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This study evaluated the effects of dietary top-coating supplementation with

Wedelia chinensis extract on growth performance, innate immune responses,

and disease resistance in whiteleg shrimp (Penaeus vannamei) challenged with

Vibrio parahaemolyticus. Shrimp were fed a basal diet top-coated with W.

chinensis extract at inclusion levels of 31.25, 312.5, or 625 mg kg-1 feed using

an intermittent feeding protocol over a 21-day period, while a control group

received the unsupplemented basal diet. Growth performance indicators,

including weight gain and feed conversion ratio, were significantly improved in

shrimp fed extract-supplemented diets, with the most pronounced effects

observed at the intermediate inclusion level. In addition, many key innate

immune parameters, including total hemocyte count, phagocytic activity,

phenoloxidase, lysozyme, and superoxide dismutase activities, were

significantly elevated compared with the control group. Following pathogen

challenge, shrimp fed W. chinensis–supplemented diets exhibited significantly

reduced mortality, indicating enhanced resistance to V. parahaemolyticus.

Overall, the results suggest that dietary supplementation with W. chinensis

extract can beneficially modulate growth performance and innate immune

responses in whiteleg shrimp. Further studies are warranted to elucidate the

underlying mechanisms, identify active compounds, and evaluate long-term

efficacy under commercial farming conditions.
KEYWORDS

acute hepatopancreatic necrosis disease, crustacean immunity, disease management,
functional feed additive, plant-derived compounds/extracts, sustainable aquaculture
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1 Introduction

The whiteleg shrimp Penaeus vannamei is currently the most

important farmed shrimp species worldwide, with global

production reaching nearly 7 million tons in 2022 (FAO, 2024). It

plays a critical role in the aquaculture industries of Southeast Asia,

the Americas, and other regions, generating substantial economic

value annually (Shekhar et al., 2021). Despite its global importance,

shrimp aquaculture remains highly vulnerable to disease outbreaks,

among which acute hepatopancreatic necrosis disease (AHPND) is

one of the most devastating. First reported in China in 2009,

AHPND has since spread widely across Asia and the Americas.

The disease typically occurs within 20–30 days after stocking and is

frequently associated with mass mortalities that can reach nearly

100% (Lai et al., 2015; Kumar et al., 2020; Han et al., 2015; OIE,

2019, OIE, 2020). AHPND is primarily caused by Vibrio

parahaemolyticus strains carrying the pVA1 plasmid encoding the

PirA and PirB toxins, which induce severe pathological damage to

the stomach and hepatopancreas of shrimp (Lee et al., 2015; Dong

et al., 2017; Han et al., 2017; Tang et al., 2020). In addition, other

Vibrio species, including V. harveyi, V. owensii, V. campbellii, and

V. punensis, have also been associated with AHPND-like outbreaks

(Liu et al., 2015, Liu et al., 2018; Ahn et al., 2017; Restrepo

et al., 2018).

The management of bacterial diseases in shrimp farming has

conventionally relied on the use of antibiotics and disinfectants (De

Schryver et al., 2014; Boonyawiwat et al., 2017). However, the

excessive and prolonged application of these chemotherapeutics

has contributed to environmental contamination and the

emergence of antibiotic-resistant bacteria, including AHPND-

causing V. parahaemolyticus strains (Seyfried et al., 2010; Lulijwa

et al., 2020; Knipe et al., 2021). Resistance to commonly used

an t i b io t i c s , such a s ampic i l l i n , s t r ep tomyc in , and

sulfamethoxazole has been widely reported (Lai et al., 2015; Han

et al., 2015), underscoring the urgent need for sustainable,

antibiotic-free strategies to improve shrimp health and

disease resistance.

In this context, plant-derived bioactive compounds have gained

increasing attention as functional feed additives in aquaculture.

Numerous plant extracts contain polyphenols, flavonoids,

terpenoids, and alkaloids with antimicrobial, antioxidant, and

immunomodulatory properties (Reverter et al., 2014; Chandran

et al., 2016; Angela et al., 2020; Zhu, 2020; Effendi et al., 2022; Li

et al., 2022; Kumar et al., 2023). In addition, certain phytogenic

additives have been reported to enhance feed palatability and

nutrient utilization, thereby improving growth performance

(Venketramalingam et al., 2007; Kirubakaran et al., 2010).

Wedelia chinensis (Asteraceae) is a widely distributed medicinal

herb in Asia and is rich in polyphenols, flavonoids, diterpenoids,

sesquiterpenes, and triterpenoids (Li et al., 2012; Khan et al., 2023).

Extracts from this plant have demonstrated antioxidant, anti-

inflammatory, and broad-spectrum antimicrobial activities in

both in vitro and in vivo studies (Manjamalai et al., 2012;

Talukdar and Talukdar, 2013; Li et al., 2022; Khan et al., 2023;

Nguyen et al., 2023). In our previous in vitro study, methanolic
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extracts of W. chinensis exhibited the highest total polyphenol and

flavonoid contents and showed strong inhibitory activity against

pathogenic V. parahaemolyticus compared with extracts obtained

using other solvents (Tran et al., 2022). Building on these findings,

the present study aimed to evaluate the effects of dietary

supplementation with methanolic W. chinensis extract on growth

performance, innate immune responses, and resistance of P.

vannamei against V. parahaemolyticus infection under controlled

in vivo conditions.

By improving shrimp health and survival while reducing

dependence on antibiotics, functional plant-based feed additives,

such as W. chinensis extract, can contribute to more sustainable

aquaculture practices. These approaches support global efforts

toward food security, responsible production, and ecosystem

health, aligning with several United Nations Sustainable

Development Goals, including Zero Hunger (SDG 2), Responsible

Consumption and Production (SDG 12), and Life Below Water

(SDG 14).
2 Materials and methods

2.1 Preparations of the W. chinensis extract

Fresh Wedelia chinensis plants were collected from Hue city

(formerly Thua Thien Hue Province), Vietnam. Leaves were

washed thoroughly with distilled water and dried at 60 °C for 8 h.

The extraction procedure followed Appiah et al. (2022); Hang et al.

(2018), with minor modifications. The dried leaves were ground

into fine powder (particle size 250 μm) using a laboratory grinder

(PG, SGE, Thailand). Thirty grams of the powdered material were

extracted with 300 mL methanol (99.8% v/v) and heated in a water

bath (JEIOTECH BW-1020H, Korea) at 70 °C for 1 h. The mixture

was filtered through Whatman Grade No.2 filter paper, and the

filtrate was concentrated under reduced pressure at 60 °C using a

rotary evaporator (Rotavapor R-300, Switzerland) to completely

remove residual solvent. Following complete methanol evaporation

under reduced pressure, the resulting dried extract was

reconstituted in a minimal and defined volume of distilled water

solely to facilitate homogeneous mixing prior to downstream

applications. This reconstitution step was performed after solvent

removal, ensuring that the extraction and concentration of bioactive

compounds were completed before aqueous exposure, thereby

minimizing any potential alteration of the extract composition.

The resulting extract was stored at −20 °C until use.
2.2 Preparations of experimental diets

Four experimental diets were prepared, including a control diet

without W. chinensis extract (WCE) and three test diets

supplemented with WCE at 31.25, 312.5, or 625 mg kg-1 of feed.

The inclusion levels were selected based on previous evaluations of

antimicrobial activity and toxicity (Ngoc et al., 2023). All

experimental diets shared an identical basal formulation, differing
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only in the level of WCE applied by surface top-coating. The

formulation of the basal diet used in this study was adapted from

Hong et al. (2022), Won et al., (2020). To accommodate the

supplementation of WCE, the diets were prepared with slight

modifications. Specifically, levels of calcium dihydrogen

phosphate and corn starch were adjusted to maintain mineral

balance and pellet stability after WCE supplementation, ensuring

all diets remained nutritionally comparable, as shown in

Supplementary Table S1. Briefly, the dry ingredients were

thoroughly mixed and sieved (250 μm), followed by the addition

of fish oil and water to form a homogeneous dough. Pellets (0.5–1.0

mm diameter) were produced using a laboratory pelleting machine

(3A, Vietnam), air-dried for 72 h, and stored at 4 °C until use. For

WCE supplementation, the extract was dissolved in a minimal

volume of distilled water and evenly sprayed onto the basal diet

pellets using a fine mist sprayer while the pellets were continuously

tumbled in a rotating drum for 10 min. Following this, the same

volume of squid oil was added as a coating agent to all experimental

diets, including the control. This step ensured consistent lipid

composition across all the experimental diets, avoided

confounding effects related to lipid composition and enhanced

the adhesion of the extract to minimize leaching. Mixing was

continued for an additional 5 min after oil addition. The basal

(control) diet underwent identical spraying, coating, and mixing

procedures as the WCE-supplemented diets but without WCE

supplementation. All experimental diets were formulated to be

nutritionally comparable, and WCE was the only variable factor

among treatments. Minor formulation adjustments were necessary

to accommodate graded WCE inclusion; however, all diets

remained nutritionally comparable. The coated pellets were air-

dried at room temperature for 2 h and subsequently stored in

airtight bags at 4 °C until feeding.
2.3 Experimental animal and design

Whiteleg shrimp juveniles (P. vannamei) with a mean body

weight of 1.5 ± 0.1 g were obtained from Toan Tien Hatchery (Hue

city, Vietnam). Prior to transfer, shrimp batches were screened for

acute hepatopancreatic necrosis disease (AHPND), white spot

disease (WSD), and yellow head disease (YHD) at the Hue

Veterinary Clinic using PCR assays targeting Vibrio

parahaemolyticus for AHPND, WSSV for WSD, and YHV for

YHD, following protocols recommended by the World

Organization for Animal Health (OIE). Only batches that tested

PCR-negative for all pathogens were used for the experiment.

Upon arrival at the laboratory, shrimp were acclimatized for 14

days in a 1000 L plastic tank with a flow-through seawater system

(1.4 L s-1) under controlled conditions: temperature 28 ± 2 °C, pH

7.6–8.0, salinity 20–25‰, and dissolved oxygen ≥ 5.0 mg L-1. Water

quality parameters (temperature, pH, and salinity) were monitored

daily using a multiparameter probe (YSI ProDSS, USA), while total

ammonia nitrogen, nitrite, and alkalinity were measured weekly.

Partial water exchange (20% of tank volume) and continuous
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aeration were applied to maintain optimal water quality. Shrimp

were fed the basal diet four times daily at 07:00, 10:00, 13:00, and

16:00 h. Uneaten feeds, waste, and dead shrimp were removed two

hours after each feeding session.

Before starting the feeding trial, hepatopancreas samples from

five randomly selected shrimp were streaked onto thiosulfate citrate

bile salts (TCBS, Himedia, India) agar and incubated at 28 °C for

24 h. No Vibrio-like colonies were observed, and the absence of V.

parahaemolyticus was further confirmed by PCR analysis (Phuoc

et al., 2021). A total of 600 juveniles were randomly assigned to 12

plastic tanks (capacity 120 L; working volume 100 L) supplied with

continuous aeration and flow-through seawater (1.4 L s-1), at a

stocking density of 50 shrimp per tank. The experiment consisted of

four dietary treatments: a control group fed the basal diet without

supplementation, and three treatment groups fed basal diets top-

coated with W. chinensis extract at inclusion levels of 31.25, 312.5,

and 625 mg kg-1 feed (designated as WCE-31.25, WCE-312.5, and

WCE-625), each with three replicates.

Shrimp were fed according to an intermittent feeding regimen

over a 21-day experimental period, consisting of 7 days of WCE-

supplemented feeding, followed by 7 days of basal diet feeding, and

a final 7 days of WCE-supplemented feeding. The control group

received the basal diet continuously throughout the trial. The

intermittent feeding strategy was designed to assess immune

st imulation while minimizing potential metabol ic or

immunological stress associated with prolonged continuous

exposure to the extract.

Shrimp were fed four times daily at 3–5% of body weight per

day. Uneaten feed, feces, and dead shrimp were removed by

siphoning two hours after each feeding. Water quality parameters

were monitored regularly and remained within the optimal range

for whiteleg shrimp throughout the experimental period. At the end

of the 21-day feeding trial, 20 shrimp per replicate were collected for

a challenge test with pathogenic V. parahaemolyticus. Additionally,

six shrimp per group (two shrimp per replicate) were sampled to

determine phagocytic activity. For the evaluation of innate immune

parameters, including total hemocyte count, superoxide dismutase

activity, lysozyme activity, and phenoloxidase activity, six shrimp

per treatment group were sampled on days 0, 7, 14, and 21.
2.4 Growth performance and survival
analysis

At the end of the feeding trial, the shrimp were deprived of feed

for 24 h, after which they were counted and individually weighed.

Growth performance and survival parameters, including specific

growth rate (SGR), weight gain (WG), feed conversion ratio (FCR),

and survival rate (SR), were calculated based on initial and final

body weights and shrimp numbers according to the formulas

described by Chandran et al. (2016), as outlined below:

SGR =
ln of   final  weight   (g) − ln of   initial  weight   (g)
number   of   days

� 100    
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WG =
Final  weight   (g) − initial  weight   (g)  

initial  weight   (g)
 �   100

FCR =
Feed   intake   (g)
Weight   gain   (g)

SR =
Final   number   of   live   shrimp
Number   of   initial   shrimp

 �   100
2.5 Hemolymph sampling

Hemolymph (100 mL) was collected from six shrimp per

experimental group at each sampling time point. The collected

hemolymph was immediately diluted 1:9 (v/v) with anticoagulant

solution, resulting in a 1:9 (v/v) hemolymph dilution for subsequent

immune assays. This dilution ratio was consistently applied to all

immune parameter analyses to ensure comparability among

treatments. The hemolymph samples were drawn from the

ventral sinus using a sterile 1-mL syringe preloaded with 900 mL
of anticoagulant solution (30 mM trisodium citrate, 0.34 M NaCl,

and 10 mM EDTA; osmolality adjusted to 780 mOsm kg-1; pH 7.5).

The collected samples were immediately used for the analysis of

innate immune parameters.
2.5.1 Total hemocyte count
Total hemocyte count was measured using the protocol

described previously by Chiu et al. (2007). Briefly, a drop of

diluted hemolymph was loaded onto a Neubauer improved

hemocytometer (Marienfeld, USA) and examined under a light

microscope (CX23; Olympus, Japan) at 400× magnification.

Hemolymph was diluted (1:9 v/v) in anticoagulant solution prior

to hemocyte counting, and total hemocyte counts were expressed as

cells mL-1.
2.5.2 The phagocytic activity of hemocytes
The phagocytic activity of hemocytes was determined following

the methods described by Hong et al. (2022). Shrimp were injected

with 20 uL of a bacterial suspension of V. parahaemolyticus (2×106

CFU mL-1, corresponding to the LD50 dose), and then placed in

separate tanks containing 50 L of seawater (salinity 20‰) at 28 ± 1 °C

for 2 h.

Hemolymph (100 mL) was collected from six shrimp in each

experimental group and mixed with 900 μL of an anticoagulant

solution. For hemocyte fixation, 100 μL of the anticoagulant-

hemolymph mixture was mixed with an equal volume of 0.1%

paraformaldehyde for 30 min at 4 °C. Subsequently, 50 μL of the

fixed cell suspension was dropped onto a glass slide and centrifuged

at 113 × g for 3 minutes using a cytospin centrifuge. After air-

drying, the slides were stained with Diff-Quick stain.

The phagocytic activity was determined under a light

microscope (CX23; Olympus, Japan) by counting 200 hemocytes

per slide and recording the number of cells that had engulfed

bacterial cells. Phagocytic activity (PA) was calculated using the
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following formula:

PA   ( % )   =
Phagocytic   haemocytes
200   haemocytes   counted

  x   100
2.5.3 Phenoloxidase activity
Phenoloxidase (PO) activity was determined by measuring the

formation of dopachrome produced from L-DOPA at an OD of 490

nm using a spectrophotometer (V1710, Shanghai, China) following

the method outlined by Hong et al. (2022). Briefly, 100 mL of the

anticoagulant-hemolymph mixture was centrifuged at 800 × g for

20 min at 4 °C, and the supernatant was discarded. The hemocyte

pellet was washed with 500 mL cacodylate citrate buffer (10 mM

sodium cacodylate, 450 mM sodium chloride, and 100 mM

trisodium citrate; pH 7.0) and resuspended in 100 mL cacodylate

buffer (10 mM sodium cacodylate, 450 mM sodium chloride, 10

mM calcium chloride, and 260 mM magnesium chloride; pH 7.0).

The hemocyte suspension was divided into two equal aliquots. One

aliquot was treated with 50 mL of trypsin (1 mg mL-1) to activate the

prophenoloxidase system, while the other received 50 mL of

cacodylate buffer and served as a control. After incubation at 25 °

C for 10 min, 50 mL of L-DOPA was added to each tube and allowed

to react for 5 min. The reaction was terminated by adding 800 mL of
cacodylate buffer, resulting in a final reaction volume of 1 mL.

Absorbance was then measured at 490 nm.

2.5.4 Lysozyme activity
Lysozyme activity was determined following the procedures

described by Chiu et al. (2007). Briefly, 500 μL of the anticoagulant-

hemolymph mixture was centrifuged at 1,000 × g for 10 min at 4 °C

to obtain the cell-free supernatant. The supernatant was then mixed

with 1 mL of a 0.02% (w/v) suspension ofMicrococcus lysodeikticus

(Sigma-Aldrich) and incubated at 25 °C. Absorbance was measured

at 530 nm at 0.5 and 4.5 min using a spectrophotometer. One unit

of lysozyme activity (U) was defined as the quantity of enzyme

required to decrease the absorbance by 0.001 per minute, and the

LYS activity was expressed as units per milliliter (U mL-1).

2.5.5 Superoxide dismutase
Superoxide dismutase activity was measured using a commercial

assay kit (CS0009, Sigma-Aldrich, USA) according to the

manufacturer’s instructions. Briefly, the anticoagulant–hemolymph

mixture was centrifuged at 1,000 × g for 10 min at 4 °C, and the

supernatant was collected and stored at −80 °C until analysis. A

standard curve was generated using the SOD standard provided in

the kit, with a linear detection range of 0.3–6.0 U mL-1. The assay was

conducted in a 96-well microplate and included appropriate controls:

(i) a no-SOD control to determine maximum absorbance, (ii) a no–

xanthine oxidase control to assess background signal, and (iii) a blank

control to correct baseline absorbance. For each well, shrimp serum

or dilution buffer was added as appropriate, followed by the addition

of WST working solution. The reaction was initiated by adding

xanthine oxidase working solution, except in the no–xanthine oxidase

and blank controls. After incubation at 20–25 °C for 30 min,

absorbance was measured at 450 nm using a microplate reader. All
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samples and controls were analyzed in triplicate. One unit of SOD

activity was defined as the amount of enzyme required to inhibit 50%

of superoxide radical formation, and SOD activity was expressed as

units per milliliter (U mL-1).
2.6 Shrimp challenge experiment

2.6.1 Bacterial preparation
An AHPND-causing V. parahaemolyticus strain, originally

isolated from diseased whiteleg shrimp (P. vannamei) cultured in

Hue city, Vietnam, was used for the challenge experiment. The

strain was obtained from the Laboratory of Fish Pathology, Hue

University, Vietnam. A single colony grown on thiosulfate citrate

bile salts sucrose (TCBS) agar was inoculated into 10 mL of

Tryptone Soya Broth (TSB; HiMedia, India) supplemented with

1.5% NaCl and incubated at 28 °C for 24 h under gentle shaking.

Following incubation, the bacterial culture was centrifuged at 3,000

× g for 20 min at 4 °C. The supernatant was discarded, and the

resulting bacterial pellet was resuspended in sterile 0.85% saline

solution to obtain a target concentration of approximately 1 × 106

CFU mL-1, corresponding to the LD50 dose. The bacterial

concentration was subsequently verified by plate counting using

the method described by Miles et al. (1938). The LD50 value was

determined in a preliminary challenge trial (data not shown).

2.6.2 Challenge test
After 21 days of feeding, shrimp from all the experimental

groups (20 shrimp per tank × 3 tanks per treatment, which is

equivalent to 60 shrimp per treatment) were subjected to a V.

parahaemolyticus challenge by immersion for 30 min. The

challenge was performed using the LD50 dose (1.05 × 106 CFU

mL-1, as determined by viable plate counting) in 10 L of seawater

with a salinity of 20 ppt, maintained at 28 °C. Continuous aeration

was provided to each tank, and the shrimp were fed a basal diet four

times daily at 3% of body weight. The challenge test was conducted

to compare relative disease resistance among shrimp previously fed

different diets under standardized pathogen exposure. An

unchallenged negative control was not included, as shrimp

survival without pathogen exposure had already been confirmed

during the feeding trial. The primary objective of this experiment

was to evaluate differential survival responses among dietary

treatments following infection. The hepatopancreas samples from

moribund shrimp and from 50% of the surviving shrimp at the end

of the experiment were collected for bacteriological analysis.

Phenotypic confirmation of V. parahaemolyticus was performed

using CHROMagar™ Vibrio selective media (Lee et al., 2020). At

the end of the challenge experiment, the cumulative mortality

percentage (%) was calculated, and the relative percentage of

survival (RPS) was determined following the method of Amend

(1981):

RPS ( % ) = (1 −
Mortality of shrimp in the experimental group

Mortality of shrimp in the control group
)x   100
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2.7 Statistical analysis

All data are expressed as mean ± standard deviation (SD).

Statistical analyses were performed using SPSS version 22.0 (SPSS

Inc., Chicago, IL, USA), with significance level set at p < 0.05. Data

normality and homogeneity of variances were assessed using the

Shapiro–Wilk and Levene’s tests, respectively. When assumptions

were met, one-way ANOVA followed by Tukey’s HSD post-hoc test

was used to compare means among treatments. Survival data were

analyzed using the log-rank (Mantel–Cox) test in GraphPad Prism

v9.0 (GraphPad Software, San Diego, CA, USA).
3 Results

3.1 Effect of dietary WCE on growth
performance of whiteleg shrimp

Dietary supplementation with W. chinensis extract significantly

influenced the growth performance of whiteleg shrimp (Table 1).

Shrimp fed WCE-supplemented diets exhibited significantly higher

final body weight, daily weight gain, and SGR compared with the

control group (p < 0.05). The most pronounced improvements were

observed in theWCE-312.5 andWCE-625 groups, which did not differ

significantly from each other. FCR was significantly reduced in all

WCE-fed groups relative to the control (p < 0.05). The lowest FCR

values were recorded in theWCE-312.5 andWCE-625 groups, whereas

the WCE-31.25 group showed an intermediate reduction. Survival rate

did not differ significantly among dietary treatments (p > 0.05).
3.2 Effect of dietary WCE on the innate
immune response of whiteleg shrimp

3.2.1 Total hemocyte count
The total hemocyte count (THC) in the shrimp before feeding with

WCE-supplemented diets was 75 x 106 cells mL-1 (Table 2). THC

remained stable in the control group throughout the 21-day

experimental period, whereas a significant increase was observed in

all WCE-fed groups from day 7 onward (p < 0.05). No differences

among theWCE-fed groups were observed on day 7; however, on days

14 and 21, the highest THC value was recorded in the WCE-312.5

group, which did not differ significantly from the WCE-625 group.

3.2.2 The phagocytic activity of hemocytes
Phagocytic activity of hemocytes in the control group remained

stable throughout the experimental period, with no significant changes

observed from day 0 to day 21 (Table 3). In contrast, shrimp fedWCE-

supplemented diets showed significantly higher activity from day 7

onward compared with both their initial values (day 0) and the control

group at the corresponding time points (p < 0.05). No significant

differences in phagocytic activity were found among the different WCE

inclusion levels at any of the tested sampling time points.
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3.2.3 Phenoloxidase activity
The phenoloxidase (PO) activity in the shrimp before the start

of the feeding trial (day 0) and that of those fed a control diet for 21

days did not show significant variation (Table 4). However, shrimp

fed WCE-supplemented diets showed a significant increase in PO

activity from day 7 onward compared with both their initial values

and the control group (p < 0.05). On day 7, the highest PO activity

was observed in the WCE-312.5 group, which did not differ

significantly from the WCE-31.25 group. The WCE-625 group
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did not show further enhancement and exhibited significantly

lower PO activity than the WCE-31.25 and WCE-312.5 groups at

all sampling time points.

3.2.4 Lysozyme activity
Lysozyme activity did not differ significantly between the

control and WCE-fed groups on days 7 and 14 of the feeding

trial (Table 5). However, by day 21, all WCE-fed groups had

significantly higher activity than the control group (p < 0.05).
TABLE 2 Total hemocyte count in whiteleg shrimp fed different experimental diets.

Experimental groups
Total hemocyte count (106 cells mL-1)

Day 0 Day 7 Day 14 Day 21

Control 74.6 ± 2.0aA 73.5 ± 2.0aA 75.6 ± 2.0aA 73.4 ± 4.0aA

WCE-31.25 73.5 ± 3.0aA 82.0 ± 4.0bB 81.8 ± 5.0bB 86.2 ± 4.0bB

WCE-312.5 77.4 ± 4.0aA 90.8 ± 6.0bB 93.3 ± 4.0bC 97.5 ± 5.0bC

WCE-625 74.5 ± 2.0aA 90.0 ± 4.0bB 89.3 ± 3.0bC 96.6 ± 5.0bC
Data are presented as mean ± SD (n = 3 tanks per treatment). Within the same column (same sampling day), different lowercase letters indicate significant differences among dietary treatments
(p < 0.05). Within the same row (same treatment), different uppercase letters indicate significant differences among sampling days (p < 0.05).
TABLE 1 Growth performance of whiteleg shrimp fed diets supplemented with different levels of W. chinensis extract.

Parameters
Experimental groups

Control WCE-31.25 WCE-312.5 WCE-625

Initial weight (g shrimp-1) 0.55 ± 0.03a 0.53 ± 0.07a 0.57 ± 0.04a 0.54 ± 0.04a

Final weight (g shrimp-1) 4.02 ± 0.07a 4.67 ± 0.07b 5.82 ± 0.09c 5.87 ± 0.09c

Weight gain (g shrimp-1) 3.46 ± 0.07 a 4.16 ± 0.05 b 5.27 ± 0.09c 5.32 ± 0.09c

Daily weight gain (DWG, g day-1) 0.11 ± 0.06a 0.15 ± 0.03b 0.18 ± 0.05c 0.19 ± 0.06c

Specific growth rate (SGR, % day-1) 6.56 ± 0.04a 7.12 ± 0.05b 7.86 ± 0.05c 7.92 ± 0.04c

Feed conversion rate (FCR) 1.40 ± 0.03a 1.16 ± 0.04b 1.06 ± 0.02c 1.08 ± 0.03c

Survival rate (SR, %) 85.33 ± 3.33a 87.56 ± 1.92a 90.44 ± 3.85a 89.20 ± 3.85a
Data are presented as mean ± standard deviation (SD) of triplicate tanks (n = 3).
Different lowercase letters within the same row indicate significant differences among dietary treatments (one-way ANOVA followed by Tukey’s post hoc test, p < 0.05).
The control group received the basal diet without WCE. The experimental diets were supplemented with WCE at 31.25 mg kg-1 (WCE-31.25), 312.5 mg kg-1 (WCE-312.5), and 625 mg kg-1 feed
(WCE-625).
TABLE 3 Phagocytic activity of hemocytes in whiteleg shrimp fed different experimental diets.

Experimental groups
The phagocytic activity of hemocytes (%)

Day 0 Day 7 Day 14 Day 21

Control 89.0 ± 2.0aA 89 ± 3.0aA 88 ± 4.2aA 89 ± 1.9aA

WCE-31.25 88.0 ± 3.0aA 99 ± 0.4bB 99 ± 0.5bB 99 ± 0.9bB

WCE-312.5 91.0 ± 1.0aA 99 ± 1.2bB 99 ± 0.9bB 99 ± 1.3bB

WCE-625 89.0 ± 2.0aA 98 ± 1.0bB 98 ± 0.8bB 98 ± 0.5bB
Data are presented as mean ± SD (n = 3 tanks per treatment). Within the same column (same sampling day), different lowercase letters indicate significant differences among dietary treatments
(p < 0.05). Within the same row (same treatment), different uppercase letters indicate significant differences among sampling days (p < 0.05).
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Among the WCE groups, the highest lysozyme activity was

observed in the WCE-312.5 group, although this value did not

differ significantly from those recorded in the WCE-31.25 or

WCE-625 groups.

3.2.5 Superoxide dismutase
The superoxide dismutase (SOD) activity in the groups fed

WCE-supplemented diets was significantly higher than that of the

control group at all sampling times (Table 6). In the control group,

SOD activity remained relatively constant throughout the

experimental period, with no significant temporal variation

observed (p > 0.05). In contrast, all WCE-fed groups exhibited a

marked increase in SOD activity from day 7 onward compared with

both their initial values (day 0) and the control group at the

corresponding time points (p < 0.05). No significant difference in

the SOD activity level was noted among the WCE-fed groups on

days 7 and 14. However, on day 21, the WCE-625 group showed the
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highest SOD activity level, which was not significantly different

from that observed in the WCE-312.5 group.
3.3 Challenge test

Following the V. parahaemolyticus challenge, shrimp fed the

control diet showed a rapid decline in survival beginning from day 2

post-challenge, with the cumulative survival rate decreasing to

approximately 35% by day 21 (Figure 1). In contrast, shrimp fed

diets supplemented with WCE exhibited a delayed reduction in

survival, with noticeable decreases occurring between days 3 and 4

post-challenge. Throughout the experimental period, all WCE-fed

groups maintained significantly higher survival rates than the control

group (p < 0.05). Survival curves stabilized after day 11 in the WCE-

31.25 and WCE-312.5 groups, reaching final survival rates of

approximately 76% and 80%, respectively. In the WCE-625 group,
TABLE 4 Phenoloxidase activity in whiteleg shrimp fed different experimental diets.

Experimental groups
Phenoloxidase activity

Day 0 Day 7 Day 14 Day 21

Control 0.178 ± 0.003aA 0.176 ± 0.002aA 0.177 ± 0.003aA 0.180 ± 0.004aA

WCE-31.25 0.181 ± 0.005aA 0.243 ± 0.012bC 0.245 ± 0.007bC 0.241 ± 0.005 bC

WCE-312.5 0.179 ± 0.004aA 0.249 ± 0.009bC 0.247 ± 0.008bC 0.251 ± 0.006bC

WCE-625 0.180 ± 0.006aA 0.215 ± 0.002bB 0.218 ± 0.011bB 0.216 ± 0.007bB
Data are presented as mean ± SD (n = 3 tanks per treatment). Within the same column (same sampling day), different lowercase letters indicate significant differences among dietary treatments
(p < 0.05). Within the same row (same treatment), different uppercase letters indicate significant differences among sampling days (p < 0.05).
TABLE 5 Lysozyme activity in P. vannamei fed different experimental diets.

Experimental groups
Lysozyme activity (U) (units mg protein-1)

Day 0 Day 7 Day 14 Day 21

Control 0.76 ± 0.06aA 0.75 ± 0.02aA 0.83 ± 0.02aA 0.82 ± 0.01aA

WCE-31.25 0.80 ± 0.04aA 0.78 ± 0.03aA 0.82 ± 0.03aA 0.88 ± 0.02bB

WCE-312.5 0.77 ± 0.04aA 0.76 ± 0.04aA 0.81 ± 0.05aA 0.93 ± 0.03bB

WCE-625 0.78 ± 0.05aA 0.81 ± 0.05aA 0.84 ± 0.03aA 0.91 ± 0.02bB
Data are presented as mean ± SD (n = 3 tanks per treatment). Within the same column (same sampling day), different lowercase letters indicate significant differences among dietary treatments
(p < 0.05). Within the same row (same treatment), different uppercase letters indicate significant differences among sampling days (p < 0.05).
TABLE 6 Superoxide dismutase activity in shrimp fed different experimental diets.

Experimental groups
SOD (U mL-1)

Day 0 Day 7 Day 14 Day 21

Control 0.78 ± 0.02aA 0.79 ± 0.02aA 0.77 ± 0.03aA 0.82 ± 0.04aA

WCE-31.25 0.80± 0.05aA 1.24 ± 0.07bB 1.25 ± 0.08bB 1.29 ± 0.06bB

WCE-312.5 0.81 ± 0.04aA 1.27 ± 0.01bB 1.24 ± 0.07bB 1.43 ± 0.05cC

WCE-625 0.79 ± 0.03aA 1.29 ± 0.02bB 1.30 ± 0.01bB 1.46 ± 0.07cC
Data are presented as mean ± SD (n = 3 tanks per treatment). Within the same column (same sampling day), different lowercase letters indicate significant differences among dietary treatments
(p < 0.05). Within the same row (same treatment), different uppercase letters indicate significant differences among sampling days (p < 0.05).
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survival stabilized slightly later, after day 13, with a final survival rate of

approximately 71%.

By day 21 post-challenge, no significant differences in survival

were observed among the WCE-fed groups; however, all WCE

treatments resulted in significantly higher survival compared with

the control group, indicating a protective effect of dietary WCE

supplementation against V. parahaemolyticus infection.
3.4 Clinical signs of infected shrimp

Moribund shrimp challenged with V. parahaemolyticus exhibited

typical gross signs, including a pale hepatopancreas and an empty

stomach and gut (Figure 2). Infected shrimp also showed

sluggish swimming and reduced feeding activity prior to death. V.

parahaemolyticus was consistently re-isolated from the hepatopancreas
Frontiers in Aquaculture 08
of moribund shrimp, whereas no typical clinical signs were observed in

surviving shrimp at the end of the challenge period.
4 Discussion

A robust innate immune system is essential for sustaining

growth performance, survival, and disease resistance in farmed

shrimp, particularly under intensive culture conditions where

environmental and pathogenic pressures are high (Roy et al.,

2020; Ghosh et al., 2021). As penaeid shrimp lack adaptive

immunity, their defense against pathogens relies entirely on

innate immune components, including hemocytes, humoral

enzymes, and antioxidant systems (Vazquez et al., 2009; Kulkarni

et al., 2021). Dietary immunostimulants, therefore, represent a

practical strategy to enhance shrimp health and resilience

in aquaculture.

The present study demonstrated that dietary supplementation

with W. chinensis extract, delivered via a top-coating approach,

positively modulated both growth performance and innate immune

responses of P. vannamei. Top coating has been increasingly

adopted in commercial feeding practices as an effective method to

deliver functional additives without altering basal diet formulation,

while minimizing nutrient loss during pelleting (Novriadi et al.,

2023; Chellapandi, 2021). The observed improvements in the

growth and health responses are likely attributable to the diverse

phytochemical profile of WCE, including polyphenols, flavonoids,

saponins, tannins, alkaloids, and fatty acids (Tran et al., 2022),

which may act synergistically to enhance physiological performance

and immune competence (Vala and Maitreya, 2019; Munaeni et al.,

2019; Ha et al., 2020). The presence of these bioactive compounds

may contribute to the multifaceted physiological responses

observed in this study. The use of locally available plant resources

was motivated by the potential to support regional economies,
FIGURE 1

Kaplan–Meier Cumulative survival (%) of whiteleg shrimp fed a control diet or diets supplemented with W. chinensis extract (WCE) (31.25, 312.5, or
625 mg kg-1 feed) following V. parahaemolyticus challenge over 21 days. Survival distributions were compared using the log-rank (Mantel–Cox) test
(p < 0.05 vs. control).
FIGURE 2

Representative clinical signs of whiteleg shrimp following V.
parahaemolyticus challenge. (A) Normal shrimp from the control
group; (B) challenged shrimp showing typical hepatopancreatic
discoloration (arrow). Images are provided for illustrative purposes
only and were not used as diagnostic criteria for infection.
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reduce reliance on imported additives, and improve cost-

effectiveness in shrimp health management. Comparable benefits

have been reported for other macroalgal and plant extracts, such as

Ulva intestinalis, which enhanced growth performance and viral

resistance in shrimp (Klongklaew et al., 2021).

Growth performance was significantly improved in shrimp fed

WCE at 312.5 and 625 mg kg-1, as reflected by increased weight

gain, specific growth rate, and reduced feed conversion ratio. These

effects are consistent with previous studies reporting improved feed

utilization following supplementation with herbal extracts and

plant-derived compounds (Venketramalingam et al., 2007;

Chandran et al., 2016; Effendi et al., 2022; Novriadi et al., 2023).

Such growth enhancement may be associated with improved feed

palatability, stimulation of digestive enzyme activity, and enhanced

nutrient absorption rather than immune activation alone.

Importantly, the non-linear response observed suggests that

moderate inclusion levels (312.5 mg kg-1) may be optimal, as

higher doses did not yield additional benefits.

Regarding immune parameters, WCE supplementation

significantly increased total hemocyte count (THC), particularly

at 312.5 mg kg-1. Hemocytes play a central role in crustacean

immunity through phagocytosis, encapsulation, and production of

immune effectors (Liu et al., 2020; Zhu, 2020; Effendi et al., 2022;

Jian et al., 2022). The elevated THC observed in this study likely

reflects both hemocyte proliferation and functional activation, a

response that has been widely reported for phytogenic

immunostimulants in shrimp, including Panax notoginseng (Chen

et al., 2023), Astragalus membranaceus (Pu and Wu, 2022),

Eleutherine bulbosa (Munaeni et al., 2020), Moringa oleifera leaf

extract (Abidin et al., 2022), Phyllanthus amarus (Huang et al.,

2020), Solanum ferox and Zingiber zerumbet (Rahardjo et al., 2022).

In parallel, key humoral immune enzymes, phenoloxidase (PO),

lysozyme, and superoxide dismutase (SOD), were significantly

enhanced in WCE-fed shrimp. Activation of the prophenoloxidase

system is a hallmark of crustacean immune defense and contributes to

melanization and pathogen clearance (Sritunyalucksana and Söderhäll,

2000; Kulkarni et al., 2021). The increased PO activity observed here

may be mediated by polyphenols and flavonoids, which have been

shown to stimulate proPO-related pathways. Elevated lysozyme activity

further supports enhanced antibacterial capacity, as lysozyme plays a

critical role in degrading bacterial cell walls and limiting pathogen

proliferation (Magnadóttir, 2006; Uribe et al., 2011). This aligns with

prior studies showing increased lysozyme activity from plant extracts

(Anirudhan et al., 2023; Chen et al., 2023; Hoa et al., 2023).

Similarly, SOD activity was also markedly increased in WCE-

fed shrimp, indicating strengthened antioxidant defense and

improved capacity to mitigate oxidative stress during immune

activation. Antioxidant enzymes, such as SOD are essential for

maintaining cellular homeostasis during phagocytosis and

respiratory burst responses (Campa-Córdova et al., 2002; Javahery

et al., 2019; Jian et al., 2022; Eissa et al., 2023). Together, these

findings suggest that WCE enhances both cellular and humoral

components of innate immunity.

Phagocytic activity reached exceptionally high levels following

bacterial exposure. This likely reflects an acute immune response
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triggered by experimental bacterial challenge rather than baseline

phagocytic capacity. Similar transient elevations in phagocytic indices

have been reported in shrimp following immunostimulant-induced

priming and pathogen exposure, indicating rapid mobilization and

activation of hemocytes (Chiu et al., 2007; Liu et al., 2020; Jian et al.,

2022; Hong et al., 2022).

Immune enhancement observed in this study was accompanied by

improved disease resistance, as reflected by significantly higher survival

rates in WCE-fed shrimp following Vibrio parahaemolyticus challenge,

particularly at the intermediate dose of 312.5 mg kg-1. However,

elevated immune enzyme activities and hemocyte counts do not

necessarily equate to improved immune efficiency under all

conditions and may also reflect a state of sustained immune

activation. In addition, the absence of molecular or gene expression

analyses limits mechanistic interpretation of the underlying pathways,

which are currently inferred based on functional immune indicators

and comparisons with previous studies. Despite these limitations, the

observed survival benefits are consistent with reports on other plant-

derived immunostimulants used in shrimp challenged with bacterial

pathogens (Huang et al., 2020; Chen et al., 2023; Hoa et al., 2023;

Nguyen et al., 2023), supporting the potential application of WCE as a

functional feed additive in shrimp aquaculture.
5 Conclusion

Dietary supplementation with W. chinensis extract significantly

improved growth performance, enhanced key innate immune

responses, and increased resistance of P. vannamei to AHPND-

causing V. parahaemolyticus. Among the tested inclusion levels,

312.5 mg kg-1 feed consistently produced the most pronounced

benefits, indicating this dose as a suitable reference for

practical application.

Overall, the results indicate that W. chinensis extract may serve

as a promising natural feed additive to support disease management

strategies and reduce reliance on antibiotics in shrimp aquaculture.

Nevertheless, additional studies are required to identify the specific

bioactive compounds involved, elucidate the underlying

immunological mechanisms, and validate the efficacy of this

approach under commercial farming conditions.

Although the present study focuses on shrimp health rather

than direct human nutrition outcomes, enhancing disease

resistance and reducing antibiotic use in shrimp farming can

indirectly contribute to safer aquatic food production and

environmental sustainability. In this context, the use of locally

available plant-based feed additives supports responsible

aquaculture practices and aligns with broader sustainability goals

related to food security and ecosystem protection.
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