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Abstract

Background The study was to examine the effects of Mesosphaerum suaveolens (MS) leaf extract on
growth performance, whole body composition, immunological responses, hematological parameters,
digestive enzymes, and antioxidant status in grass carp (Ctenopharyngodon idellus).

Methods A total of 525 grass carp, with an average body weight of 110.0 + 1.0 g, were utilized in a 70-day
feeding experiment. Fish were randomly allocated to one of five groups. Each group had a triplicate tank
with 35 fish per tank. Dietary treatment composed of a basal diet was given to the control group (MS0);
MS1, MS2, MS3, and MS4 were substituted with 0, 1, 2, 3, and 4 g/kg of the basal diet, respectively. Fish,
relative percent survival (RPS) was measured 14 days after Aeromonas hydrophila (1x107 cells/mL) was
given to the fish at the end of the feeding trial.

Results Significant enhancements were shown in growth performance indicators and the body's crude
lipid and moisture of the grass carp fed increasing levels of MS compared with the control. Serum levels
of total triglycerides, total cholesterol, total protein, glucose, globulin, albumin, oxalate transaminase,
glutamic pyruvate transaminase, and serum content of red blood cells, hemoglobin, hemocrit, and white
blood cells significantly increased, and mean cell hemoglobin and mean cell hemoglobin concentrations
significantly decreased in the grass carp fed the MS-supplemented diets. The liver catalase enzyme, total
antioxidant capacity, superoxide dismutase, and glutathione peroxidase activities were increased, and
liver malondialdehyde was lower in the in the MS groups compared to the control. Dietary MS
supplementation improved the respiratory burst, myeloperoxidase, lysozyme, alternative complement,
ceruloplasmin, antiprotease, haemagglutination, bacterial agglutination, and total immunoglobulin levels
compared with the control. After being exposed to A. hydrophila for seventy days, the grass carp that
was given MS extracts showed a better rate of survival than the control group at the end of the
experiment; the highest survival rates were seen in the MS3 and MS4. The transcriptional examination of
these gene expressions showed that the spleen and head kidney of grass carp 14-day infection had
significantly elevated expression levels of major beta 2 microglobulin (82M), Toll-like receptor 22 (TLR
22), tumor necrosis factor-alpha (TNFa), Lysozyme-C, and Lysozyme-G.

Conclusions Overall, the present research's results suggest that MS extract's growth promotion,
immunological responses, hematological parameters, digestive enzymes, and antioxidant status make it
an acceptable option for use as a feed additive in grass carp farms.

Background

Over the past two decades, China and India have dominated global aquaculture production [1].
Nevertheless, with the rapid emergence of the aquatic sector, various diseases and water pollution have
improved and confined the viable emergence of aquaculture [2—4]. Antibiotics are frequently used to
combat diseases in aquaculture, and their overuse has led to the formation of resistant strains and a
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considerable amount of antibiotic residue in the environment and palatable tissues of aquatic
organisms, which is harmful to human health [5-7].

Recently, the vision of antibiotic-free agriculture has been sketchily appreciated and applied worldwide
[2]. The utilization of herbal plants as “green medicine” has received increasingly attention, and they are
also widely utilized as feed additives in fish [7, 8]. Various herbal plants include many health-enhancing
products like tannins, flavonoids, terpenoids, alkaloids, steroids, saponins, and polysaccharides [9].
Several studies have indicated that certain herbs could be used to cure fish ailments [10, 11] and that
different herbal extracts may enhance growth performance [7, 12]. Because M. suaveolens (MS) is
extensively dispersed throughout India, China, South Korea, Europe, and America, the traditionally utilized
extract from the plant is attractive [9]. This species roots, leaves, stems, and seeds are frequently used in
regional and traditional medicine to treat a variety of ailments, including gastrointestinal and respiratory
disorders, dysentery, indigestion, boils, cramps, wounds, tumors, headaches, colds, fevers, body pain,
leukorrhea, skin conditions, cancer, renal problems, and inflammatory conditions [13]. Some biological
activities of MS have been reported, including antioxidant, anti-diabetic, anti-bacterial, immune function,
anti-fungal, anti-diabetic, wound healing, anti-malarial, cytotoxic, and anti-inflammatory properties, as
well as being utilized as an antidote for snake bites [14]. Some biological activities of MS have been
reported, including antioxidant, anti-diabetic, anti-bacterial, immune function, anti-fungal, anti-diabetic,
wound healing, anti-malarial, cytotoxic, and anti-inflammatory properties, as well as being utilized as an
antidote for snake bites [14]. Therefore, MS, a major constituent of triterpenoids, carbohydrates,
flavonoids, and saponins, may well affect the production of fish. MS-induced pharmacological activities
that appear to have an impact on humans or different experimental animals have been extensively
documented. Still, the effects of MS extract as a feed supplement on grass carp have not been
thoroughly investigated. We hypothesized that extracts from MS chosen based on different physiological
effects would contain several active ingredients that work well together to maximize productive
performance. Thus, we tried to assess the effectiveness of MS as a natural growth promoter in the diets
of grass carp in this study. The assessment's components included monitoring physiological changes in
growth performance, nutrient utilization, whole-body composition, immunological responses,
hematological parameters, digestive enzymes, and antioxidant status.

Material methods
Experimental Samples

M. suaveolens (MS) is derived from a climbing plant widely distributed in the north-east of India (Fig. 1).
To avoid photolysis and heat degradation, the fresh leaves were gathered, shade dried for one week at
room temperature (25-31°C), and then ground into a powder. By using typical extraction techniques,
crude extracts were produced [15, 16]. An electrical stainless-steel blender was used to chop dried
leaves into small pieces and then grind them into a coarse powder (Kumar et al. 2014). Using 500 ml of
methanol and 48 hours at 45-80°C, the powdered material (100 g) was extracted using the Soxhlet
technique [17]. In order to form the crude extract, it was kept at 4°C [18] for further studies.
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Experimental feed and setup

The grass carp we used in our research were tamed for two weeks to acclimate to the test conditions.
They were purchased from a local fish farm in Chumoukedima, Nagaland. During the prescribed
experiment, 375 grass carp weighing approximately 110.0 £ 1.0 g were carefully chosen and arbitrarily
allocated to five treatments. 25 fish are stocked in 1 m x 3 m x 1T m aquariums in three duplicates for
each treatment. Sattanathan et al. [19] were followed in creating the baseline diet as a control diet, which
is displayed in Table 1. A diet plan consisting of feeding one of the five meals to fish in duplicate tanks
twice a day (08:30-09:30 and 16:30-17:30) at a ratio of 4% of their body mass was applied at random to
the fish until they showed signs of satiation. A basal diet was given to the control group (MS0); MST1,
MS2, MS3, and MS4 were substituted with 0, 1, 2, 3, and 4 g/kg of the basal diet, respectively. The dietary
treatments continued for ten weeks, during which time uneaten food and excrement were removed from
each tank. One-third of the entire volume of water was replaced daily in order to clean the excrement in
the tanks. The water temperature was kept between 13 and 18°C during the experiment, dissolved
oxygen was 6.0 and 8.0 mg/L; ammonia nitrates were < 0.021 mg/L; and pH was 7.4 and 7.6.
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Table 1

Composition (g /kg) of the four experimental diets supplemented at different levels of M. suaveolens

Ingredients (g/kg) MSO0 MS1 MS2 MS3 MS4
Rice bran 170 169 168 167 166
Soybean meal 530 530 530 530 530
Fish meal 50 50 50 50 50
Wheat flour 20 20 20 20 20
Corn flour 150 150 150 150 150
Vegetable oil 50 50 50 50 50
lodized salt 5 5 5 5 5
Mineral mix* 25 25 25 25 25
MS extract (g/kg) 0 1 2 3 4
Chemical composition

Crude protein 38.24 38.25 38.26 38.27 38.62
Total lipid 28.5 28.47 28.61 28.97 28.75
Ether extract 12.21 12.25 12.85 12.56 12.47
Moisture (%) 7.25 7.28 7.65 7.95 7.65
Ash (%) 13.54 13.84 13.74 13.47 13.95

*Composition of the mixture per kg dry weight (Suplevite M ontained from Sarbahi chemicals, Wadi,
Baroda-390007, India); Vit A (700,000 IU), Vit D3 (70,000 IU), Vit E (250 mg), Nicotinamide (1000 mg),
Co (150 mg), Cu (1200 mg), lo (325 mg), Fe (1500 mg), Mn (1500 mg), K ?1 00 mg), Se (10 mg), Na
(5.9 mg), S (0.72%), Zn (9600 mg), Ca (25.5%), P (12.75%).

After 70 days of rearing, all fish in each tank were weighed, and the final weight (FW), net growth (NG),
weight gain rate (WGR), daily growth rate (DGR), specific growth rate (SGR), feed conversion rate (FCR),
feed efficiency (FE), condition factor (CF), hepato-somatic index (HSI), viscero-somatic index (VSI), and
survival rate (SR) were calculated according to Ahmadi et al. [20].

Whole body composition analysis

The analytical procedures for the estimated compositions of fish fillets were based on previously
reported methods [21]. Whole-body nutrient compositions like crude protein, moisture, and ash were
examined using conventional techniques (AOAC, International Association of Official Analytical
Chemists) [22]. Crude lipid levels were estimated according to the Soxhlet extraction method [23].

Liver markers and Haematological parameters
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Six fish were selected and gathered via the caudal vein using sterile T mL syringes. Fishes were
randomly sampled and euthanized using tricaine methanesulfonate (MS-222) at a concentration of 20
mg/L for sample collection. The serum was gathered and kept at -20°C for the following steps: standing
overnight at 4°C and centrifuging at 1000 x g for 10 minutes at 4°C. The glucose, globulin, albumin, total
triglycerides (TG), total cholesterol (TC), total protein (TP), glutamic oxalate transaminase (GOT), and
glutamic pyruvate transaminase (GPT) were as determined by an automatic biochemical analyzer
(Model 7020, Hitachi, Tokyo, Japan). The hematological parameters like hemoglobin (HB), hemocrit
(HCT), white blood cell (WBC), mean cell volume (MCV), mean cell hemoglobin (MCH), red blood cell
(RBC), and mean cell hemoglobin concentration (MCHC) were analyzed using the method [24].

Immunological parameters

The different immune characteristics, both specific and non-specific, were observed by [26—28]. The
method of Tukmechi et al. [29] was used to measure the lysozyme activity in serum. In accordance with
Villamil et al. [30], serum bactericidal activity against Aeromonas hydrophila (MTCC 1739) was
assessed. In accordance with Rao and Chakrabarti [31], the levels of serum total antiprotease and a1-
antiprotease were determined. Ceruloplasmin activity in serum was determined as p-phenylene diamine
oxidase activity using the previously reported method, with a few minor modifications [32]. One unit of
ceruloplasmin was defined as the quantity of oxidase that catalyzed a 0.001 min~ ' drop in absorbance
at 550 nm. The overall level of myeloperoxidase activity was calculated using the procedure outlined in
[33]. The OD was measured at 450 nm using a microplate reader. In accordance with Stasiack and
Bauman [34], the respiratory burst content was assessed. Yuvan et al. [35] reportedly offered a modified
version of Kohshahi et al. [36] alternate complement activity calculation method. The hemagglutination
assay was conducted in accordance with Dinh et al.'s [37] protocol. The bacterial hemagglutination
assay was used to evaluate the antigen-specific antibody response [38]. The technique developed by
Khalil et al. [38] was used to calculate the total immunoglobulin concentration in plasma.

Antioxidant status

To decrease their enzyme activity during the dissection step, the sedated fish were positioned close to
the ice. Following the removal of their viscera, cold distilled water was used to wash the liver tissue. The
liver samples were homogenized near ice in a 0.2 M NaCl solution. After that, the suspension was
centrifuged for 30 minutes at 5000 rpm and 4°C. The supernatant was then separated and put to use in
antioxidant experiments. The antioxidant enzymes such as catalase enzyme (CAT), superoxide
dismutase (SOD), total antioxidant capacity (T-AOC), glutathione peroxidase (GSH-Px), and
malondialdehyde (MDA) were analyzed using the method [39].

Digestive enzymes activity

The midgut of the fish (n = 3) was separated, and the enzyme extract was prepared by washing it with
distilled water. This was done in order to assess the impact of different experimental treatments on the
activity of digestive enzymes (amylase, cellulase, and lipase). For 2.0 minutes, tissues were
homogenized at a 5:1 ratio using buffer. After that, it was centrifuged for 20 minutes at 10,000 rpm and
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4°C. In order to assess soluble protein and enzyme activity, the supernatant was kept at -20°C [40]. Using
this technique, the digestive enzymes lipase, cellulase, and amylase were examined [41].

Challenge test

A. hydrophila (MTCC-1739) was shown to have a seven-day lethal dosage (LDs,) of 107 cells/mL
(Sattanathan et al., 2020). Following a 70-day feeding trial, 12 fish from each treatment group received
an intraperitoneal injection of 100 pL of PBS containing one million live A. hydrophila cells per milliliter.
For 14 days, the challenged fish were maintained under obseration and given a basal diet. Up to 14 days
after the challenge, the survival rate in each group was noted. Relative percentage survival (RPS) was
used to calculate the survival rate [42].

Immune-Related Gene Expression Analysis
Tissue collection

After 14 days of immunization, microbiological tests were performed on the spleens and head kidneys of
three dead fish (n = 3), and the results showed the presence of bacteria. Following the pathogenicity
period, fish were examined using current methods to determine the expression of immune genes.

Gene expression Analysis

The protocols for kidney and spleen RNA extraction, reverse transcription, and gPCR were carried out in
accordance with the guidelines set forth by Sattanathan et al. [42]. RNA was extracted using RNAiso
Plus (Takara Bio, Kusatsu, Japan), treated with DNase | (Beyotime), and then quantified and purified
using agarose gel electrophoresis and spectrophotometry (A260/280 ratio), in that order. Reverse
transcription was carried out using the Takara Bio PrimeScriptTM RT Reagent Kit. The qPCR reaction kit
(Invitrogen, Bangalore, India) contained 1 pL of complementary DNA, 0.2 yL ROX, 5 yL SYBR Premix Ex
Taq, 0.4 pL primers, and 3.4 pL nuclease-free water. The reaction was conducted in a QuanStudio 5Real-
Time System (Life Technologies, Carlsbad, CA, USA) in accordance with the manufacturer's instructions.
Table 2 lists the oligonucleotide primers that were utilized. To compute the changes in target gene
expression in relation to B-actin levels, the 2 - AACT technique was employed.
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Table 2
Primers that are used for real-time quantitative PCR

Target Primer Sequence (5-3") Optimum Size of PCR Reference
Gene Annealing Amplification
Temperature (bp
(<C)
NKEF-B F- ACTGTGACCATCGAGTTC 49 285 E)h?n et al.
86
R-TGGGCAAGTAATTGCTG
Lysozyme—  F-CTGTGATGTTGTCCTATCTTC 52.7 321 HuttthL]Jis
c et al. [87
R-GTAACTTCCCCAGGTATCC
Lysozyme F-CTTATGCAGGTTGACAAACG 53.5 249 Mohanty
G and Sahoo
R [88]
GGCAACAACATCACTGGAGTAATC
TNF a F-CCAGGCTTTCACTTCAGG 51.6 102 Go?za]Iez et
al. [89
R-GCCATAGGAATCGGAGTAG
TLR22 F-TCACCCCATTTCGAGGAATGTC 56.0 520 Saurabh et
al Chen.
R- [90]
GAAGGCGTCGTACTGGCTAACAT
B2M F-TCCAGTCCCAAGATTCAGGTG 59.7 175 Mohanty
and Sahoo
R-TGGTGAGGTGAAACTGCCAG [88]
B-actin F-GACTTCGAGCAGGAGATGG 55.3 138 Mohanty
and Sahoo
R-CAAGAAGGATGGCTGGAACA [88]

Statistical Analysis

The findings were displayed as means + standard errors of the mean, or SEM. Every data set was
analyzed using one-way ANOVA. Duncan multiple range rest was used to compare the group means
further when there were significant differences (P < 0.05). With SPSS 21.0 (SPSS, IL, USA), all statistical
analyses were carried out.

Results
Growth performance and body chemical composition

During the experiment period, grass-carp-fed diets supplemented with MS had increased FW, NG, WGR,
DGR, SGR, FCR, HSI, and SR compared with the control. The CF and FCR of the MS3 and MS4 groups
decreased (P <.05) compared to other groups. However, no effects were shown in the FE and VS| among
all groups (Table 3). Growth, specific growth rate, daily growth rate, and feed conversion rate were
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analyzed using polynomial regression while grass carp were fed increasing amounts of dietary MS
extracts for 10 weeks. G, SGR, and DGR determined the dietary MS extract needed to be 2.99 g/kg, and
FCR determined the dietary MS extract needed to be 2.79% (Fig. 2). The dietary inclusion of MS can
improve the body's crude lipids and moisture in grass carp. Therefore, no differences were observed in
the crude protein and moisture among all groups (Table 4).

Growth performance of grass carp fed different levels of M. suaveolens

Parameters

IW (g)
FW (g)

NG (g)

WGR (%)

DGR (g/day)

SGR (%/day)
FCR

FE (%)

CF (K)

HSI (%)

VSI (%)

SR (%)

MS0
110.46 +0.03

121.13 +
0.304

10.66 +0.294

9.65+0.29 ¢

0.15+0.004
d

0.13+0.003¢

2.40 £ 0.06°
43.42 +1.21

1.43+0.01°

1.24 +0.02°
2.63+0.01

96.6+1.92P

Table 3
MS1 MS2
110.33+0.05 110.45+0.09
125.67 129.67 +
0.12¢ 0.11P
15.34+0.18°  19.21+0.09°
13.90¢017° 17:39£0.09
0.21+0.002°  0.27 £0.001°
0.18+0.002°  0.22+0.001°
2.25+0.03®  2.20+0.02°
4445+0.65  45.46+0.52
1.45+0.001° 1.54+0.0012
1.34+0.03%  1.32+0.082
2.60+0.01 2.59 +0.02
97.7+1.11% 100 +0.002

MS3
110.37£0.05

131.09
0.322

20.71+0.32°
18.76 £0.29

a

0.29 +0.0042

0.24 +0.003?

2.18+0.03P
45.69+0.70

1.14+0.006°

1.38+0.012
2.67+0.07

100+ 0.00?

MS4
110.38 £0.03

129.28 +
0.33P

18.99 +0.30P

17.12+0.27
b

0.26 +0.004°

0.22 +0.003P

2.21+0.003P
45.09 +0.62

1.12+0.01°

1.38+0.012
2.64+0.06

100+ 0.00?

Values are means + SD of three replicates. Mean values with different letters in the same row are
significantly different (P < 0.05). IW: Initial weight; FW: Final weight; NG: net growth; WGR: Weight gain
rate; DGR: Daily growth rate; SGR: Specific growth rate; FCR: Feed conversion rate; FE: Feed efficiency;
CF: Condition factor; HIS: Hepato-somatic index; VSI: Visero-somatic index; SR: Survival rate.
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Table 4
The carcass compositions (percentage of wet weight) of grass carp fed different levels of M. suaveolens

MSO0 MS1 MS2 MS3 MS4

Crude lipid (%) 23.83+0.24b 2472%0.03  924724+008% 2477+032% 24.55+0.16°
a

Crude protein (%)  52.54+0.05 52.63+0.19 52.78 £0.07 52.94+0.22 52.88+0.33
Ash (%) 10.47 +£0.05 10.43 +£0.05 10.49 +£0.02 10.50 +£0.08 10.54 +£0.09

Moisture (%) 72.40+0.03° 72.47+0.08> 72.54+001° 72.78+0.03% 72.79 +0.092

Values are means * SD of three replicates. Mean values with different letters in the same row are
significantly different (P < 0.05)

Liver marker and Haematological parameters

As shown in Table 5, compared with the additional control diet group, the MS diet group could increase
GPT, GOT, TG, TC, TP, glucose, albumin, and globulin in the serum of grass carp (P <.05). The GOT, GPT,
TG, TC, TP, glucose, albumin, and globulin reached a high in the MS3 and MS4 groups. Additionally, the
increasing levels of MS supplements improve the HB, RBC, WBC, HCT, and MCV levels and decrease the
MCH and MCHC levels. The RBC level was higher and the MCH level was lower in the in the MS3 group
(Table 6).
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Table 5
The biochemical blood parameters of grass carp fed different levels of M. suaveolens

GPT (U/mL)

GOT (U/mL)

TG (mg/dL)

TC (mg/dL)

Glucose
(mg/dL)

TP (mg/dL)

Albumin
(mg/dL)

Globulin
(mf/dL)

MS0

30.27 +
0.03d

35.64
0.11¢

0.42 +
0.0034

10.27 +£0.04
d

3.60+0.03°

3.54+0.15°

12.50 +
0.08°¢

1.48 +0.03°

MS1

31.86+0.33°

36.59 +0.13¢

0.45+
0.008¢d

11.20 £ 0.38°

3.81 +0.04b¢

4.28 +0.20P

13.17 %
0.33Pc

1.49 +0.09°

MS2

33.01+0.34°

38.47 £0.06°

0.46 +
0.006°°

12.60+0.08P

3.84+0.14b

4.23+0.001°

13.64 +
0.004P

1.71+0.003P

MS3

34.94 +0.40P

40.47 +0.082

0.48 +
0.0032P

13.55+0.11°2

4.15+0.08?

5.48+0.132

14.53 £0.15%

1.90+0.035°%

MS4

37.48+0.63%

46.78 +0.332

0.49+0.0122

14.18 £ 0.33

4.27 +0.03?

5.34+0.0012

14.77 £0.322

1.84 +
0.03223b

Values are means * SD of three replicates. Mean values with different letters in the same row are
significantly different (P< 0.05).
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Table 6
The haematological parameters of grass carp fed different levels of M. suaveolens

MSO0 MS1 MS2 MS3 MS4
HB (g/dL) 9.40+0.05¢ 9.53+0.01P  9.61+0.02°° 973+0.012  9.70+0.03%
RBC (10/mm3) 35.58 + 36.59 3847 +0.06¢ 46.787+% 40047 +
0.11¢ 0.13¢ 0.332 0.08°
WBC (103/mm3)  40.33% 41.88 % 42.17+0.06° 43.09+0.072  42.68+0.26°
0.12° 0.02°
HCT (%) 1718+ 18.02 4 19.76£0.28° 21.77+0.07°  21.34+0.44°
0.76° 0.34°
MCV (fl) 482+0.20° 4.92+0.08°° 513%0.28% 537+0.02° 4.56 +0.08
MCH (pg) 2.64+0.022 2.60+0.01°  249+0.001° 207+0.02¢  2.40+0.01°
MCHC (g/dL) 54.96 + 5292 + 48.65 44.72 +72¢ 4557 +1.03¢
2.832 0.95% 0.76°°
Values are means + SD of three replicates. Mean values with different letters in the same row are
significantly different (P < 0.05). HB: haemoglobin; RBC: red blood cell; WBC: white blood cell; HCT:
haematocrit; MCV: mean cell volume; MCH: mean cell haemoglobin; MCHC: mean cell hemoglobin
concentration.

Antioxidant activity

As depicted in Table 7, the liver CAT, SOD, GSH-Px, and T-AOC activities were increased in the MS groups
compared with the control (P < 0.05). However, the liver MDA levels were decreased by the MS
treatments compared to the control (P < 0.05).
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Table 7
The antioxidant status of grass carp fed different levels of M. suaveolens

MSO0 MS1 MS2 MS3 MS4

MDA (U/mL) 12.2 +0.242 10.40+0.35°  9.94+0.40° 8.95+0.30¢ 10.37 +0.30°

SOD (U/mL) 148.34 + 148.37 + 149.50 + 150.34+0.02 149.32+
0.68¢ 0.34bc 0.082P a 0.572P

CAT (U/mL) 39.01+0.31° 39.44+0.15°° 40.04+0.302® 40.81+0.32%  40.87 +0.232

GSH-PX 84.80+1.12¢ 97.24i3.40b 110.92 + 112.91 + 115.84 +
(U/mL) 0.482 1.172 0.282

T-AOC (U/mL)  4.77+0.25¢ 6.05+0.05° 6.44 +0.26° 7.21+0.222 6.27 +0.03P

Values are means + SD of three replicates. Mean values with different letters in the same row are
significantly different (P < 0.05). CAT: catalase enzyme; SOD: superoxide dismutase; T-AOC: total
antioxidant capacity; GSH-Px: glutathione peroxidase; MDA: malondialdehyde.

Immunological parameters

As shown in Figs. 3 and 4, the activities of nitroblue tetrazolium, myeloperoxidase, lysozyme, alternative
complement, ceruloplasmin, antiprotease, haemagglutination, bacterial agglutination, and total
immunoglobulin improved with MS inclusion and acquired the greatest values in the MS3 group (P <
0.05).

Digestive enzymes activity

As displayed in Fig. 5, for midgut digestive enzyme activity, compared to the control diet, the increasing
level of the MS diet group improved the activities of amylase and cellulose and decreased the activities
of lipase in the midgut of grass carp (P < 0.05).

Challenge test

During the trial period, there was no mortality. Following an A. hydrophila infection, grass carp given 2
and 4 g/kg MS-enriched diets had high RPS (88 and 86%). On the other hand, 63% of the control fish that
were fed the baseline diet perished (Fig. 6).

Gene expression studies

The spleen immune-gene expression of TNFa, B2M, TLR 22, Lysozyme-C, and Lysozyme-G improved with
MS inclusion and reached the highest values in the MS3 group (P < 0.05), as Fig. 7 illustrates.
Consequently, no variation in NKEF-B was noted across any group. Similar patterns were observed in the
head kidney gene expression of TNFa, TLR 22, B2M, Lysozyme-G, NKEF-B, and TLR 22 with MS diets (P <
0.05). Consequently, there were no variations in Lysozyme-C across any group (Fig. 8).
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Discussion

Aquafeeds containing plant or herbal extracts have improved aquatic species' growth, immunological
response, and feed consumption [4, 43]. It has been demonstrated that adding powdered or extracted
medicinal plants to fish diets enhances appetite, growth, immunity, and stress tolerance [44, 45]. In the
current study, the inclusion of grass carp diets has beneficial effects on feed utilization and the growth of
the fish. Although there may be a few differences based on the plant species from which the active
substance is extracted and the species of fish that are being cultivated, the favorable results are
generally consistent with the trend of the use of phytogenics as reported in the literature [46]. Mocanu et
al. [47] reported a reduced FCR of grass carp dietary phytogenics supplementation. Since feed accounts
for more than half of the overall cost of grass carp production, the FCR is a critical economic
measurement. Feed manufacturers often optimize their feed formulas to minimize FCR; however, there
may be variances based on aquaculture type, water quality, temperature, and other factors [48]. In the
current study, MS supplementation lowers the FCR, whereas other research has shown that the use of
phytogenics decreases the FCR [49]. There was an increase in crude lipid and moisture contents of the
body composition among the MS group compared with the control. This is comparable to a previously
published study that found that the nutritional profile of whole fish is improved by the inclusion of
phytogenic feed additives [7]. The largemouth bass increased crude lipid content, which could be
partially responsible for the higher HSI.

Blood is widely utilized as a promising indicator of pathological and physiological changes in
toxicological research and environmental monitoring [50]. The hematological parameters are commonly
studied to assess toxic effects triggered by aquatic pollutants. Fish in aquatic environments are often
subjected to a wide range of physical and chemical stresses, which could weaken their immune systems
and increase their susceptibility to infections by pathogenic microorganisms [51, 52]. The hematocrit
value is an important tool in aquaculture to determine the health status of fish [53]. In the current study,
dietary MSE increased the levels of HB, RBC, WBC, HCT, and MCV and reduced the levels of MCH and
MCHC in grass carp in all the MS extract treatments compared with the control. Parallel studies have
also been recorded in other fish species, including Huso huso [54] and common carp, C. carpio [55].
Burducea et al. [46] reported an increase in the levels of HB, RBC, and MCV and a reduction in the levels
of MCH in common carp-fed phytogenic feed additives. It is believed that fish with higher serum albumin,
globulin, and total protein levels have stronger innate immune responses [53]. Transaminases, including
GPT and GOT, are essential for proteins and amino acids; while oxicants cause tissue damage or
dysfunction, they can release these enzymes into the plasma [56]. Globulin and albumin are the major
plasma proteins in fish. The current study showed an improvement in the levels of TG, TC, TP, GOT, GPT,
glucose, albumin, and globulin in grass carp in all the MSE groups compared to the control. This is
consistent with earlier research employing quercetin [57], garlic [58], Avena sativa [53], and herbal seed
[52], all of which elevated serum TG, TC, TP, glucose, albumin, and globulin levels in various fish species.
Many studies on herbal and medicinal plants [4, 53] have shown that including herbal seeds in diets has
erythropoietic and immune-boosting properties. According to reports, these effects improve cellular
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resistance to infections, oxidative stress adaptation, oxygen transport capability, and eventually lower
death rates [59].

Overall, the results of the feeding experiment showed that as the content of MS extracts increased, it
also increased the activities of the antioxidant enzymes. Although the role of the role of antioxidant
enzymes in grass carp growth has not been fully understood, the assessment of antioxidant enzyme
activities is frequently done to evaluate an organism's ability to defend against oxidative stress [60]. The
present study's results are consistent with earlier research findings that demonstrated enhanced
antioxidative mechanisms in fish with the supplementation of plant extract [61]. SOD and AOC are vital
antioxidant enzymes that can be found in almost every organism [60, 62]. Improvements in superoxide
anion and hydrogen peroxide, along with increases in the activities of CAT, GSH-Px, SOD, and AOC, may
be indications of enhanced NADPH-oxidase activity and mass production of reactive oxygen species [63,
64]. Reactive oxygen species are a defense mechanism against microbial infections, but high
concentrations can harm an organism's immune system by affecting essential proteins, unsaturated
fatty acids, and nucleic acids [60]. Lipid peroxidation produces MDA, which is a byproduct that puts cells
under toxic stress and is used as a biomarker for measuring an organism's amount of oxidative stress.
Consequently, antioxidant activity is typically associated with a living system defense mechanism. The
improved levels of SOD, T-AOC, CAT, and GSH-Px activities indicated that the grass carp may have
benefited from the MS extract during inclusion. Our results are in agreement with Hoseinifar et al. [65],
who reported an improvement in the activity of SOD, GSH-Px, and AOC and a decrease the activity of
MDA in the liver of common carp through dietary supplementation with phytogenic feed additives.
Salomén et al. [66] reported that medical plant extract can increase SOD and GSH-Px and decrease MDA
in the gut gut of juvenile gilthead seabream. However, Das et al. [67] established that dietary inclusion of
coriander oil has beneficial effects on the antioxidant activity of Nile tilapia. Regulation of these selective
antioxidant enzymes by MS was detected by the nuclear factor E2-related factor 2/Kelch-like ECH-related
protein 1 signaling pathway, which plays an important role in protecting the body from oxidative damage
[68].

Fish have a more developed innate immune system than mammals, which is their primary line of
defense against a wide range of infections [12]. The humoral immune components respiratory burst,
myeloperoxidase, lysozyme, alternative complement, ceruloplasmin, antiprotease, haemagglutination,
bacterial agglutination, and total immunoglobulin are closely linked to the adaptive and innate immune
responses in fish and are tested to determine the health state of fish, its capacity to stimulate
phagocytes and the complement system, as well as its activity towards both Gram-negative and Gram-
positive bacteria [12, 40, 42]. Mohseni et al. [40] reported increased myeloperoxidase, lysozyme, and
alternative complements due to Japanese eel-fed Eucommia ulmoides Oliver bark extracts
supplemented. The dietary supplementation of phytogenics can increase lysozyme activity in turbot [69].
In the present study, the dietary supplementation of MS extracts could improve the activities of nitroblue
tetrazolium, myeloperoxidase, lysozyme, alternative complement, ceruloplasmin, antiprotease,
haemagglutination, bacterial agglutination, and total immunoglobulin in the serum of grass carp. The
major organ of fish that synthesizes complement protein is the liver [40]. However, the enhanced liver
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health, boosted by increased serum glucose, albumin, and globulin activities, might be responsible for
the improvement in the alternative complement activity of grass carp fed MS-supplemented diets.
Myeloperoxidase, nitroblue tetrazolium activity, ceruloplasmin,, and antiprotease could activate
neutrophils and activate macrophages [70]. Due to its opsonic properties, ability to activate phagocytes
and complement systems, and ability to fight Gram-negative and Gram-positive bacteria, an essential
component of the innate immune system is lysozyme [71]. Because of this, dietary supplements
containing MS may offer a cost-effective and sustainable means of enhancing the innate immunity of
grasscar and minimizing their need for chemotherapy while protecting them against various infections.

Nutrients are digested by digestive enzymes like cellulose, amylase, and lipase [40], and it has been
reported that food handling can affect enzyme activity [72]. Since the activity of digestive enzymes
impacts the effectiveness of nutrient absorption, their characterization offers significant insight into
fish's capacity to hydrolyze fat, protein, and carbohydrates in diets. Digestive enzymes are important for
fish utilization [73, 74]. A lack of MS in animals has been shown to cause digestive issues in various
ways, even though the mechanisms by which MS impacts fish digestive action are unknown. In a study
by Almeida-Bezerra et al. [9], the vagus nerve innervates the established enteric neural system of the
gastrointestinal tract, which can function autonomously and promote digestive secretions. Thus,
deficiencies in MS may impact these areas' metabolic processes, potentially leading to adverse
consequences for the gastrointestinal system [68]. Additionally, cellulose conversion and protein
digestibility are decreased while a stomach's pH increases [75, 76]. Accordingly, the decrease of lipase
and increase of amylase and cellulose in this study could be related to a possible improvement in gastric
pH. Additionally, it improves the amount of enzymes secreted into the midgut [7], which is responsible for
the increase of midgut amylase and cellulose and the reduction of midgut lipase activity in MS fed the
control diet. Improvement in digestive enzymes activated by dietary herbal extract inclusion has been
reported in grass carp [77, 78], tilapia [79], and white leg shrimp [60]. It has high growth efficiency in fish.
To address the association between the growth performances of grass carp fed varied doses of dietary
MS extract and the digestive enzymes, more research is required.

In the current study, grass carp exhibited increased resistance to A. hydrophila in a dose-dependent
manner in dietary MS extract, even after intraperitoneal injection of 1x107 cells/mL of the pathogen.
Compared to 36% in the control diet, the survival rate increased to 47%, 63%, 88%, and 86% in MS1, MS2,
MS3, and MS4. Das et al. [67] showed that dietary phytogenic supplementation improved the survival
rate of Nile tilapia against A. hydrophila. MS mainly causes damage to bacterial membranes, which leads
to the loss of membrane potential, respiratory activity, and efflux activity, and finally results in cell death
[9]. Besides, MS extracts also increase the immunological state by controlling the innate immune
indicators, including lysozyme and immunoglobulin expression, in grasscarp. Previously, Sattanathan et
al. [80] documented that C. aereain L. rohita exhibits anti-fungal and anti-bactericidal effects against fish
infections. However, dietary supplementation with phytogenics could show an increased survival
percentage after confronting A. hydrophila [81]. Therefore, an increased survival percentage after conflict
with A. hydrophila has been shown in rainbow trout supplemented with Coriandrum sativum extract [82].
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The immunomodulation mechanism in grass carp infected with A. hydrophila is still unclear. In response
to immunization with A. hydrophila, we examined the expression levels of immune-related genes (NKEF-
B, Lysozyme-C, Lysozyme-G, TNFq, TLR 22, B2M) in the grass carp head kidney and spleen in the present
study. Because the head kidney is the leading main lymphoid tissue for the B-lymphocyte line and the
spleen is a prominent peripheral lymphoid organ, these organs are appropriate for investigating the
expression of such genes in vivo [42, 83]. Major antibacterial enzymes called lysozymes are crucial to
fish's innate immunity. The study of fish lysozymes helps manage pathogen-induced fish ilinesses.
TLR22 and B2M, exclusive to antigen-presenting cells and activating CD4 + T cells [84], are helpful
markers for comprehending the processes of epitope recognition and tracking the migration of immune-
related cells. Following immunization, there was a significant rise in TCRa expression levels [85]. In the
grass carp, the mRNA levels of expression NKEF-B, Lysozyme-C, Lysozyme-G, TNFaq, TLR 22, and B2M
improved after 14 days of A. hydrophila challenge supplemented with MS extract. After A. hydrophila
infection, Lysozyme, TNFq, and B2M are thought to exacerbate the inflammatory response in grass carp.
The explanation of species-specific immune reactions in A. hydrophila could be found in the expression
patterns of immune-related genes.

Conclusion

In conclusion, dietary MS supplementation enhanced growth performance, whole body composition,
immunological responses, hematological parameters, digestive ezymes, and antioxidant status in grass
carp. As fed to fish at 2 and 4 g/mg, it improves the growth performance, whole body composition,
immunological responses, hematological parameters, digestive ezymes, and antioxidant status of grass
carp. However, the consistency and quality of MS in fish feed may be impacted by the ingredient, diet
production method, methods of extraction, and components. Grass carp were strongly pathogenicized
by A. hydrophila, while grass carp seemed to have increased gene expression following A. hydrophila
infection. Our findings offer important insights into the immunological response mechanism of A.
hydrophila-infected grass carp. Consequently, there is increasing interest in various encapsulation
techniques to enhance the stability of MS in fish feed and shield them from interactions with the host,
food, and environment. But MS can be beneficial in reducing illness and assisting in the avoidance of
antibiotic use, which can cause microorganisms to become resistant to drugs. Still, further research is
needed to understand how these immune-related genes function.
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Visero-somatic index
WBC

white blood cell
WGR

Weight gain rate.

Declarations

Ethics approval and consent participate

The St. Joseph University, Nagaland, India (SJU/Z00/12/2023) Ethics Committee on Animal
Experimentation accepted the protocols for in-vivo studies.

Authors’ contributions

Govindhrajan Sattanathan: conceptualization, writing - original draft, methodology, data curation, review
& editing, software analysis. Muniyappan Madesh : writing - original draft, methodology, software, review
& editing, software analysis, Hairui Yu: conceptualization, investigation, supervision, project
administration, funding acquisition, review & editing. Swaminathan Padmapriya: resources, methodology,
data curation, review & editing, software analysis. Demin Cai:methodology, data curation, review &
editing, Venkatalakshmi: methodology, data curation, review & editing, software analysis, Rajesh
Ramasamy: investigation, and formal analysis.

Funding

This research is funded by Shandong Provincial Key Research and Development Programs (Major
Scientific and Technological Innovation Projects, MSTIP; Grant / Award Numbers: 2018CXGC0102 and
2019JZZY020710). Scientific and Technologic Development Program of Weifang (Grant / Award
Number: 2019ZJ1046).

Consent for publication
Not applicable.

Competing interests

Page 20/36



The authers declare that they have no competing interests.

References

1.

10.

Roohi Z, Imanpoor MR, Jafari V, Taghizadeh, V. (2017). The use of fenugreek seed meal in fish diets:
growth performance, haematological and biochemical parameters, survival and stress resistance of
common carp (Cyprinus carpio L.). Aquac Res. 2017; 48: 1209-1215.
https://doi.org/10.1111/are.12962.

. Novriadi R, Spangler E, Allen Davis D. Comparative effect of advanced soy products or corn protein

concentrate with porcine meal on growth, body composition, and distal intestine histology of Florida
pompano, Trachinotus carolinus. J World. Aquacult. Soc. 2019; 50: 433-447.
https://doi.org/10.1111/jwas.12547.

.Cao S,Mo P, Xiao Y, Chen Y, Shi Y, Hu Y, Liu Z. Dietary supplementation with fermented plant meal

enhances growth, antioxidant capacity and expression of TOR signaling pathway genes in gibel carp
(Carassius auratusgibelio var. CAS V). Aquac rep. 2021; 19:100559.
https://doi.org/10.1016/j.aqrep.2020.100559.

. Kamble MT, Chaiyapechara S, Salin KR, Bunphimpapha P, Chavan BR, Bhujel RC, Pirarat N. (2024).

Guava and Star gooseberry leaf extracts improve growth performance, innate immunity, intestinal
microbial community, and disease resistance in Nile tilapia (Oreochromis niloticus) against
Aeromonas hydrophila. Aquac Rep. 2024; 35: 101947. https://doi.org/10.1016/j.aqrep.2024.101947.

. Xue J, Shen K, Hu Y, Hu Y, Kumar V, Yang G, Wen C. Effects of dietary Bacilluscereus, B. subtilis,

Paracoccus marcusii, and Lactobacillus plantarum supplementation on the growth, immune
response, antioxidant capacity, and intestinal health of juvenile grass carp (Ctenopharyngodon
idellus). Aquac rep. 2020; 17: 100387. https://doi.org/10.1016/j.aqrep.2020.100387.

.Yang X, He Y, Lin S, Dong X, Yang Q, Liu H, Tan B. Saccharomyces cerevisiae extracts improved the

effects of a low fishmeal, complex plant protein diet in the orange-spotted grouper, Epinephelus
coioides. Aquac rep. 2021; 19: 100574. https://doi.org/10.1016/j.aqrep.2020.100574.

. Yue R, Dong W, Feng Z, Jin T, Wang W, He Y, Lin S. Effects of three tested medicinal plant extracts on

growth, immune function and microflora in juvenile largemouth bass (Micropterus salmoides).
Aquac Rep. 2024; 36: 102075. https://doi.org/10.1016/j.aqrep.2024.102075.

.LiW, Zeng J, Li Y, Ge C, Su J, Yao H. A fascinating finding: The application of traditional Chinese

medicine in aquaculture prevents the spread and diffusion of antibiotic resistance genes among gut
microbes. Aquaculture. 2024; 583: 740573. https://doi.org/10.1016/j.aquaculture.2024.740573.

. Almeida-Bezerra, JW, Rodrigues FC, Bezerra, JJL, Pinheiro AAV, De Menezes SA, Tavares AB, De

Oliveira AFM. Traditional uses, phytochemistry, and bioactivities of Mesosphaerum suaveolens (L.)
Kuntze. ECAM, 2022; 3829180. https://doi.org/10.1155/2022/3829180.

Kumaran T, Viji VT, Velmurugan S, Citarasu T. Influence of selected antiviral herbal active principles
against shrimp white spot syndrome virus (WSSV). Int J Mol Biol Biochem. 2014; 2: 41-49.

Page 21/36



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Fallahpour F, Banaee M, Javadzade N. Effects of dietary marshmallow (Althaea officinalis L.) extract
on growth performance and body composition of common carp (Cyprinus carpio). |IJABBR. 2014; 2:
2453-2460.

Lim JW, Mendis WRH, Jeong BC, Lim TJ, Ahn JC, Jung SJ, Kang SY. (2022). Optimization of
Eucommia ulmoides Oliver bark extracts by Box-Behnken design and their effects on growth
performance, plasma biochemical and immunological parameters, and antioxidant enzyme-and
inflammation-related genes expression in Japanese eel, Anguilla japonica. Aquac Rep. 2022; 26:
101320. https://doi.org/10.1016/j.aqrep.2022.101320.

Picking D, Delgoda R, Boulogne |, Mitchell S. Hyptis verticillata Jacq: A review of its traditional uses,
phytochemistry, pharmacology and toxicology. J ethnopharmacol. 2013; 147: 16-41.
https://doi.org/10.1016/j.jep.2013.01.039.

Lee JW, Kim JE, Shin YJ, Ryu JS, Eom IC, Lee JS, Kim Y, Kim PJ, Choi KH, Lee BC, 2014. Serum and
ultrastructure responses of common carp (Cyprinus carpio L.) during long-term exposure to zinc
oxide nanoparticles. Ecotoxicol Environ Saf. 2014; 104: 9-17.
https://doi.org/10.1016/j.ecoenv.2014.01.040.

Lin FL, Wu SJ, Lee SC, Ng LT. Antioxidant, antioedema and analgesic activities of Andrographis
paniculata extracts and their active constituent andrographolide. Phytotherapy Research: An
International Journal Devoted to Pharmacological and Toxicological Evaluation of Natural Product
Derivatives, 2009; 23: 958-964. https://doi.org/10.1002/ptr.2701.

Xu 'Y, Marshall RL, Mukkur TK. An investigation on the antimicrobial activity of Andrographis
paniculata extracts and andrographolide in vitro. Asian J Plant Sci. 2006; 5: 527-530.

Umamaheswari SELVARAJ, Prince PSM. Antihyperglycaemic effect of €ilogen-exceli, an ayurvedic
herbal formulation in streptozotocin-induced diabetes mellitus. Acta Poloniae Pharmaceutica fi Drug
Research, 2007; 64: 53-61.

Nathan SS. The use of Eucalyptus tereticornis Sm. (Myrtaceae) oil (leaf extract) as a natural
larvicidal agent against the malaria vector Anopheles stephensiListon (Diptera: Culicidae).
Bioresour Technol. 2007; 98: 1856-1860. https://doi.org/10.1016/j.biortech.2006.07.044.

Sattanathan G, Palanisamy T, Padmapriya S, Arumugam VA, Park S, Kim IH, Balasubramanian B.
Influences of dietary inclusion of algae Chaetomorpha aerea enhanced growth performance,
immunity, haematological response and disease resistance of Labeo rohita challenged with
Aeromonas hydrophila. Aquac rep. 2020; 17: 100353. https://doi.org/10.1016/j.aqrep.2020.100353.

Ahmadi A, Bagheri D, Hoseinifar SH, Morshedi V, Paolucci M. Beneficial role of polyphenols as feed
additives on growth performances, immune response and antioxidant status of Lates Calcarifer
(Bloch, 1790) juveniles. Aquaculture. 2022; 552: 737955.
https://doi.org/10.1016/j.aquaculture.2022.737955.

Zhang Y, Yang P, Sun H, Hou Y, Zhang Y, Liu H. Evaluation of extruded full-fat soybean as the
substitution for fish meal in diets for juvenile Scophthalmus maximus based on growth

Page 22/36



22.

23.

24.

25.

26.

27.

28.

29

30.

31.

32.

performance, intestinal microbiota, and aquaculture water quality. Aquaculture. 2023; 562: 738734.
https://doi.org/10.1016/j.aquaculture.2022.738734.

AOAC International. 2000. Official Methods of Analysis of AOAC. International, 16th ed. Association
of Official Analytical Chemists, Washington, DC, USA.

JiR,LiY, Li X, Xiang X, Li Y, Zhu S, Ai Q. Effects of dietary tea polyphenols on growth, biochemical
and antioxidant responses, fatty acid composition and expression of lipid metabolism related genes
of large yellow croaker (Larimichthys crocea). Aquacu Res. 2018; 49: 1210-1218.
https://doi.org/10.1111/are.13574.

Ahmed |, Sheikh ZA. Hematological and serum biochemical parameters of five freshwater snow
trout fish species from river Jhelum of Kashmir Himalaya, India. Comp Clin Path. 2019; 28: 771-782.
https://doi.org/10.1007/s00580-019-02909-y.

Abdel-Tawwab M, Adeshina I, Jenyo-Oni A, Ajani EK, Emikpe BO. Growth, physiological, antioxidants,
and immune response of African catfish, Clarias gariepinus (B.), to dietary clove basil, Ocimum
gratissimum, leaf extract and its susceptibility to Listeria monocytogenes infection. Fish Shellfish
Immunol. 2018; 78: 346-354. https://doi.org/10.1016/j.fsi.2018.04.057.

Terzi E, Kucukkosker B, Bilen S, Kenanoglu ON, Corum O, Ozbek M, Parug SS. A novel herbal
immunostimulant for rainbow trout (Oncorhynchus mykiss) against Yersinia ruckeri. Fish Shellfish
Immunol. 2021; 110: 55-66.

Logambal SM, Venkatalakshmi S, Dinakaran Michael R. Immunostimulatory effect of leaf extract of
Ocimum sanctum Linn. in Oreochromis mossambicus (Peters). Hydrobiologia, 2000; 430: 113-120.
https://doi.org/10.1023/A:1004029332114.

Farsani MN, Hoseinifar SH, Rashidian G, Farsani HG, Ashouri, G, Van Doan H. Dietary effects of
Coriandrum sativum extract on growth performance, physiological and innate immune responses
and resistance of rainbow trout (Oncorhynchus mykiss) against Yersinia ruckeri. Fish Shellfish
Immunol. 2019; 91: 233-240. https://doi.org/10.1016/j.fsi.2019.05.031.

. Tukmechi A, Andani HRR, Manaffar R, Sheikhzadeh N. Dietary administration of beta-mercapto-

ethanol treated Saccharomyces cerevisiae enhanced the growth, innate immune response and
disease resistance of the rainbow trout, Oncorhynchus mykiss. Fish Shellfish Immunol. 2011; 30:
923-928. https://doi.org/10.1016/j.fsi.2011.01.016.

Villamil L, Figueras A, Novoa B. Immunomodulatory effects of nisin in turbot (Scophthalmus
maximus L.). Fish Shellfish Immunol. 2003; 14: 157-169. https://doi.org/10.1006/fsim.2002.0425.
Rao YV, Chakrabarti R. Enhanced anti-proteases in Labeo rohita fed with diet containing herbal
ingredients. Indian J Clini Biochem. 2004; 19: 132-134. https://doi.org/10.1007/BF02894272.

Sattanathan G, Tamizhazhagan V, Raza N, Shah SQA, Hussain MZ, Kim K H. Effects of green alga,
Chaetomorpha aerea extract on non-specific immune responses and disease resistance against
Edwardsiella tarda infection in Labeo rohita. Appl Sci. 2021; 11: 4325.
https://doi.org/10.3390/app11104325.

Page 23/36



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Sahoo PK, Rauta PR, Mohanty BR, Mahapatra KD, Saha JN, Rye M, Eknath AE. Selection for improved
resistance to Aeromonas hydrophila in Indian major carp Labeo rohita: Survival and innate immune
responses in first generation of resistant and susceptible lines. Fish Shellfish Immunol. 2011; 31:
432-438. https://doi.org/10.1016/j.fsi.2011.06.014.

Stasiack AS, Bauman CP. Neutrophil activity as a potent indicator for concomitant analysis. Fish
Shellfish Immun. 1996; 37: 539-542. https://doi.org/10.1006/fsim.1996.0050.

Yuan C, Li D, Chen W, Sun F, Wu G, Gong Y, Han X. Administration of a herbal immunoregulation
mixture enhances some immune parameters in carp (Cyprinus carpio). Fish Physiol Biochem. 2007
33:93-101. https://doi.org/10.1007/s10695-006-9120-7.

Kohshahi AJ, Sourinejad |, Sarkheil M, Johari SA. Dietary cosupplementation with curcumin and
different selenium sources (nanoparticulate, organic, and inorganic selenium): influence on growth
performance, body composition, immune responses, and glutathione peroxidase activity of rainbow
trout (Oncorhynchus mykiss). Fish Physiol Biochem. 2019; 45: 793-804.
https://doi.org/10.1007/s10695-018-0585-y.

Dinh HL, Hori K, Quang NH. Screening and preliminary characterization of hemagglutinins in
Vietnamese marine algae. J Appl Phycol. 2009; 21: 89-97. https://doi.org/10.1007/s10811-008-
9330-8.

Khalil SMI, Bulfon C, Galeotti M, Acutis PL, Altinok |, Kotzamanidis C, Volpatti D. Immune profiling of
rainbow trout (Oncorhynchus mykiss) exposed to Lactococcus garvieae: Evidence in asymptomatic
versus symptomatic or vaccinated fish. J Fish Dis. 2023; 46: 731-741.
https://doi.org/10.1111/jfd.13782.

Zhong L, Hu Y, Hu Y, Li J, Tian Y, Chen J, Xiao T. Effects of dietary tea polyphenols on growth,
immunity and lipid metabolism of juvenile black carp Mylopharyngodonpiceus. Aquacu Res. 2020;
51: 569-576. https://doi.org/10.1111/are.14403.

Mohseni M, Ghelichpour M, Hassani MHS, Pajand Z0, Vaghei RG. Efficacy of dietary thiamine
supplementation on growth performance, digestive enzymes, immunological responses, and
antioxidant capacity of juvenile beluga (Huso huso). Aquacu Rep. 2023; 31: 101664.
https://doi.org/10.1016/j.aqrep.2023.101664.

Abdel-Tawwab M, Abdel-Latif HM, Basuini MFE, EI-Nokrashy AM, Khaled AA, Kord M, Khalil HS.
Effects of exogenous bile acids (BAs) on growth, lipid profile, digestive enzymes, and immune
responses of thinlip mullet, Liza ramada. Sci Rep. 2023; 13: 22875. https://doi.org/10.1038/s41598-
023-49788-6.

Sattanathan G, Liu WC, Padmapriya S, Pushparaj K, Sureshkumar S, Lee JW, Kim IH. Effects of
Dietary Blend of Algae Extract Supplementation on Growth, Biochemical, Haemato-Immunological
Response, and Immune Gene Expression in Labeo rohita with Aeromonas hydrophila Post-
Challenges. Fishes. 2022; 8: 7. https://doi.org/10.3390/fishes8010007.

Barbacariu CA, Burducea M, Dirvariu L, Oprea E, Lupu AC, Teliban GC, Lobiuc A. Evaluation of diet
supplementation with wheat grass juice on growth performance, body composition and blood

Page 24/36



44,

45.

46.

47.

48.

49.

50.

51.

92.

53.

54.

biochemical profile of carp (Cyprinus carpio L.). Animals. 2021; 11: 2589.
https://doi.org/10.3390/ani11092589.

Reverter M, Bontemps N, Lecchini D, Banaigs B, Sasal P. Use of plant extracts in fish aquaculture as
an alternative to chemotherapy: current status and future perspectives. Aquaculture. 2014; 433: 50-
61. https://doi.org/10.1016/j.aquaculture.2014.05.048.

Dawood MA. Nutritional immunity of fish intestines: Important insights for sustainable aquaculture.
Rev Aquacul. 2021; 13: 642-663. https://doi.org/10.1111/raq.12492.

Burducea M, Dincheva |, Dirvariu L, Oprea E, Zheljazkov VD, Barbacariu CA. Wheat and Barley Grass
Juice Addition to a Plant-Based Feed Improved Growth and Flesh Quality of Common Carp (Cyprinus
carpio). Animals. 2022; 12: 1046. https://doi.org/10.3390/ani12081046.

Mocanu E, Athanasopoulos L, Patriche N, Tenciu M, Jecu E. Effect of phyto-additives diets on growth
parameters and biochemical composition of carp species (Cyprinus carpio) in recirculating system.
2019; 71: 139-145.

Nasir NAN, Hamed Q. Growth development of young common carp Cyprinus carpio through dietary
sodium chloride supplementation.MEJ. 2016; 2: 12-18.

Barbacariu CA, Burducea M, Dirvariu L, Oprea E, Lupu AC, Teliban GC, Lobiuc A. Evaluation of diet
supplementation with wheat grass juice on growth performance, body composition and blood
biochemical profile of carp (Cyprinus carpio L.). Animals. 2021; 11: 2589.
https://doi.org/10.3390/ani11092589.

Muniyappan M, Palanisamy T, Kim IH. Effect of microencapsulated organic acids on growth
performance, nutrient digestibility, blood profile, fecal gas emission, fecal microbial, and meat-
carcass grade quality of growing-finishing pigs. Livest Sci. 2021; 252: 104658.
https://doi.org/10.1016/j.livsci.2021.104658.

Irshath AA, Rajan A, Vimal S, Prabhakaran VS, Ganesan R. Bacterial pathogenesis in various fish
diseases: recent advances and specific challenges in vaccine development. Vaccines. 2023; 11:
470. https://doi.org/10.3390/vaccines11020470.

Ashry AM, Habiba MM, Abdel-wahab A, Younis EM, Davies SJ, EInakeeb MA, EI-Sebaey AM. Dietary
effect of powdered herbal seeds on zootechnical performance, hemato-biochemical indices,
immunological status, and intestinal microbiota of European sea bass (Dicentrarchus labrax).
Aquacu Rep. 2024; 36: 102074. https://doi.org/10.1016/j.aqrep.2024.102074.

Baba E, Acar U, Ontas C, Kesbig 0S, Yilmaz S. The use of Avena sativa extract against Aeromonas
hydrophila and its effect on growth performance, hematological and immunological parameters in
common carp (Cyprinus carpio). Ital J Anim Sci. 2016; 15: 325-333.
https://doi.org/10.1080/1828051X.2016.1185977.

Binaii M, Ghiasi M, Farabi SMV, Pourgholam R, Fazli H, Safari R, Bankehsaz Z. Biochemical and
hemato-immunological parameters in juvenile beluga (Huso huso) following the diet supplemented
with nettle (Urtica dioica). Fish Shellfish Immunol. 2014; 36: 46-51.
https://doi.org/10.1016/j.fsi.2013.10.001.

Page 25/36



99.

56.

o7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Harikrishnan R, Balasundaram C, Bhuvaneswari R. Restorative effect of Azadirachta indica aqueous
leaf extract dip treatment on haematological parameter changes in Cyprinus carpio (L.)
experimentally infected with Aphanomyces invadans fungus. J Appl Ichthyol. 2005; 21: 410-413.
https://doi.org/10.1111/j.1439-0426.2005.00614 .x.

Oparaku NF, Ukwueze M, Nwosu CG, Andong F, Echiude D, Okwuonu E, Ezenwaji N. Effect of Carica
papaya (paw-paw) aqueous leaf extract on the growth, haematological parameters and the liver
enzymes of Clarias gariepinus juveniles. Aquacu Rep. 2024; 34: 101874.
https://doi.org/10.1016/j.aqrep.2023.101874.

Awad, E., & Awaad, A. (2017). Role of medicinal plants on growth performance and immune status
in fish. Fish Shellfish Immunol. 2017; 67: 40-54. https://doi.org/10.1016/j.fsi.2017.05.034.

Nya EJ, Austin, B. Use of garlic, Allium sativum, to control Aeromonas hydrophila infection in
rainbow trout, Oncorhynchus mykiss (Walbaum). J Fish Dis. 2009; 32: 963-970.
https://doi.org/10.1111/j.1365-2761.2009.01100.x.

Gabriel, NN. Review on the progress in the role of herbal extracts in tilapia culture. Cogent Food
Agric. 2019; 5: 1619651. https://doi.org/10.1080/23311932.2019.1619651.

Moh JHZ, Waiho K, Fazhan H, Shaibani N, Manan H, Sung YY, Ikhwanuddin M. Effect of Noni,
Morinda citrifolia fruit extract supplementation on the growth performances and physiological
responses of the hepatopancreas of Whiteleg shrimp, Penaeus vannamei Post Larvae. Aquacu Rep.
2021; 21: 100798. https://doi.org/10.1016/j.aqrep.2021.100798.

Liu XL, Xi QY, Yang L, Li HY, Jiang QY, Shu G, Zhang YL. The effect of dietary Panax ginseng
polysaccharide extract on the immune responses in white shrimp, Litopenaeus vannamei. Fish
Shellfish Immunol. 2011; 30: 495-500. https://doi.org/10.1016/j.fsi.2010.11.018.

Yang J, Hong J, Fu Z, Ma Z. Effects of dietary curcumin on growth and digestive physiology of
Seriola dumerili. Front Mar Sci. 2022; 9: 862379. https://doi.org/10.3389/fmars.2022.862379.

Bogdan C, Rollinghoff M, Diefenbach A. Reactive oxygen and reactive nitrogen intermediates in
innate and specific immunity. Curr Opin Immunol. 2000; 12: 64-76. https://doi.org/10.1016/S0952-
7915(99)00052-7.

Deng YP, Jiang WD, Liu Y, Qu B, Jiang J, Kuang SY, Feng L. Dietary leucine improves flesh quality and
alters mRNA expressions of Nrf2-mediated antioxidant enzymes in the muscle of grass carp
(Ctenopharyngodon idella). Aquaculture. 2016; 452: 380-387.
https://doi.org/10.1016/j.aquaculture.2015.11.007.

Hoseinifar SH, Sohrabi A, Paknejad H, Jafari V, Paolucci M, Van Doan H. Enrichment of common
carp (Cyprinus carpio) fingerlings diet with Psidium guajava: the effects on cutaneous mucosal and
serum immune parameters and immune related genes expression. Fish Shellfish Immunol. 2019; 86:
688-694. https://doi.org/10.1016/.fsi.2018.12.001.

Salomén R, Firmino JP, Reyes-Lopez FE, Andree KB, Gonzalez-Silvera D, Esteban MA, Gisbert E. The
growth promoting and immunomodulatory effects of a medicinal plant leaf extract obtained from

Page 26/36



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Salvia officinalis and Lippia citriodora in gilthead seabream (Sparus aurata). Aquaculture. 2020; 524:
735291. https://doi.org/10.1016/j.aquaculture.2020.735291.

Das S, Pradhan C, Pillai D. Dietary coriander (Coriandrum sativum L) oil improves antioxidant and
anti-inflammatory activity, innate immune responses and resistance to Aeromonas hydrophila in Nile
tilapia (Oreochromis niloticus). Fish Shellfish Immunol. 2023; 132: 108486.
https://doi.org/10.1016/j.fsi.2022.108486.

Mohanta O, Ray A, Jena S, Sahoo A, Panda SS, Das PK, Panda PC. Mesosphaerum suaveolens
essential oil attenuates inflammatory response and oxidative stress in LPS-stimulated RAW 264.7
macrophages by regulating NF-kB signaling pathway. Molecules. 2023; 28: 5817.
https://doi.org/10.3390/molecules28155817.

Zhang B, Li C, Wang X, Zhou H, Mai K, He G. The effects of dietary Eucommia ulmoides Oliver on
growth, feed utilization, antioxidant activity and immune responses of turbot (Scophthalmus
maximus L.). Aquacu nutr. 2019; 25: 367-376. https://doi.org/10.1111/anu.12862.

Grattendick K, Stuart R, Roberts E, Lincoln J, Lefkowitz SS, Bollen A, Lefkowitz DL. Alveolar
macrophage activation by myeloperoxidase: a model for exacerbation of lung inflammation. Am J
Respir Cell Mol Biol. 2002; 26: 716-722. https://doi.org/10.1165/ajrcmb.26.6.4723.

Yousefi M, Paktinat M, Mahmoudi N, Pérez-Jiménez A, Hoseini SM. Serum biochemical and non-
specific immune responses of rainbow trout (Oncorhynchus mykiss) to dietary nucleotide and
chronic stress. Fish Physiol Biochem. 2016; 42: 1417-1425. https://doi.org/10.1007/s10695-016-
0229-z.

Zhu LY, Lin DQ, Yao SJ. Biodegradation of polyelectrolyte complex films composed of chitosan and
sodium cellulose sulfate as the controllable release carrier. Carbohydr polym. 2010; 82: 323-328.
https://doi.org/10.1016/j.carbpol.2010.04.062.

Liu Y, Meng F, Wang S, Xia S, Wang R. Vitamin D3 mitigates lipopolysaccharide-induced oxidative
stress, tight junction damage and intestinal inflammatory response in yellow catfish, Pelteobagrus
fulvidraco. Comparative Biochemistry and Physiology Part C: Toxicol Pharmacol. 2021; 243: 108982.
https://doi.org/10.1016/j.cbpc.2021.108982.

Singh R, Das R, Singh A, Jain KK, Srivastava PP, Deo AD. Dietary Incorporation of Ractopamine
Hydrochloride Improves Body Composition and Metabolic Enzyme Activity in Calbasu, Labeo
calbasu Fingerlings, despite High-and Low-Protein-Supplemented Diet. Aquacu Nutr. 2022; 2022:
4959100. https://doi.org/10.1155/2022/4959100.

Kargarzadeh H, loelovich M, Ahmad |, Thomas S, Dufresne A. Methods for extraction of
nanocellulose from various sources. Handbook of nanocellulose and cellulose nanocomposites.
2017; 1: 1-49. https://doi.org/10.1002/9783527689972.ch1.

Islam F, Roy N. Screening, purification and characterization of cellulase from cellulase producing
bacteria in molasses. BMC Res Notes. 2018; 11: 1-6. https://doi.org/10.1186/s13104-018-3558-4.

Ganguly S, Mahanty A, Mitra T, Mohanty S, Das BK, Mohanty BP. Nutrigenomic studies on hilsa to
evaluate flesh quality attributes and genes associated with fatty acid metabolism from the rivers

Page 27/36



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Hooghly and Padma. Food Res Int. 2018; 103:21-9. https://doi.org/10.1016/j.foodres.2017.10.017.

Zhang Y, Yang P, Sun H, Hou Y, Zhang Y, Liu H. Evaluation of extruded full-fat soybean as the
substitution for fish meal in diets for juvenile Scophthalmus maximus based on growth
performance, intestinal microbiota, and aquaculture water quality. Aquaculture. 2023; 562: 738734.
https://doi.org/10.1016/j.aquaculture.2022.738734.

Poolsawat L, Yu Y, Li X, Zhen X, Yao W, Wang P, Leng, X. Efficacy of phytogenic extracts on growth
performance and health of tilapia (Oreochromis niloticusx O. aureus). Aquaculture and Fisheries.
2022;7: 411-419. https://doi.org/10.1016/j.aaf.2020.08.009.

Sattanathan G, Gokulakrishnan S, Rajesh R. Efficacy of Chaetomorpha aerea against fish
pathogens. Int. J. Life Sci. 2015; 4: 37-40.

Sahu S, Das BK, Pradhan J, Mohapatra BC, Mishra BK, Sarangi N. Effect of Magnifera indica kernel
as a feed additive on immunity and resistance to Aeromonas hydrophilain Labeo rohita fingerlings.
Fish Shellfish Immunol. 2007; 23: 109-118. https://doi.org/10.1016/j.fsi.2006.09.009.

Farsani MN, Hoseinifar SH, Rashidian G, Farsani HG, Ashouri G, Van Doan H. Dietary effects of
Coriandrum sativum extract on growth performance, physiological and innate immune responses
and resistance of rainbow trout (Oncorhynchus mykiss) against Yersinia ruckeri. Fish Shellfish
Immunol. 2019; 91: 233-240. https://doi.org/10.1016/j.fsi.2019.05.031.

Chen N, Jiang J, Gao X, Li X, Zhang Y, Liu X, Zhang X. Histopathological analysis and the immune
related gene expression profiles of mandarin fish (Siniperca chuatsi) infected with Aeromonas
hydrophila. Fish Shellfish Immunol. 2018; 83: 410-415. https://doi.org/10.1016/j.fsi.2018.09.023.

Samanta M, Swain B, Basu M, Mahapatra G, Sahoo BR, Paichha M, Jayasankar P. Toll-like receptor
22 in Labeo rohita: molecular cloning, characterization, 3D modeling, and expression analysis
following ligands stimulation and bacterial infection. Appl Biochem Biotechnol. 2014; 174: 309-327.
https://doi.org/10.1007/s12010-014-1058-0.

Takano T, Iwahori A, Hirono |, Aoki T. Development of a DNA vaccine against hirame rhabdovirus and
analysis of the expression of immune-related genes after vaccination. Fish Shellfish Immunol. 2004;
17:367-374. https://doi.org/10.1016/j.fsi.2004.04.012.

Chen G, Liu Y, Jiang J, Jiang W, Kuang S, Tang L, Feng L. Effect of dietary arginine on the immune
response and gene expression in head kidney and spleen following infection of Jian carp with
Aeromonas hydrophila. Fish Shellfish Immunol. 2015; 44: 195-202.
https://doi.org/10.1016/j.fsi.2015.02.027.

Huttenhuis HB, Grou CP, Taverne-Thiele AJ, Taverne N, Rombout JH. Carp (Cyprinus carpio L.) innate
immune factors are present before hatching. Fish Shellfish Immunol. 2006; 20: 586-596.
https://doi.org/10.1016/j.fsi.2005.07.008.

Mohanty BR, Sahoo PK. Immune responses and expression profiles of some immune-related genes
in Indian major carp, Labeo rohitato Edwardsiella tarda infection. Fish Shellfish Immunol. 2010; 28:
613-621. https://doi.org/10.1016/].fsi.2009.12.025.

Page 28/36



89. Gonzalez SF, Buchmann K, Nielsen ME. Real-time gene expression analysis in carp (Cyprinus carpio
L.) skin: inflammatory responses caused by the ectoparasite /chthyophthirius multifiliis. Fish
Shellfish Immunol. 2077; 22: 641-650. https://doi.org/10.1016/].fsi.2006.08.011.

90. Saurabh S, Sahoo PK, Mohanty BR, Mohanty J, Jena JK, Mukherjee SC, Sarangi N. Modulation of the
innate immune response of rohu Labeo rohita (Hamilton) by experimental freshwater lice Argulus
siamensis (Wilson) infection. Aquacu Res. 2010; 41: €326-e335. https://doi.org/10.1111/j.1365-
2109.2010.02538.x.

Figures

Figure 1

Morphology of Mesosphaerum suaveolens
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Figure 2

Growth, Specific growth rate, daily growth rate and Feed conversion rate were analyzed using polynomial
regression while grass carp were fed increasing amounts of dietary MS extracts for 10 weeks. G, SGR
and, DGR determined the dietary MS extract needed to be 2.99 g/kg and FCR determined the dietary MS
extract needed to be 2.79%.
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Figure 3

Effects of M. suaveolens leaf extract (MS) on immunological parameters grass carp. (A) Nitroblue
tetrazolium. (B) Lysozyme. (C) Myeloperoxidase. (D) Alternative complement. (E) Ceruloplasmin. (F)
Antiprotease. Data are presented as means + SD.

Page 31/36



> 0.4 p @ o, 0.037 ab
B ¢ b < a
bt I

7] s

% 034 a

E 3 0021 b T
Er'-' E b

3z~ x

& 2 0.01-

- 0.14 =

g T

] w

k. 2

oo 0.0~ : o 0.00- .

MSO MS1  MS2 MS3 MS4 MSO MS1 MS2 MS3 MS4
C

‘o 1.5+ b o & @

8 c —

E.

Z

£ 1.0

=1

E

g

S 0.5

=11]

=}

s

=

£

£ 0.0- T

= MSO MS1 MS2 MS3 MS4
Figure 4

Effects of M. suaveolens leaf extract (MS) on immunological parameters grass carp. (A)
Haemagglutination. (B) Bacterial agglutination. (C) Total immunoglobulin. Data are presented as means
+ SD.

Page 32/36



A
150 b a a
401 y a0 z @
.’é" C _ e % _— -
) b
£
: ¥ - 1004
: :
5 20+ ~
by 2 50-
9 3
=] -
z " 3
= o
< 0- | |
0= - T MSO MS1I MS2 MS3 MS4
MSO MS1 MS2 MS3 MS4
C
15
— d
=
e b b c b
=] =
510
=1
£
=,
g
=
2
]
0- | 1
MSO MS1 MS2 MS3I MS4
Figure 5

Effects of M. suaveolens leaf extract (MS) on Antioxidant activity grass carp. (A) Amylase. (B) Cellulase.
(C) Lipase. Data are presented as means * SD.
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Figure 6

Relative percent survival rate (%) of grass carp post feeding with five experimental feeds with increasing
level of M. suaveolens leaf extract such as 0, 1, 2, 3, 4 g/kg in control and treatment MS0O, MS1, MS2,

MS3 and MS4 groups respectively after intraperitoneal injection of 1x10 cfu/mL of Aeromonas
hydrophila recorded up to a period of 14 days.
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Figure 7

Relative mRNA expression levels (fold-change) for grass carp, immune-relevant gene. (A) NKEF-B. (B)
Lysozyme-C. (C) Lysozyme-G. (D) TNFaq, (E) TLR 22, (F) B2M in spleen tissue at after A. hydrophila
injection 14 days. mRNA expression levels are normalized to the reference gene, B-actin. Data are
presented as means + SD.
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Relative mMRNA expression levels (fold-change) for grass carp, immune-relevant gene. (A) NKEF-B. (B)
Lysozyme-C. (C) Lysozyme-G. (D) TNFaq, (E) TLR 22, (F) B2M in Head kidneytissue at after A. hydrophila
injection 14 days. mRNA expression levels are normalized to the reference gene, B-actin. Data are
presented as means * SD.
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