific immunity of 
Litopenaeus vannamei (Boone 1931) and defense against virulent strain of Vibrio 
parahaemolyticus, Aquaculture 489 (2018) 9–20. 

S.S. Giri et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.fsi.2023.108830
https://doi.org/10.1016/j.fsi.2023.108830
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref1
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref1
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref1
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref1
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref1
https://www.statista.com/statistics/264577/total-world-fish-production-since-2002/
https://www.statista.com/statistics/264577/total-world-fish-production-since-2002/
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref3
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref3
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref3
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref4
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref4
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref4
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref4
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref5
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref5
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref6
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref6
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref6
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref7
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref7
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref7
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref8
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref8
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref9
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref9
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref9
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref10
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref10
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref10
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref10
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref11
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref11
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref11
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref11
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref12
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref12
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref12
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref12
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref13
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref13
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref13
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref14
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref14
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref14
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref15
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref15
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref15
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref15
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref16
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref16
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref16
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref16
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref16
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref17
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref17
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref17
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref17
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref18
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref18
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref18
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref18
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref19
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref19
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref19
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref19
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref20
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref20
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref20
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref20
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref21
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref21
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref22
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref22
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref22
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref22


Fish and Shellfish Immunology 138 (2023) 108830

10

[23] A. Roy, S. Bhattacharya, J.N. Pandey, M. Biswas, Anti-inflammatory activity of 
Syzygium cumini leaf against experimentally induced acute and chronic 
inflammations in rodents, Alternative Med. Stud. 1 (2011) e6. 

[24] M. Ayyanar, P. Subash-Babu, Syzygium cumini (L.) Skeels: a review of its phyto- 
chemical constituents and traditional uses, Asian Pac. J. Trop. Biomed. 2 (2012) 
240–246. 

[25] A. Bakshi, N. Sharma, A.K. Nagpal, Comparative evaluation of in vitro antioxidant 
and antidiabetic potential of five ethnomedicinal plant species from Punjab, India, 
South Afr. J. Bot. 150 (2022) 478–487. 

[26] D.L. Prabu, S. Ebeneezar, S. Chandrasekar, M. Kavitha, P. Vijayagopal, Antioxidant 
defence system based oxidative stress mitigation through dietary jamun tree leaf in 
experimentally infected snubnose pompano, Trachinotus blochii, Fish Physiol. 
Biochem. 47 (2021) 617–637. 

[27] X. Zhang, W. Yang, H. Wu, X. Gong, A. Li, Multilocus sequence typing revealed a 
clonal lineage of Aeromonas hydrophila caused motile Aeromonas septicemia 
outbreaks in pond-cultured cyprinid fish in an epidemic area in central China, 
Aquaculture 432 (2014) 1–6. 

[28] S. Subramanian, S.L. MacKinnon, N.W. Ross, A comparative study on innate 
immune parameters in the epidermal mucus of various fish species, Comp. 
Biochem. Physiol., B 148 (2017) 256–263. 

[29] T. Yano, Assays of hemolytic complement activity, in: J.S. Stolen, T.C. Fletcher, D. 
P. Anderson, S.L. Kaattari, A.F. Rowley (Eds.), Techniques in Fish Immunology, 
SOS Publications, New Jersey, 1992, pp. 131–141. 

[30] X. Geng, X.-H. Dong, B.-P. Tan, Q.-H. Yang, S.-Y. Chi, H.-Y. Liu, X.-Q. Liu, Effects of 
dietary probiotic on the growth performance, non-specific immunity and disease 
resistance of cobia, Rachycentron canadum, Aquaculture Nutr. 18 (2012) 46–55. 

[31] A. Siwicki, D. Anderson, J. Antychowicz, Nonspecific Defence Mechanisms Assay in 
Fish I; Phagocytic Index, Adherence and Phagocytic Ability of Neutrophils (NBT 
Test) and Myeloperoxidase Activity Test, 1993. 

[32] H.H. Drape, E.J. Squires, H. Mahmoodi, J. Wu, S. Agarwal, M.A. Hadley, 
A comparative evaluation of thiobarbituric acid methods for the determination of 
malondialdehyde in biological materials, Free Radic. Biol. Med. 15 (1993) 
353–363. 

[33] K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data using 
realtime Quantitative PCR and the 2− ΔΔCT method, Methods 25 (2001) 402–408. 

[34] A. Samaddar, A. Kaviraj, S. Saha, Utilization of fermented animal by-product blend 
as fishmeal replacer in the diet of Labeo rohita, Aquacult. Reports 1 (2015) 28–36. 

[35] B.A. Paray, S.M. Hoseini, S.H. Hoseinifar, H.V. Doan, Effects of dietary oak 
(Quercus castaneifolia) leaf extract on growth, antioxidant, and immune 
characteristics and responses to crowding stress in common carp (Cyprinus carpio), 
Aquaculture 524 (2020), 735276. 

[36] M. Yousefi, S.V. Shabunin, Y.A. Vatnikov, E.V. Kulikov, H. Adineh, M.K. Hamidi, S. 
M. Hoseini, Effects of lavender (Lavandula angustifolia) extract inclusion in diet on 
growth performance, innate immunity, immune-related gene expression, and stress 
response of common carp, Cyprinus carpio, Aquac. 515 (2020), 734588. 

[37] R. Das, R.P. Raman, H. Saha, R. Singh, Effect of Ocimum sanctum Linn. (Tulsi) 
extract on the immunity and survival of Labeo rohita (Hamilton) infected with 
Aeromonas hydrophila, Aquacult. Res. 46 (2015) 1111–1121. 

[38] B. Kannan, N. Felix, A. Panigrahi, B. Ahilan, Herbal extracts modulate growth, 
immune responses and resistance to Aeromonas hydrophila infection in GIFT tilapia 
(Oreochromis niloticus), Aquacult. Res. 53 (2022) 4627–4637. 

[39] S.S. Giri, J.W. Jun, V. Sukumaran, S.C. Park, Dietary administration of banana 
(Musa acuminata) peel flour affects the growth, antioxidant status, cytokine 
responses, and disease susceptibility of rohu Labeo rohita, J. Immunol. Res. (2016), 
408659. 

[40] S.K. Gupta, A. Gupta, B. Sarkar, R. Gupta, M. Kumar, A. Kumari, Md Javed Foysal, 
Pomegranate (Punica granatum) peel extract supplementation in diet influences 
growth performance, haemato-immunological responses and cytokine expression 
in pathogen- aggravated Labeo rohita fingerlings, Aquaculture 562 (2023), 738823. 

[41] H.A. Motlagh, Z. Rokhnareh, O. Safari, Y. Selahvarzi, Growth performance and 
intestinal microbial changes of Carassius auratus in response to pomegranate 
(Punica granatum) peel extract-supplemented diets, J. World Aquacult. Soc. 52 
(2021) 820–828. 

[42] B. Magnadottir, Innate immunity of fish (overview), Fish Shellfish Immunol. 20 
(2006) 137–151. 

[43] V. Tullio, R. Spaccapelo, M. Polimeni, Lysozymes in the animal kingdom, J. Biosci. 
35 (2010) 127–160. 

[44] J. Ming, J. Ye, Y. Zhang, Q. Xu, X. Yang, X. Shao, J. Qiang, P. Xu, Optimal dietary 
curcumin improved growth performance, and modulated innate immunity, 
antioxidant capacity and related genes expression of NF-κB and Nrf2 signaling 
pathways in grass carp (Ctenopharyngodon idella) after infection with Aeromonas 
hydrophila, Fish Shellfish Immunol. 97 (2020) 540–553. 

[45] A. Bakshi, N. Sharma, A.K. Nagpal, Comparative evaluation of in vitro antioxidant 
and antidiabetic potential of five ethnomedical plant species from Punjab, India, 
South Afr. J. Bot. 150 (2022), 487-487. 

[46] B. Singh, J.P. Singh, A. Kaur, N. Singh, Phenolic compounds as beneficial 
phytochemicals in pomegranate (Punica granatum L.) peel: a review, Food Chem. 
261 (2018) 75–86. 

[47] E. Vallejos-Vidal, F. Reyes-Lopez, M. Teles, S. MacKenzie, The response of fish to 
immunostimulant diets, Fish Shellfish Immunol. 56 (2016) 34–69. 

[48] R.A. Dalmo, K. Ingebrigtsen, J. Gwald, Non-specific defence mechanisms in fish, 
with particular reference to uloendothelial system (RES), J. Fish. Dis. 20 (1997) 
241–273. 

[49] S.S. Giri, V. Sukumaran, S.C. Park, Dietary emodin affects the growth performance, 
immune responses, and disease resistance of Labeo rohita against Aeromonas 
hydrophila, Aquacult. Int. 24 (2016) 85–99. 

[50] A. Adwas, A. Elsayed, A. Azab, F. Quwaydir, Oxidative stress and antioxidant 
mechanisms in human body, J. Biotechnol. 6 (2019) 43–47. 

[51] M.S. Ural, Chlorpyrifos-induced changes in oxidant/antioxidant status and 
haematological parameters of Cyprinus carpio: ameliorative effect of lycopene, 
Chemosphere 90 (2013) 2059–2064. 

[52] A.N. Torun, S. Kulaksizoglu, M. Kulaksizoglu, B.O. Pamuk, E. Isbilen, N.B. Tutuncu, 
Serum total antioxidant status and lipid peroxidation marker malondialdehyde 
levels in overt and subclinical hypothyroidism, Clin. Endocrinol. 70 (2009) 
469–474. 

[53] W. Huang, X. Xiao, W. Hu, T. Tang, J. Bai, S. Zhao, Z. Ao, Z. Wei, W. Gao, 
W. Zhang, Effects of dietary nucleotide and yeast cell wall on growth performance, 
feed utilization, anti-oxidative and immune response of grass carp 
(Ctenopharyngodon idella), Fish Shellfish Immunol. 134 (2023), 108574. 

[54] K.C. Lim, Md F. Yusoff, M. Shariff, M.S. Kamarudin, Dietary astaxanthin augments 
disease resistance of Asian seabass, Lates calcarifer (Bloch, 1790), against Vibrio 
alginolyticus infection, Fish Shellfish Immunol. 114 (2021) 90–101. 

[55] C.J. Secombes, T. Wang, S. Hong, S. Peddie, M. Crampe, K.J. Laing, 
C. Cunningham, J. Zou, Cytokines and innate immunity of fish, Dev. Comp. 
Immunol. 25 (2001) 713–723. 

[56] S. Hong, J. Zou, M. Crampe, S. Peddie, G. Scapigliati, N. Bols, C. Cunningham, C. 
J. Secombes, The production and bioactivity of rainbow trout (Oncorhynchus 
mykiss) recombinant IL-1β, Vet. Immunol. Immunopathol. 81 (2001) 1–14. 

[57] L. Wei, B. Sun, M.X. Chang, Y. Liu, P. Nie, Effects of cyanobacterial toxin 
microcystin- LR on the transcription levels of immune-related genes in grass carp 
Ctenopharyngodon idella, Environ. Biol. Fish. 85 (2009) 231–238. 

[58] S.S. Giri, S.S. Sen, C. Chi, H.J. Kim, S.K. Yun, S.C. Park, V. Sukumaran, Effect of 
guava leaves on growth performance, cytokine gene expressions and disease 
resistance to Aeromonas hydrophila in Labeo rohita, Fish Shellfish Immunol. 46 
(2015) 217–224. 

[59] X. Yang, J.L. Guo, J.Y. Ye, Y.X. Zhang, W. Wang, The effects of Ficus carica 
polysaccharide on immune response and expression of some immune-related genes 
in grass carp, Ctenopharyngodon idella, Fish Shellfish Immunol. 42 (2015) 132–137. 

[60] G. Deniz, G. Erten, U.C. Kücüksezer, D. Kocacik, C. Karagiannidis, E. Aktas, et al., 
Regulatory NK cells suppress antigen-specific T cell responses, J. Immunol. 180 
(2008) 850–857. 

[61] A. Yoshimura, Signal transduction of inflammatory cytokines and tumor 
development, Cancer Sci. 97 (2006) 439–447. 

[62] H.S. Liu, C.E. Pan, Q.G. Liu, W. Yang, X.M. Liu, Effect of NF-kappa B and p38 MAPK 
in activated monocytes/macrophages on pro-inflammatory cytokines of rats with 
acute pancreatitis, World J. Gastroenterol. 9 (2003) 2513–2518. 

[63] R.J. Roberts, C. Agius, C. Saliba, P. Bossier, Y.Y. Sung, Heat shock proteins in fish 
and shellfish and their potential role in relation to fish health: a review, J. Fish. Dis. 
33 (2010) 789–801. 

[64] D.F. Amend, Potency testing of fish vaccines, Dev. Biol. Stand. 49 (1981) 447–454. 

S.S. Giri et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S1050-4648(23)00316-9/sref23
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref23
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref23
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref24
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref24
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref24
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref25
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref25
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref25
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref26
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref26
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref26
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref26
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref27
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref27
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref27
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref27
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref28
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref28
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref28
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref29
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref29
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref29
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref30
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref30
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref30
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref31
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref31
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref31
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref32
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref32
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref32
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref32
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref33
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref33
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref34
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref34
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref35
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref35
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref35
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref35
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref36
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref36
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref36
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref36
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref37
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref37
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref37
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref38
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref38
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref38
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref39
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref39
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref39
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref39
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref40
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref40
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref40
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref40
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref41
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref41
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref41
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref41
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref42
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref42
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref43
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref43
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref44
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref44
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref44
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref44
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref44
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref45
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref45
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref45
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref46
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref46
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref46
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref47
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref47
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref48
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref48
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref48
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref49
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref49
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref49
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref50
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref50
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref51
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref51
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref51
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref52
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref52
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref52
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref52
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref53
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref53
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref53
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref53
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref54
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref54
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref54
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref55
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref55
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref55
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref56
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref56
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref56
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref57
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref57
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref57
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref58
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref58
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref58
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref58
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref59
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref59
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref59
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref60
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref60
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref60
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref61
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref61
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref62
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref62
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref62
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref63
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref63
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref63
http://refhub.elsevier.com/S1050-4648(23)00316-9/sref64

	Dietary Syzygium cumini leaf extract influences growth performance, immunological responses and gene expression in pathogen ...
	1 Introduction
	2 Materials and methods
	2.1 Preparation of jamun leaf extract
	2.2 Diet preparation
	2.3 Fish and experimental design
	2.4 Growth performances
	2.5 Challenge study
	2.6 Sample collection
	2.7 Haemato-immunological parameters
	2.8 Oxidative stress-related parameters
	2.9 Gene expression study
	2.10 Statistical analysis

	3 Results
	3.1 Growth parameters
	3.2 Challenge study
	3.3 Haemato-immunological parameters
	3.4 Serum oxidative-stress-related parameters
	3.5 Gene expression

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgement
	Appendix A Supplementary data
	References


