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Simple Summary

Nile tilapia is an important aquaculture species, but intensive culture conditions may
impair growth efficiency, oxidative balance, and basal defense responses. Plant-derived
feed additives are therefore being explored as nutritional strategies to support fish per-
formance and physiological condition. This study evaluated the effects of dietary Wedelia
chinensis extract in juvenile Nile tilapia with an initial body weight of approximately 14.3 g.
Fish were fed diets containing 0, 5, 10, 15, or 20 g kg~! of the extract for eight weeks.
Dietary W. chinensis extract improved growth performance and feed utilization compared
with the control diet and was accompanied by increased antioxidant enzyme activities,
reduced lipid peroxidation, and favorable changes in mucosal, humoral, and cellular in-
nate immune-associated biomarkers. The most consistent overall response was observed
in fish fed 10 g kg~ ! diet, whereas higher inclusion levels did not result in further over-
all improvement. These findings suggest that W. chinensis extract may be considered a
plant-derived functional additive for Nile tilapia diets, although further validation under
pathogen-challenge and practical farming conditions is still needed.

Abstract

Plant-derived additives are increasingly explored as functional aquafeed ingredients for
supporting fish performance and physiological condition. This study evaluated the effects
of dietary Wedelia chinensis extract (WCE) on growth performance, feed utilization, antioxi-
dant status, innate immune-associated biomarkers, and immune- and antioxidant-related
gene expression in Nile tilapia (Oreochromis niloticus). Juvenile fish with an initial body
weight of 14.31 4 0.03 g were fed diets supplemented with WCE at 0, 5, 10, 15, or 20 g kg !
diet for eight weeks. Growth indices, somatic indices, serum and hepatic antioxidant
biomarkers, mucosal and systemic innate immune-associated parameters, and liver and
intestine gene expression were assessed. Dietary WCE improved final weight, weight
gain rate, specific growth rate, and feed conversion ratio compared with the control, with
WCE10 showing the most consistent growth-related response. Somatic indices were not
significantly affected. WCE supplementation increased antioxidant enzyme activities and
reduced malondialdehyde levels in serum and liver, particularly at moderate inclusion
levels. It also increased lysozyme and peroxidase activities, alternative complement activity,
phagocytic index, and respiratory burst activity, and modulated selected immune- and
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antioxidant-related genes in the liver and intestine. Taken together, dietary WCE, particu-
larly at 10 g kg ! diet, improved growth and feed utilization while supporting antioxidant
status and basal innate immune-associated biomarkers during the eight-week feeding trial,
without detectable changes in somatic indices. These findings provide a basis for further
evaluating WCE as a plant-derived functional additive for Nile tilapia aquafeeds under
pathogen-challenge and practical farming conditions.

Keywords: Wedelia chinensis extract; Nile tilapia; plant-derived additive; growth perfor-
mance; antioxidant status; innate immunity; feed utilization; gene expression

1. Introduction

Tilapia has become a globally important aquaculture commodity, with farming re-
ported in more than 100 countries and global production estimated at approximately
7.4 million tons in 2024 [1]. Nile tilapia (Oreochromis niloticus) is the most widely farmed
tilapia species because of its rapid growth, efficient feed utilization, broad environmental
tolerance, adaptability to different farming systems, and strong market demand [2]. How-
ever, the continued expansion and intensification of Nile tilapia production expose fish to
husbandry-related stressors, including high stocking density, fluctuating water quality, ox-
idative imbalance, and disease pressure [3,4]. These factors can impair growth performance,
feed utilization, physiological stability, and basal immune function, thereby reducing pro-
duction efficiency. Although antibiotics and chemotherapeutic agents have historically
been used to control bacterial diseases in aquaculture, their extensive use has raised con-
cerns regarding antimicrobial resistance, drug residues, environmental contamination, and
disruption of host-associated microbiota [5,6]. Therefore, sustainable feed-based strategies
that support fish performance and physiological condition while reducing reliance on
conventional antimicrobial interventions are increasingly needed.

Plant-derived additives have attracted considerable attention as functional aquafeed
ingredients because they contain diverse bioactive compounds that may support growth,
antioxidant defense, immune-associated responses, and intestinal function in fish [7,8].
Compared with raw plant powders, extracts may provide a more concentrated source
of soluble phytochemical fractions, although their biological efficacy depends on plant
species, extraction procedure, inclusion level, feeding duration, fish species, and culture
conditions [9]. Wedelia chinensis (Osbeck) Merr. is a medicinal plant belonging to the
family Asteraceae and has been widely used in traditional medicine in several Asian coun-
tries. Previous phytochemical studies have reported that W. chinensis contains phenolic
and flavonoid compounds together with other secondary metabolites, which are gener-
ally associated with antioxidant, anti-inflammatory, antimicrobial, hepatoprotective, and
wound-healing properties [10-12]. These characteristics suggest that W. chinensis may have
potential as a phytogenic feed additive; however, its biological effects should be evaluated
in a species-specific and dose-dependent manner [13,14]. In aquaculture, information on W.
chinensis remains limited and is mainly derived from shrimp studies. Dietary W. chinensis
extract has been reported to improve growth performance, feed utilization, antioxidant en-
zyme activity, innate immune responses, and post-challenge outcomes in whiteleg shrimp
(Penaeus vannamei) [15,16]. Nevertheless, evidence in finfish is still scarce, and little is
known about how dietary W. chinensis extract affects growth performance, oxidative status,
innate immune-associated biomarkers, and related gene expression in Nile tilapia. This
knowledge gap limits the practical evaluation of W. chinensis as a functional additive for
tilapia feeds.
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Therefore, the present study evaluated the effects of dietary W. chinensis extract (WCE)
on growth performance, feed utilization, somatic indices, antioxidant and oxidative stress
biomarkers, innate immune-associated responses, and the relative expression of selected
immune- and antioxidant-related genes in Nile tilapia. The study aimed to provide experi-
mental evidence for the potential use of WCE as a plant-derived functional additive in Nile
tilapia aquafeeds.

2. Materials and Methods
2.1. Preparation of W. chinensis Extract

Fresh whole-plant material of W. chinensis was collected from Vietnam National Uni-
versity of Agriculture, Hanoi, Vietnam. The plant material was cleaned, washed thoroughly
with tap water, rinsed with distilled water, and dried in a hot-air oven at 40 °C until a
constant weight was obtained. The dried material was ground into powder and passed
through a 100-mesh sieve before extraction.

WCE was prepared by maceration following Nguyen et al. (2024), with minor mod-
ifications [17]. Briefly, the powdered material was extracted with 96% ethanol at a solid-
to-solvent ratio of 1:30 (w/v) in the dark at room temperature for 24 h, with brief stirring
before and after extraction. The extraction was performed in three independent batches,
and the obtained crude extracts were combined to prepare a homogeneous WCE batch for
diet preparation. The mixture was centrifuged at 3500 rpm for 10 min at room temperature,
and the supernatant was filtered through qualitative filter paper. The filtrate was then
concentrated under reduced pressure at <40 °C to remove ethanol and obtain the crude
WCE. The extract was stored at —20 °C until use in experimental diet preparation. The
crude extract used in the feeding trial was characterized based on extraction yield, total
phenolic content, total flavonoid content, and DPPH radical-scavenging activity. These
parameters were used as basic quality-control indicators for the crude WCE batch and are
presented in Table 1. No further purification or fractionation was applied, as the present
study aimed to evaluate the biological effects of crude WCE as a practical plant-derived
feed additive.

Table 1. Extraction yield and selected bioactive characteristics of W. chinensis extract used in the experiment.

Test Items Results Units Analytical Basis Methods
Crude extract yield 12.56 4+ 2.85 % Dry plant material Ethanol maceration
Total phenolic content 3.70 £ 0.20 mg GAE g1 Dry plant material ~ Folin—Ciocalteu method
Total flavonoid content 68.67 + 2.84 mg QF g~! Crude W. chinensis Alurm.num .chlonde
extract colorimetric assay

Antioxidant activity

mg vitamin E

6.90 & 0.50 ) 1
equivalents g

Dry plant material DPPH assay

Note: Values are expressed as mean + SD. GAE, gallic acid equivalents; QE, quercetin equivalents; DPPH,
2,2-diphenyl-1-picrylhydrazyl. Dry material refers to the dried W. chinensis material used for extraction, whereas
crude extract refers to the concentrated ethanolic extract obtained after solvent removal.

2.2. Experimental Diets

Experimental diets were formulated based on a Nile tilapia diet previously used in
feeding trials with plant-derived additives with minor modifications [18]. Because no prior
dietary dose-response information for W. chinensis extract in Nile tilapia was available,
the 0-20 g kg ! diet range was selected as an exploratory range based on previous tilapia
studies of plant-derived additives and practical feed formulation considerations. This
range corresponded to 0-2% of the diet, allowed WCE to replace wheat flour, and used
5 g kg~ ! increments to evaluate potential dose-related responses. Five experimental diets
were prepared by incorporating W. chinensis extract (WCE) into the basal formulation at 0,
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5,10,15,and 20 g 1<g’1 diet and were designated as WCEO, WCE5, WCE10, WCE15, and
WCE20, respectively. The inclusion level of wheat flour was adjusted to maintain the total
formulation at 1000 g kg~ ! diet. The formulation and analyzed proximate composition of
the diets are presented in Table 2. All dry ingredients were thoroughly mixed before the
addition of WCE, soybean oil, and water to form a homogeneous dough. To ensure uniform
distribution, WCE was first premixed with a small portion of the basal ingredients before
being incorporated into the complete mixture. After WCE incorporation, the diets were
pelleted without further heat treatment, air-dried at room temperature, sealed in plastic
bags, and stored at 4 °C until use.

Table 2. Formulation of the experimental diets.

Ingredients WCEO WCE5 WCE10 WCE15 WCE20
Fish meal 200 200 200 200 200
Soybean meal 390 390 390 390 390
Corn meal 150 150 150 150 150
Rice bran 150 150 150 150 150
Wheat flour 70 65 60 55 50
Soybean oil 5 5 5 5 5
WCE? 0 5 10 15 20
Binder 5 5 5 5 5
Premix P 25 25 25 25 25
Vitamin C 98% 5 5 5 5 5

Total 1000 1000 1000 1000 1000
Proximate composition (% dry matter basis)

Dry matter 98.30 98.28 98.27 98.27 98.26
Gross energy (cal g~ 1) 4210.80 4210.62 4210.13 4209.90 4209.84
Crude protein 32.22 32.16 32.12 32.10 32.07
Ash 7.18 7.22 7.23 7.25 7.25
Fiber 3.90 391 3.91 3.92 3.93
Crude lipid 2.56 2.57 2.57 2.58 2.59

3 WCE: Wedelia chinensis extract. ® Vitamin-mineral premix was added at 25 g kg ' diet. The premix provided
the following nutrients per kg premix: cholecalciferol, 217,000 IU; retinyl acetate, 1,085,000 IU; thiamine nitrate,
0.5 g; folic acid, 0.05 g; calcium pantothenate, 1.0 g; DL-x-tocopheryl acetate, 0.5 g; inositol, 0.5 g; pyridoxine
hydrochloride, 0.5 g; niacin, 3.0 g; zinc, 1.0 g; copper, 0.25 g; manganese, 1.32 g; iodine, 0.05 g; cyanocobalamin,
10 mg; and sodium phosphate, 7.85 g.

2.3. Experimental Fish and Feeding Trial

Apparently healthy Nile tilapia fingerlings were obtained from a local hatchery and
acclimated to experimental conditions for two weeks, during which they were fed a com-
mercial diet twice daily. After acclimation, fish with an average initial body weight of
14.31 & 0.03 g were randomly distributed into 15 fiberglass tanks with a capacity of 300 L,
at a density of 20 fish per tank. The experiment was arranged in a completely randomized
design with five dietary treatments and three replicate tanks per treatment.

The feeding trial lasted 8 weeks. Fish were hand-fed twice daily at 4% of body weight
per day, with the daily ration divided equally between the two meals. Feed was offered
gradually while feeding behavior was monitored to minimize waste. Visible uneaten pellets
were removed by siphoning after feeding to maintain water quality. Fish in each tank were
bulk-weighed every two weeks, and the feeding ration was adjusted accordingly. Because
uneaten feed was not quantitatively recovered, feed intake for FCR calculation was based
on the amount of dry feed offered to each tank. Water quality was monitored throughout
the trial. Temperature, pH, and dissolved oxygen were measured twice daily using a
multiparameter meter (HI98196, Hanna Instruments, Cluj-Napoca, Romania), whereas
total ammonia nitrogen was determined using a portable ammonia photometer (HI96733,
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Hanna Instruments, Cluj-Napoca, Romania). During the experiment, water temperature,
pH, dissolved oxygen, and total ammonia nitrogen were maintained at 28.50 £ 0.50 °C,
7.82 & 0.32, 5.07 4 0.04 mg L1, and 0.12 4 0.02 mg L~!, respectively. Approximately
20% of the tank water was exchanged daily to maintain water quality. All procedures
involving fish were conducted in accordance with institutional guidelines for the care
and use of experimental animals. The feeding trial was conducted under the approved
Vietnam National University of Agriculture research project “Effects of dietary herbal
extracts on growth performance, immune responses, and gut microbiota of Nile tilapia
(Oreochromis niloticus)”, code T2024-13-22TD, which was reviewed by the institutional
scientific committee established under Decision No. 352/QDP-HVN dated 26 March 2024.

2.4. Growth Performance and Somatic Indices

Individual body weight was recorded at the beginning of the experiment and at
weeks 4 and 8 of the feeding trial. Growth performance indices were calculated as follows:
weight gain rate (WGR, %) = 100 x (FW — IW)/IW; specific growth rate (SGR, % day 1) =
100 x [In(FW) — In(IW)]/t, where t is the feeding duration in days; survival rate (SR, %) =
100 x final fish number/initial fish number; and feed conversion ratio (FCR) = dry feed
intake/wet weight gain.

At the end of the feeding trial, fish were dissected, and the liver, viscera, and intes-
tine were weighed to determine somatic indices. The hepatosomatic index (HSI, %) was
calculated as 100 x liver weight/final body weight; the viscerosomatic index (VSI, %) as
100 x viscera weight/final body weight; and the intestinosomatic index (ISI, %) as 100 x
intestine weight/final body weight.

2.5. Sampling Procedures and Sample Preparation

At weeks 4 and 8, three fish from each tank were randomly collected after a 24-h
fasting period and anesthetized with clove oil (30 mg L~1). Skin mucus and serum were
sampled following Van Doan et al. (2025), whereas leukocytes were isolated according
to Le Xuan et al. (2024), with minor modifications [18,19]. Fish sampled from the same
tank were treated as biological subsamples and not as independent experimental units. For
assays performed in technical triplicate, the mean of the technical replicates was used as
the individual fish value. The values obtained from the three fish sampled within each tank
were subsequently averaged to generate one tank mean for each parameter.

For skin mucus collection, each fish was individually transferred to a sterile plastic
bag containing 10 mL of 50 mM NaCl. The body surface was gently massaged for 1 min to
release mucus into the saline solution. The resulting mucus suspension was immediately
collected, maintained on ice during processing, and stored at —80 °C until analysis. For
serum preparation, blood was withdrawn from the caudal vein without anticoagulant and
allowed to clot for 1 h at room temperature followed by 4 h at 4 °C. The clotted blood was
then centrifuged at 10,000 x g for 15 min at 4 °C, and the separated serum was collected
and stored at —80 °C.

For leukocyte preparation, a separate blood sample was collected using sodium
heparin-treated syringes. The heparinized blood was diluted twofold with RPMI-1640
medium and carefully layered onto Histopaque. After centrifugation at 400 x g for 30 min at
25 °C, the leukocyte-enriched layer was recovered, washed twice with phosphate-buffered
saline at 250 x g for 10 min, and finally resuspended in RPMI-1640 medium for subsequent
phagocytic activity and respiratory burst assays.

Following mucus and blood sampling, fish were dissected for somatic index deter-
mination and tissue collection. The liver, visceral mass, and intestine were excised and
weighed to calculate the hepatosomatic, viscerosomatic, and intestinosomatic indices. For
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antioxidant assays, liver tissue was rinsed with ice-cold physiological saline, homogenized
at a ratio of 1:9 (w/v), and centrifuged at 2500 x g for 10 min at 4 °C. The supernatant was
collected for biochemical analyses. Additional liver and intestine samples were placed in
TRIzol reagent and stored at —80 °C until RNA extraction.

2.6. Antioxidant Assays

Antioxidant enzyme activities and lipid peroxidation levels were determined in serum
and liver homogenates using commercial assay kits according to the manufacturers’ in-
structions. Superoxide dismutase (SOD), catalase (CAT), and malondialdehyde (MDA)
were measured using assay kits from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). SOD activity was determined using the hydroxylamine method, in which the inhi-
bition of nitrite formation was measured spectrophotometrically at 550 nm. CAT activity
was measured using the visible-light ammonium molybdate method, based on the decom-
position of hydrogen peroxide, with absorbance recorded at 405 nm. MDA concentration,
as an indicator of lipid peroxidation, was determined using the thiobarbituric acid reactive
substances method, and absorbance was measured at 532 nm.

Glutathione peroxidase (GPx) activity in liver homogenates was determined using
a commercial assay kit (E-BC-K809-M, Elabscience, Houston, TX, USA) following the
manufacturer’s protocol. The assay was based on the enzymatic reduction of peroxide,
monitored by the decrease in absorbance at 340 nm. Hepatic enzyme activities were
normalized to total protein concentration in the liver homogenates. Results were expressed
as U mL~! serum for serum SOD and CAT activities, U mg~! protein for hepatic SOD and
CAT activities, U g~! protein for hepatic GPx activity, and nmol mL~! serum or nmol mg~!
protein for MDA concentration, as appropriate.

2.7. Innate Immune Assays

Lysozyme activity in serum and skin mucus was determined using the turbidimetric
method of Parry Jr et al. (1969), with minor modifications as described by Outama et al.
(2022) [20,21]. For each reaction, 100 pL of skin mucus or 25 pL of serum was added to a
Micrococcus lysodeikticus suspension prepared in citrate—-phosphate buffer. The reduction in
turbidity was monitored at 540 nm every 30 s for 5 min at 25 °C using a microplate reader.
Lysozyme activity was calculated using a hen egg-white lysozyme standard curve and
expressed as pg mL L.

Peroxidase activity in serum and skin mucus was measured according to Quade
and Roth (1997), with minor modifications by Le Xuan et al. (2024) [18,22]. Briefly, each
sample was combined with Ca?*/Mg?*-free Hanks’ balanced salt solution and freshly
prepared TMB-H,O, substrate solution. The enzymatic reaction was terminated with
2 M H,504, and absorbance was read at 450 nm. After blank correction, peroxidase activity
was expressed as U mL 1.

Alternative complement pathway activity (ACHS50) was determined using the mod-
ified hemolytic method of Yanno (1992), with minor modifications by Le Xuan et al.
(2024) [18,23]. Rabbit red blood cells were prepared in EGTA-Mg-GVB buffer and in-
cubated with serially diluted serum samples at 20 °C for 1.5 h. The mixture was then
centrifuged, and the absorbance of the supernatant was measured at 414 nm. ACH50
activity was expressed as U mL 1.

Cellular innate immune responses were assessed using leukocyte suspensions pre-
pared from peripheral blood. Phagocytic activity was determined according to Yoshida
and Kitao (1991), with modifications described by Van Doan et al. (2018) [24,25]. Leuko-
cytes were allowed to adhere to coverslips and incubated with fluorescent latex beads.
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After washing, fixation, staining, and mounting, adherent cells were examined under a
microscope, and phagocytic activity was expressed as the phagocytic index.

Respiratory burst activity was assessed using the nitroblue tetrazolium reduction assay
according to A. Tahir and C. Secombes (1996), with minor modifications as described by
Van Doan et al. (2018) [25,26]. Leukocyte suspensions were incubated with NBT solution,
and the resulting formazan was dissolved using dimethyl sulfoxide and KOH. Absorbance
was recorded at 655 nm, and respiratory burst activity was expressed as ODgss.

2.8. Gene Expression Analysis

The relative expression of selected immune-related genes, including IL-18, IL-8, and
LBP, and antioxidant-related genes, including GST«x, GPX, and GSR, was analyzed in liver
and intestine samples collected at the end of the 8-week feeding trial. Approximately
25-50 mg of each tissue sample was homogenized in TRIzol reagent (Life Technologies,
Carlsbad, CA, USA) using sterile pellet pestles. After phase separation with chloroform,
the aqueous phase containing RNA was collected and further purified using the PureLink™
RNA Mini Kit (Invitrogen, Austin, TX, USA), according to the manufacturer’s instructions.

RNA concentration and purity were assessed using a NanoDrop™ spectrophotome-
ter (Thermo Scientific, Waltham, MA, USA) based on the A260/A280 and A260/A230
absorbance ratios. RNA samples used for cDNA synthesis showed A260/A280 and
A260/A230 ratios of 1.88-2.07 and 1.79-2.20, respectively (Supplementary Table S2). First-
strand cDNA was synthesized from 500 ng of total RNA using the iScript™ cDNA Synthesis
Kit (Bio-Rad, Hercules, CA, USA). Quantitative real-time PCR was performed using a CFX
Connect™ Real-Time PCR System (Bio-Rad, Hercules, CA, USA) in a final reaction volume
of 20 pL containing cDNA template, gene-specific primers, 2x Universal SYBR Green
Supermix, and nuclease-free water. All reactions were run in technical triplicate. The
amplification conditions followed [27] with minor modifications. Five-point cDNA dilu-
tion curves yielded primer efficiencies of 95.2-103.8% (R? = 0.9996-1.0000), which were
comparable between the target genes and the 185 *RNA reference assay (Supplementary
Table S1). Amplification specificity was assessed by melting-curve analysis, which showed
a predominant gene-specific peak for each primer pair (Supplementary Figure S4). Relative
gene expression was calculated using the 2~ #4Ct method (Livak and Schmittgen, 2001 [28]),
with 185 rRNA used as the reference gene [28]. Its stability was confirmed at the tank level,
as 18S rRNA Ct values did not differ among dietary treatments in either liver or intestine
(p > 0.05; Supplementary Table S2). Primer sequences are presented in Table 3.

Table 3. Specific primer sequences used for quantitative RT-PCR.

Target Gene Sequence (5'-3) Tm (°C) Product Size (bp) Genbank No
185 rRNA i g?giigg?gg? g%gr(l;lé%f%TA 60 150 XR_003216134
pp POREIMGMMGCTS o comes
I§ R GATCACITICITCACCCAGGG 196 NM_ 001279704
LP R GATIGGTGGICGGAGGTTIG 200 XNLO13271147
ST e e eaanca 60 190 NM_001279635
GPX  g.CTIGTAAGGTICCCCGTOAG @ 190 NM_001279711
GSR F: CTGCACCAAAGAACTGCAAA 60 172 XM._ 005467348

R: CCAGAGAAGGCAGTCCACTC
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2.9. Statistical Analysis

All data were analyzed using Minitab Statistical Software version 21.4. The tank was
considered the experimental unit for all statistical analyses. For fish-based measurements,
where applicable, technical replicates were first averaged to obtain one value for each
individual fish, and the values from the three fish sampled within the same tank were then
averaged to obtain one tank mean. Only tank means were included in the statistical analysis
(n = 3 tanks per dietary treatment); technical replicates were not treated as independent
observations. Data were checked for normality using the Anderson-Darling test and for
homogeneity of variance using Levene’s test. Differences among dietary treatments were
analyzed by one-way analysis of variance (ANOVA), followed by Tukey’s multiple compar-
ison test when significant differences were detected. Statistical significance was accepted
at p < 0.05. Polynomial regression analysis was used to evaluate dose-response relation-
ships between dietary WCE inclusion levels and selected response variables. Additional
polynomial regression plots for antioxidant and innate immune-associated parameters are
provided in Supplementary Figures S1-S3.

3. Results
3.1. Growth Performance

The effects of dietary WCE supplementation on growth performance, feed utilization,
and survival of Nile tilapia are presented in Table 4. Initial weight did not differ among
treatments, indicating comparable fish distribution at the start of the trial. Dietary WCE sig-
nificantly improved final weight, weight gain rate, specific growth rate, and feed conversion
ratio at both week 4 and week 8 (p < 0.05). At week 4, fish fed WCE5, WCE10, and WCE15
showed significantly higher final weight, weight gain rate, and specific growth rate than
the control, whereas WCE20 generally showed an intermediate response. Feed conversion
ratio was significantly lower in all WCE-supplemented groups than in WCEO (p < 0.05).
After 8 weeks, all WCE-supplemented groups exhibited significantly higher final weight,
weight gain rate, and specific growth rate, together with a lower feed conversion ratio,
compared with the control group (p < 0.05). Among the supplemented groups, WCE10
showed the highest numerical values for final weight, weight gain rate, and specific growth
rate, as well as the lowest feed conversion ratio. Survival remained high throughout the
feeding trial and was not significantly affected by dietary treatment (p > 0.05). Overall,
dietary WCE improved growth performance and feed utilization, with the most consistent
response observed at 10 g kg~ ! diet.

Polynomial regression analysis further showed significant linear and quadratic re-
sponses of WGR, SGR, and FCR to dietary WCE inclusion (Figure 1). At week 4, both
linear and quadratic effects were significant for WGR, SGR, and FCR (p < 0.01). At week
8, WGR and SGR increased with WCE inclusion up to an intermediate level and then de-
clined slightly at higher levels, whereas FCR showed the opposite curvilinear pattern. The
estimated response points were 12.35 g kg~ ! diet for WGR, 12.35 g kg~ ! diet for SGR, and
12.46 g kg~! diet for FCR. These results indicate that growth and feed utilization responses
to WCE were non-linear, with the strongest responses occurring around 12-13 g kg ! diet.
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Table 4. Growth performance, feed utilization, and survival of Nile tilapia fed diets supplemented
with different levels of WCE after 4 and 8 weeks of feeding.

WCEO WCE5 WCE10 WCE15 WCE20
IW (g) 14.33 + 0.08 14.25 + 0.05 14.33 + 0.08 14.32 4+ 0.08 14.33 + 0.08
FW (g)

4 weeks 31.12 + 0.26 P 32.70 +0.18 2 3312 + 0442 32.83 +0.76 2 32.65 + 0.852

8 weeks 64.23 + 0.68 P 69.23 +0.49 2 70.15 + 0.83 2 69.03 £+ 0.57 2 68.83 +£1.202
WGR (%)

4 weeks 117.10 +2.82°b 129.47 +1.30 2 131.06 + 4.29 2 129.33 +4.842  127.80 + 6.15 2P

8 weeks 348.15 + 5.37P 385.85 4+ 2.30 2 389.43 + 6.932 382.21 + 6.252 380.23 + 7.47 2
SGR (%/day)

4 weeks 258 +0.04 P 2.77 +£0.022 2.79 + 0.06 2 2.77 +0.07 2 2.74 + 0.09 @b

8 weeks 250 +0.02° 2.63+0.012 2.65 +0.022 262 +0.022 2.62 +0.032
FCR

4 weeks 1.20 +0.03 2 1.08 +0.01P 1.07 + 0.03P 1.08 £ 0.04 P 1.10 £ 0.05b

8 weeks 1.28 £0.022 1.20 +0.01" 1.19 + 0.02 P 1.21 +0.03P 1.21+0.01"
SR (%)

4 weeks 100 100 100 100 100

8 weeks 96.67 + 2.89 96.67 + 5.77 95.00 =+ 0.00 96.67 + 2.89 96.67 + 5.77

Note: Values are presented as mean =+ SE (n = 3). Within a row, values with different superscript letters differ
significantly (p < 0.05). WCE, W. chinensis extract; IW, initial weight; FW, final weight; WGR, weight gain rate;
SGR, specific growth rate; FCR, feed conversion ratio; SR, survival rate.
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5
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Figure 1. Quadratic regression relationships between dietary Wedelia chinensis extract (WCE) inclusion

level and weight gain rate (WGR; (A)), specific growth rate (SGR; (B)), and feed conversion ratio

(FCR; (C)) in Nile tilapia after the 8-week feeding trial. Each point represents one tank (n = 3 tanks

per dietary treatment). Solid curves represent fitted quadratic regression models, and vertical lines

indicate the estimated response points. Regression equations, coefficients of determination (R?), and

overall model p values are presented in the corresponding panels.

3.2. Somatic Indices

Somatic indices of Nile tilapia after 8 weeks of feeding are presented in Table 5. Dietary

WCE supplementation did not significantly affect hepatosomatic index, viscerosomatic

index, or intestinosomatic index among treatments (p > 0.05). Although HSI and VSI

showed slight numerical increases in fish fed WCE10, these differences were not statistically

significant. Overall, WCE inclusion up to 20 g kg~! diet did not adversely affect major

somatic indices of Nile tilapia.
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Table 5. Somatic indices of Nile tilapia fed diets supplemented with different levels of WCE after
8 weeks of feeding.

Parameters WCEQ WCE5 WCE10 WCE15 WCE20
HSI (%) 3.86 £ 0.16 3.96 £ 0.07 4.12+0.01 3.83 £ 0.60 3.85+0.14
VSI (%) 1518 £ 044 1595 4+0.07 16.00£0.27 1558 +0.60 15.32 + 0.43
IST (%) 494 4+ 0.08 497 +0.17 5.00+0.18 498 +0.10 488 +0.14

Note: Values are presented as mean + SE (n = 3). No significant differences were observed among treatments
(p > 0.05). WCE, W. chinensis extract; HSI, hepatosomatic index; VSI, viscerosomatic index; IS, intestinosomatic index.

3.3. Antioxidant Activities

The effects of dietary WCE supplementation on serum and hepatic antioxidant status
are shown in Table 6. Dietary WCE significantly affected antioxidant enzyme activities and
MDA levels in both serum and liver (p < 0.05). In serum, CAT and SOD activities were
highest in the WCE10 group and were significantly higher than those in the control group
(p < 0.05), whereas the other WCE-supplemented groups generally showed intermediate
values. Serum MDA levels were reduced in WCE-supplemented fish, with significant
decreases observed in the WCE10 and WCE15 groups compared with the control group
(p < 0.05). In the liver, CAT and SOD activities were also highest in fish fed the WCE10
diet and were significantly higher than those in the control group (p < 0.05). Hepatic GPx
activity was significantly increased in the WCE10, WCE15, and WCE20 groups compared
with the control group (p < 0.05). Conversely, hepatic MDA levels were lowest in WCE10
and significantly lower than those in the control group (p < 0.05). Overall, dietary WCE
improved antioxidant status and reduced lipid peroxidation in Nile tilapia, with the most
consistent response observed in the WCE10 group. Additional polynomial regression
analyses for antioxidant parameters are presented in Supplementary Figure S1. The fitted
curves generally showed curvilinear responses to dietary WCE supplementation, with
estimated response points distributed within approximately 8-15 g kg~! diet. These trends
were consistent with the treatment-based results, in which the most favorable antioxidant
responses were mainly observed at moderate WCE inclusion levels rather than at the
highest dietary level.

Table 6. Serum and hepatic antioxidant enzyme activities and malondialdehyde levels of Nile tilapia
fed diets supplemented with different levels of WCE after 8 weeks of feeding.

Items Parameters WCEO0 WCE5 WCE10 WCE15 WCE20

Serum CAT (UmL™}) 11.67 £ 037  11.72+0262 121940232 1141 +0542P 115440452
SOD (UmL™}) 14.72 4+ 0.83°> 1593 +0.232 16.03+0.162 1529 +0.902> 15.14 + 0.65 2P
MDA (nmol mL™1) 2445 +0.882 219441592 2061 +1.29P 21.14+062P 21.92+23620

Liver ~CAT (Umg ! protein) 19.75+0.82° 2159 +1.842> 23.06 £1.522 20.89+0.952> 19.84 +1.86"
SOD (Umg~! protein) 14.48 +0.59® 1545+ 1322 1644 £0.592 1556 +0.672® 15234 0.322P
nggmd mg~! 2049 + 1432 191240642 1837 +£0.17° 1948 £0593 19.81 +1.773
GPx (U g~ ! protein) 3238 £1.45°¢ 35204+268P 388841242 3836+1.693P 38104 1.392

Note: Values are presented as mean + SE (1 = 3). Within the same row, values with different superscript letters
differ significantly (p < 0.05). WCE, W. chinensis extract; CAT, catalase; SOD, superoxide dismutase; MDA,
malondialdehyde; GPx, glutathione peroxidase. Units are expressed as U mL~! for serum CAT and SOD, nmol
mL~! for serum MDA, U mg~! protein for hepatic CAT and SOD, nmol mg~! protein for hepatic MDA, and U
g~ 1 protein for hepatic GPx.
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3.4. Innate Immune-Related Parameters

The effects of dietary WCE on innate immune-associated parameters are presented in
Table 7. After 4 weeks, WCE supplementation significantly affected mucosal and serum
immune enzyme activities, ACH50, and respiratory burst activity (p < 0.05), whereas
the phagocytic index was not significantly changed (p > 0.05). The WCE10 group gen-
erally showed the most pronounced responses, with higher lysozyme and peroxidase
activities, ACH50, and respiratory burst activity than the control group (p < 0.05). After
8 weeks, all measured immune-associated parameters were significantly affected by dietary
treatment (p < 0.05), and WCE10 remained among the best-performing groups across mu-
cosal, humoral, and cellular parameters. Overall, WCE supplementation improved innate
immune-associated biomarkers, with the most consistent response observed at 10 g kg~!
diet. Polynomial regression analyses further showed curvilinear responses to dietary WCE
supplementation (Supplementary Figures S2 and S3). The estimated response points were
generally within 10-15 g kg ! diet at week 4 and 10-14 g kg~ diet at week 8, supporting a
moderate inclusion range for immune-associated responses.

Table 7. Innate immune responses of Nile tilapia fed diets supplemented with different levels of
WCE after 4 and 8 weeks of feeding.

Parameter WCEO0 WCE5 WCE10 WCE15 WCE20

4 weeks

SMLA 1.21 +0.04 b 1.42 +0.092 1.414+0.102 1.40 + 0.05 2P 1.33 + 0.08 2P
SMPA 0.15+0.03b 0.19 4+ 0.03 2P 0.23 +£0.022 0.19 + 0.06 2P 0.16 & 0.05 aP
SLA 268 +£0.17b 291 +0.162b 3.09 +0.19 2 3.01 £0.152 2.79 +0.14 2
SPA 0.10 £ 0.02b 0.13 + 0.03 2P 0.17+0.012 0.12 £+ 0.05 b 0.13 + 0.03 2P
ACH50 112.76 + 2.55 ¢ 115.13 £3.03b¢  120.90 +-2.89 2 120.42 + 1.78 2 119.45 + 1.87 2
PI 1.64 + 0.08 1.68 + 0.13 1.80 + 0.06 1.75 + 0.06 1.77 +0.13

RB 0.10 £ 0.02 ¢ 0.15 + 0.03 abe 0.19 £0.01P 0.17 £+ 0.02 @b 0.13 + 0.06 bc

8 weeks

SMLA 1.55 + 0.07 b 1.86 +0.17 P 2.01+0.142 1.97 £0.112 1.88 +0.19 2P
SMPA 0.14 +£0.02b 0.17 + 0.02 2P 0.21 +0.022 0.19 +0.042 0.18 + 0.02 2P
SLA 4.05+0.19° 4.16 +0.25P 5.02 + 0.04 2 456 + 0.68 2P 4.27 +0.72b
SPA 0.17 £0.01° 0.22 + 0.04 ab 0.26 +0.03 2 0.20 + 0.08 @b 0.21 4+ 0.03 2P
ACH50 124.87 + 4.13b 132.71 +4.823 13617 +1.402 131.33 £7.913  131.55 +5.922b
PI 219 +0.06P 2.39 4+ (.31 2.74+0.10 2.59 + 0.05 @b 233 +0.37P
RB 0.19 +0.05¢ 0.22 4 0.02 be 0.32 +0.042 0.31 +£0.052 0.28 + 0.03 2P

Note: Values are presented as mean + SE (1 = 3). Within the same row, values with different superscript letters
differ significantly (p < 0.05). WCE, W. chinensis extract; SMLA, skin mucus lysozyme activity; SMPA, skin
mucus peroxidase activity; SLA, serum lysozyme activity; SPA, serum peroxidase activity; ACH50, alternative
complement pathway activity; PI, phagocytic index; RB, respiratory burst activity. Units are expressed as ug
mL~! for SMLA and SLA, U mL~! for SMPA and SPA, U mL~! for ACH50, and ODgs5 for RB.

3.5. Relative Immune- and Antioxidant-Related Gene Expression

The relative expression levels of selected immune- and antioxidant-related genes in
the liver and intestine are shown in Figures 2 and 3, respectively. In the liver, dietary WCE
significantly affected the expression of immune-related genes, including IL-1p, IL-8, and
LBP, and antioxidant-related genes, including GST«, GPX, and GSR (p < 0.05). For most
target genes, the highest or among the highest expression levels were observed in fish fed
the WCE10 diet. At higher inclusion levels, gene expression generally tended to decline,
although several genes remained higher than those in the control group.
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Figure 2. Relative expression levels of selected immune- and antioxidant-related genes in the liver of
Nile tilapia fed diets supplemented with different levels of WCE after 8 weeks of feeding. Values are
presented as mean =+ SE (n = 3). Different letters above bars indicate significant differences among
treatments within the same gene (p < 0.05). Relative gene expression was normalized to 185 rRNA
and calibrated against the WCEQ group. WCE, W. chinensis extract; IL-18, interleukin-1 beta; IL-8,
interleukin-8; LBP, lipopolysaccharide-binding protein; GSTw, glutathione S-transferase alpha; GPX,
glutathione peroxidase; GSR, glutathione reductase.
3.5+
3.0 -
o a
O
3 25-
o
s abap
L20- abl
c
k=]
0
o
g 15-
x
()
s
2 b
® 1.0-
[}
o«
0.5 -
0.0 -
IL-1B IL—8 LBP GSTa GPX GSR

W WCEO [TWCE5 [EWCE1O0 W WCE15 [1WCE20

Figure 3. Relative expression levels of selected immune- and antioxidant-related genes in the intestine
of Nile tilapia fed diets supplemented with different levels of WCE after 8 weeks of feeding. Values
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are presented as mean & SE (n = 3). Different letters above bars indicate significant differences among
treatments within the same gene (p < 0.05). Relative gene expression was normalized to 185 rRNA
and calibrated against the WCEOQ group. WCE, W. chinensis extract; IL-18, interleukin-1 beta; IL-8,
interleukin-8; LBP, lipopolysaccharide-binding protein; GSTw, glutathione S-transferase alpha; GPX,
glutathione peroxidase; GSR, glutathione reductase.

In the intestine, dietary WCE significantly affected the relative expression of IL-8, LBP,
GSTwa, GPX, and GSR (p < 0.05), with WCE10 generally showing the most pronounced
response. In contrast, intestinal IL-15 expression showed only a numerical increase in
WCE-supplemented groups and did not differ significantly among treatments (p > 0.05).
Overall, dietary WCE influenced the transcriptional responses of selected immune- and
antioxidant-related genes in a tissue-dependent manner, with the most consistent responses
observed at 10 g kg~ ! diet.

4. Discussion

The dietary application of W. chinensis extract in finfish remains largely unexplored,
despite its reported phytochemical characteristics and biological activities. In this context,
the present study provides new evidence that WCE may serve as a plant-derived addi-
tive for Nile tilapia by improving growth performance and feed utilization, supporting
antioxidant status and innate immune-associated biomarkers, and modulating selected
immune- and antioxidant-related genes without significantly affecting somatic indices.
Notably, these responses were not strictly dose-dependent. Among the tested diets, WCE10
produced the most consistent overall responses, while dose-response analysis estimated
the response range for growth and feed utilization at approximately 12-13 g kg ! diet. This
pattern suggests that moderate WCE supplementation may provide greater benefits than
either no supplementation or higher inclusion levels.

The higher final body weight, WGR, and SGR, together with the lower FCR, indicate
that dietary WCE improved growth performance and feed utilization in Nile tilapia. Sim-
ilar growth-promoting effects have been reported for other phytogenic additives in this
species, including Assam tea extract, aquatic fern, Annona squamosa leaf extract and some
fermented herbal extract [29-32]. The improved growth and feed utilization may reflect the
contribution of bioactive fractions present in WCE to physiological conditions favorable
for nutrient utilization and growth; however, because digestive enzyme activity, nutrient
digestibility, gut microbiota, and intestinal morphology were not examined, these pathways
should be considered plausible explanations rather than direct findings of the present study.
The unchanged HSI, VSI, and ISI further suggest that the growth improvement was not
accompanied by marked changes in hepatic, visceral, or intestinal relative weight. This may
indicate that the improved growth and feed utilization occurred without excessive visceral
or hepatic enlargement, suggesting relatively stable gross nutrient allocation and physiolog-
ical condition. Importantly, the response to WCE was not strictly linear. WCE10 produced
the most consistent growth response among the tested diets. Although quadratic regression
estimated the response points for WGR, SGR, and FCR at approximately 12.3-12.5 g kg ™!
diet, the overall results suggest that the beneficial effects of WCE on growth and feed
utilization were most evident within a moderate inclusion range rather than at the highest
tested levels.

Dietary WCE improved antioxidant status in both serum and liver, as shown by
increased SOD, CAT, and GPx activities and reduced MDA levels. Similar responses
have been reported in Nile tilapia fed Annona squamosa leaf extract and Ocimum basilicum
extracts, which improved redox status, antioxidant balance, and related physiological
responses [32,33]. In addition, dietary Phyllanthus emblica has been shown to upregulate
antioxidant-related genes, including SOD and GPx, in Nile tilapia, further supporting the
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role of plant-derived additives in modulating antioxidant responses [34]. In the present
study, the measured phenolic and flavonoid contents and DPPH radical-scavenging activity
of WCE indicate that the crude extract contained antioxidant-active fractions. These
properties may have contributed to the increased antioxidant enzyme activities and reduced
lipid peroxidation observed in WCE-supplemented fish. Notably, the antioxidant responses
were most evident at moderate inclusion levels, and the regression-derived response
points were generally distributed within approximately 8-15 g kg ! diet. This curvilinear
pattern suggests that WCE may support antioxidant defense within a specific dietary range,
whereas higher inclusion levels do not necessarily provide proportional additional benefits.
However, targeted phytochemical profiling is still needed to identify the major compounds
responsible for these effects.

Dietary WCE also improved innate immune-associated biomarkers at mucosal, hu-
moral, and cellular levels, as indicated by increased mucus and serum lysozyme and
peroxidase activities, higher ACH50, and improved phagocytic index and respiratory burst
activity. Lysozyme and peroxidase are important antimicrobial enzymes in fish mucus
and serum, whereas ACHS50 reflects complement-mediated humoral activity. In parallel,
higher phagocytic activity and respiratory burst indicate improved leukocyte responsive-
ness. Similar immunostimulatory effects have been reported in Nile tilapia fed extracts of
Camellia sinensis, Viscum album coloratum, Ocimum basilicum, Moringa oleifera, Psidium guajava,
Tridax procumbens, Elephantopus scaber, Mitracarpus scaber, Avicennia marina, and Annona
squamosa, as well as Azolla caroliniana meal. These plant-derived additives improved one
or more innate immune-associated parameters, including mucosal and serum lysozyme
and peroxidase activities, complement activity, phagocytic responses, and respiratory burst
activity [31,34-41]. In the present study, the favorable changes in these biomarkers may be
partly related to the antioxidant-active fractions present in WCE, as reflected by its mea-
sured phenolic and flavonoid contents and DPPH radical-scavenging activity. By reducing
oxidative pressure and maintaining cellular responsiveness, these antioxidant properties
may help support basal immune-related functions. This interpretation is consistent with
the curvilinear immune-associated responses observed in the regression analyses, where
the estimated response points were mainly located within approximately 10-15 g kg ! diet
at week 4 and 10-14 g kg~ ! diet at week 8. Therefore, the effects of WCE on basal innate
immune-associated biomarkers appear to be most pronounced within a moderate inclusion
range rather than increasing continuously with dose. However, because no pathogen chal-
lenge was conducted, the present findings should be interpreted as improved basal innate
immune-associated responses rather than direct evidence of enhanced disease resistance.

The gene expression results provide additional molecular support for the antioxidant
and innate immune-associated responses observed in this study. For immune-related
genes, dietary WCE modulated the relative expression of IL-18, IL-8, and LBP in the liver,
suggesting possible effects on inflammatory regulation, leukocyte-related responses, and
bacterial recognition under non-challenged conditions. In the intestine, WCE significantly
affected IL-8 and LBP expression, whereas IL-18 showed only a numerical increase and
was not significantly different among treatments. This tissue-dependent response may
reflect differences between the liver and intestine in basal immune regulation, with the
liver responding more clearly to systemic metabolic and redox-related signals, while
intestinal IL-1f may remain more tightly regulated under non-challenged conditions.
Comparable modulation of immune- or cytokine-related genes has been reported in Nile
tilapia supplemented with plant-derived additives such as Ocimum basilicum, Avicennia
marina, Juniperus communis, Moringa oleifera, Schinus terebinthifolius, Ginkgo biloba, and
Phyllanthus emblica [33,34,41-45]. These studies reported changes in genes such as IL-18,
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IL-8, TNF-«, IL-10, IFN-v, and IgM, although the direction of regulation differed among
additives, tissues, doses, and experimental conditions.

For antioxidant-related genes, WCE affected GSTa, GPX, and GSR, which are involved
in detoxification and glutathione-dependent redox regulation. These transcriptional re-
sponses were broadly consistent with the increased antioxidant enzyme activities and
reduced MDA levels observed in serum and liver. Similar antioxidant-related gene re-
sponses have been reported in Nile tilapia fed Avicennia marina extract, Juniperus communis
extract, and Phyllanthus emblica powder, where genes such as SOD, CAT, and GPx/GSH-Px
were modulated alongside improved antioxidant status [34,41,42]. However, because gPCR
results do not necessarily reflect protein abundance or enzyme activity, these findings
should be interpreted as supportive molecular evidence rather than direct confirmation
of pathway activation. Further studies combining phytochemical profiling, protein-level
validation, and pathway-focused analyses are needed to clarify the mechanisms underlying
WCE activity.

Overall, the present study indicates that WCE may serve as a plant-derived functional
additive for Nile tilapia by improving growth performance, feed utilization, antioxidant
status, basal innate immune-associated biomarkers, and related gene expression under
controlled conditions. The most consistent responses observed in WCE10, together with the
plateau or decline at WCE15 and WCE20, suggest a non-linear response typical of crude
phytogenic extracts. At higher inclusion levels, changes in the balance among bioactive con-
stituents may have contributed to the less consistent responses; however, the physiological
mechanisms underlying this pattern were not investigated in the present study. Therefore,
WCE appears to be more effective within a moderate inclusion range rather than showing
a continuous dose-dependent improvement. Nevertheless, further studies are required to
validate its practical application, including farm-scale trials, pathogen-challenge assays,
digestive enzyme and nutrient digestibility analyses, gut microbiota profiling, intestinal
and hepatic histology, protein-level immune markers, and standardized phytochemical
characterization.

5. Conclusions

In summary, dietary WCE supplementation improved growth performance and feed
utilization in Nile tilapia and was accompanied by favorable changes in antioxidant sta-
tus, selected basal innate immune-associated biomarkers, and the relative expression of
immune- and antioxidant-related genes. Among the tested diets, WCE10 produced the
most consistent overall response, whereas higher inclusion levels showed less consistent
benefits across the measured endpoints. Somatic indices were not significantly affected,
indicating no marked alteration in gross visceral organ-weight allocation during the feeding
trial. However, because digestive enzyme activity, nutrient digestibility, gut microbiota,
intestinal morphology, and pathogen resistance were not directly assessed, the mechanisms
underlying the observed growth-related responses and their relevance to disease outcomes
remain to be clarified. Overall, WCE shows potential as a plant-derived feed additive for
Nile tilapia diets, but further studies involving pathogen-challenge assays, mechanistic
evaluation of digestive and intestinal responses, phytochemical standardization, diet sta-
bility assessment, and practical farming conditions are needed to confirm its efficacy and
refine the optimal inclusion level.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/anil6131986/s1, Table S1: Primer amplification efficiency and
melt-curve specificity for the qRT-PCR assays. Table S2: RNA quality characteristics and stability
assessment of the 18S rRNA reference gene. Figure S1: Polynomial regression plots for antioxi-
dant parameters in Nile tilapia fed diets supplemented with different levels of WCE. (A) Serum

https://doi.org/10.3390/anil6131986


https://www.mdpi.com/article/10.3390/ani16131986/s1
https://www.mdpi.com/article/10.3390/ani16131986/s1
https://doi.org/10.3390/ani16131986

Animals 2026, 16, 1986

16 of 19

References

CAT; (B) serum SOD; (C) serum MDA; (D) liver CAT; (E) liver SOD; (F) liver MDA; (G) liver GPx.
WCE, W. chinensis extract; CAT, catalase; SOD, superoxide dismutase; MDA, malondialdehyde;
GPx, glutathione peroxidase. Figure S2: Polynomial regression plots for innate immune-associated
parameters in Nile tilapia fed diets supplemented with different levels of WCE at week 4. (A) Skin
mucus lysozyme activity; (B) skin mucus peroxidase activity; (C) serum lysozyme activity; (D) serum
peroxidase activity; (E) alternative complement activity; (F) phagocytic index; (G) respiratory burst
activity. WCE, W. chinensis extract; SMLA, skin mucus lysozyme activity; SMPA, skin mucus perox-
idase activity; SLA, serum lysozyme activity; SPA, serum peroxidase activity; ACH50, alternative
complement activity; PI, phagocytic index; RB, respiratory burst activity. Figure S3: Polynomial
regression plots for innate immune-associated parameters in Nile tilapia fed diets supplemented
with different levels of WCE at week 8. (A) Skin mucus lysozyme activity; (B) skin mucus peroxidase
activity; (C) serum lysozyme activity; (D) serum peroxidase activity; (E) alternative complement
activity; (F) phagocytic index; (G) respiratory burst activity. WCE, W. chinensis extract; SMLA, skin
mucus lysozyme activity; SMPA, skin mucus peroxidase activity; SLA, serum lysozyme activity;
SPA, serum peroxidase activity; ACHS50, alternative complement activity; PI, phagocytic index; RB,
respiratory burst activity. Figure S4: Derivative melt-curve profiles of qRT-PCR amplicons generated
with primers for (A) 18S rRNA, (B) IL-18, (C) IL-8, (D) LBP, (E) GSTx, (F) GPX, and (G) GSR.

Author Contributions: Conceptualization, C.X.L. and M.T.N.; methodology, C.X.L., TTN.T., L. T.H.H.
and H.T.T.N.; software, C.X.L. and M.D.V.; validation, C.X.L., H.T.T.N., M.D.V. and M.T.N.; formal
analysis, C.X.L.; investigation, C.X.L., TT.N.T.,, L.T.H.H. and M.D.V,; resources, H.T.T.N. and M.T.N.;
data curation, C.X.L. and M.D.V.; writing—original draft preparation, C.X.L.; writing—review and
editing, CX.L.,, TT.N.T.,, LTH.H., HT.T.N., M.D.V. and M.T.N.; visualization, C.X.L.; supervision,
M.T.N.; project administration, C.X.L. and M.T.N.; funding acquisition, M.T.N. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Vietnam National University of Agriculture, grant number
T2024-13-22TD.

Institutional Review Board Statement: The animal study protocol was reviewed and approved by
the Institutional Scientific Committee of Vietnam National University of Agriculture under Decision
No. 7000/QDb-HVN dated 20 December 2023 and approved under Decision No. 352/QD-HVN dated
26 March 2024. The study was conducted as part of the project “Effects of dietary herbal extracts on
growth performance, immune responses, and gut microbiota of Nile tilapia (Oreochromis niloticus)”
under project code T2024-13-22TD.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The authors thank the Faculty of Fisheries, Vietnam National University of
Agriculture, for providing laboratory facilities and technical support. The authors also acknowledge
the assistance of laboratory staff and students during fish rearing, sampling, and biochemical analyses.
During the preparation of this manuscript, the authors used ChatGPT (GPT-5.5 Thinking, OpenAlI)
for language editing, improvement of scientific terminology consistency, minor formatting assistance,
and word refinement. The authors have reviewed and edited the output and take full responsibility
for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest. The funder had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1.  Feldman, Z.; Fitzsimmons, K.M.; Das, SK. (Eds.) Proceedings of the 13th International Symposium on Tilapia in Aquaculture:
Innovation, Integration and Profitability in Tilapia Aquaculture: Modernisation for a New Era; INFOFISH: Bangkok, Thailand, 2025; 107p,

ISBN 979-8-218-82853-0.

https://doi.org/10.3390/anil6131986


https://doi.org/10.3390/ani16131986

Animals 2026, 16, 1986 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

El-Sayed, A.-EM.; Fitzsimmons, K. From Africa to the world—The journey of Nile tilapia. Rev. Aquac. 2023, 15, 6-21. [CrossRef]
Debnath, S.C.; McMurtrie, J.; Temperton, B.; Delamare-Deboutteville, J.; Mohan, C.V,; Tyler, C.R. Tilapia aquaculture, emerging
diseases, and the roles of the skin microbiomes in health and disease. Aquac. Int. 2023, 31, 2945-2976. [CrossRef]

Emam, W.; Lambert, H.; Brown, C. The welfare of farmed Nile tilapia: A review. Front. Vet. Sci. 2025, 12, 1567984. [CrossRef]
[PubMed]

Okeke, E.S.; Chukwudozie, K.I.; Nyaruaba, R.; Ita, R.E.; Oladipo, A.; Ejeromedoghene, O.; Atakpa, E.O.; Agu, C.V,; Okoye, C.O.
Antibiotic resistance in aquaculture and aquatic organisms: A review of current nanotechnology applications for sustainable
management. Env. Sci. Pollut. Res. Int. 2022, 29, 69241-69274. [CrossRef] [PubMed]

Ntakirutimana, R.; Rahiman, K.M.; Farhath, A.A.; Lovejan, M.; Jijina, M. From antibiotics to probiotics: Sustainable disease
management in Nile Tilapia aquaculture. Adv. Gut Microbiome Res. 2025, 2025, 5144977. [CrossRef]

Zuberi, A.; Kamran, M.; Younus, N.; Abdel-Tawwab, M. Editorial: Functional feed additives: Current trends. Front. Aquac. 2024,
3, 1385508. [CrossRef]

Onomu, A.J.; Okuthe, G.E. The Role of Functional Feed Additives in Enhancing Aquaculture Sustainability. Fishes 2024, 9, 167.
[CrossRef]

Dadras, F; Velisek, J.; Zuskova, E. An update about beneficial effects of medicinal plants in aquaculture: A review. Veterindrni
Medicina 2023, 68, 449-463. [CrossRef] [PubMed]

Irshad Nomani, I.N.; Avijit Mazumder, A.M.; Chakraborthy, G. Evaluation of wound healing potentiality of methanolic extract of
Wedelia chinensis whole plant. Res. . Pharm. Biol. Chem. Sci. 2013, 4, 353-359. [CrossRef]

Mathapati, S.S.; Kalshetti, M. Effect of Wedelia chinensis Leaf Extracts against Ethylene Glycol Induced Urolithiasis in Rats. Indian
J. Pharm. Educ. Res. 2025, 59, s1066-s1073. [CrossRef]

Khan, M.A.; Islam, M.A.; Biswas, K.; Al-Amin, M.Y.; Ahammed, M.S.; Manik, M.I; Islam, K.M.; Kader, M.A.; Alam, A K.; Zaman,
S.; et al. Compounds from the Petroleum Ether Extract of Wedelia chinensis with Cytotoxic, Anticholinesterase, Antioxidant, and
Antimicrobial Activities. Molecules 2023, 28, 793. [CrossRef] [PubMed]

Kumari, A.; Bhatnagar, S. Phytochemical analysis and biological evaluation of leaf extracts of Wedelia chinensis. Pharm. Pharmacol.
Int. J. 2016, 4, 495-497. [CrossRef]

Koul, S.; Pandurangan, A.; Khosa, R. Wedelia chinenis (Asteraceae)—An overview. Asian Pac. |. Trop. Biomed. 2012, 2, S1169-51175.
[CrossRef]

Ngoc, T.N,; Baruah, K.; Linh, N.Q.; Quynh Anh, N.D.; Xuan Hong, N.T.; Huy, N.X.; Norouzitallab, P.; Phuoc, N.N. Dietary Wedelia
chinensis extract enhances growth performance and strengthens innate immunity of whiteleg shrimp (Penaeus vannamei) against
Vibrio parahaemolyticus. Front. Aquac. 2026, 5, 1740206. [CrossRef]

Ngoc, T.N,; Baruah, K,; Linh, N.Q.; Anh, N.D.Q.; Hong, N.T.X.; Huy, N.X.; Norouzitallab, P.; Ngoc Phuoc, N. Dietary Top
Coating with Wedelia Chinensis Extract Strengthens the Innate Immunity of Whiteleg Shrimp Penaeus vannamei Against Acute
Hepatopancreas Necrosis Disease-Causing Vibrio parahaemolyticus. Available online: https:/ /ssrn.com/abstract=5260520 (accessed
on 24 June 2026).

Nguyen, H.T.; Miyamoto, A.; Hoang, H.T.; Vu, T.T.; Pothinuch, P; Nguyen, H.T. Effects of Maturation on Antibacterial Properties
of Vietnamese Mango (Mangifera indica) Leaves. Molecules 2024, 29, 1443. [CrossRef] [PubMed]

Le Xuan, C.; Linh, N.V,; Wannavijit, S.; Outama, P.; Fontana, C.M.; Meepowpan, P.; Van Doan, H. Influences of makiang (Syzygium
nervosum) seed powder on growth performance, immunological response, antioxidant and immune related gene expression in
juvenile Nile tilapia (Oreochromis niloticus). Aquaculture 2024, 588, 740943. [CrossRef]

Van Doan, H.; Wannavijit, S.; Tayyamath, K.; Quynh, T.T.D.; Ninyamasiri, P,; Vu Linh, N.; Van Vu, S.; Seesuriyachan, P.; Khanzadeh,
M.; Hoseinifar, S.H. Dietary corn silk enhances growth, immunity, and gene expression in Nile tilapia (Oreochromis niloticus)
cultured in a biofloc system. Fish. Shellfish Immunol. 2025, 165, 110555. [CrossRef] [PubMed]

Parry, R., Jr.; Chandan, R.; Shahani, K. Isolation and characterization of human milk lysozyme. Arch. Biochem. Biophys. 1969, 130,
59-65. [CrossRef] [PubMed]

Outama, P; Linh, N.V,; Xuan, C.L.; Wannavijit, S.; Tongsiri, S.; Chitmanat, C.; Montha, N.; Van Doan, H. Passionfruit (Passiflora
edulis) peel powder stimulates the immune and antioxidant defense system in nile tilapia, Oreochromis niloticus, cultivated in a
biofloc system. Fishes 2022, 7, 233. [CrossRef]

Quade, M.].; Roth, J.A. A rapid, direct assay to measure degranulation of bovine neutrophil primary granules. Vet. Immunol.
Immunopathol. 1997, 58, 239-248. [CrossRef] [PubMed]

Yano, T. Assays of hemolytic complement activity. In Techniques in Fish Immunology II; Stolen, ].S., Fletcher, T.C., Anderson, D.P,
Kaattari, S.L., Rowley, A.F, Eds.; SOS Publications: Fair Haven, NJ, USA, 1992; pp. 131-141.

Yoshida, T.; Kitao, T. The opsonic effect of specific immune serum on the phagocytic and chemiluminescent response in rainbow
trout, Oncorhynchus mykiss phagocytes. Fish Pathol. 1991, 26, 29-33. [CrossRef]

https:/ /doi.org/10.3390/ani16131986


https://doi.org/10.1111/raq.12738
https://doi.org/10.1007/s10499-023-01117-4
https://doi.org/10.3389/fvets.2025.1567984
https://www.ncbi.nlm.nih.gov/pubmed/40395805
https://doi.org/10.1007/s11356-022-22319-y
https://www.ncbi.nlm.nih.gov/pubmed/35969340
https://doi.org/10.1155/agm3/5144977
https://doi.org/10.3389/faquc.2024.1385508
https://doi.org/10.3390/fishes9050167
https://doi.org/10.17221/96/2023-vetmed
https://www.ncbi.nlm.nih.gov/pubmed/38303995
https://doi.org/10.5114/pdia.2013.37032
https://doi.org/10.5530/ijper.20256632
https://doi.org/10.3390/molecules28020793
https://www.ncbi.nlm.nih.gov/pubmed/36677851
https://doi.org/10.15406/ppij.2016.04.00102
https://doi.org/10.1016/s2221-1691(12)60380-3
https://doi.org/10.3389/faquc.2026.1740206
https://ssrn.com/abstract=5260520
https://doi.org/10.3390/molecules29071443
https://www.ncbi.nlm.nih.gov/pubmed/38611723
https://doi.org/10.1016/j.aquaculture.2024.740943
https://doi.org/10.1016/j.fsi.2025.110555
https://www.ncbi.nlm.nih.gov/pubmed/40639701
https://doi.org/10.1016/0003-9861(69)90009-5
https://www.ncbi.nlm.nih.gov/pubmed/5778672
https://doi.org/10.3390/fishes7050233
https://doi.org/10.1016/s0165-2427(97)00048-2
https://www.ncbi.nlm.nih.gov/pubmed/9436268
https://doi.org/10.3147/jsfp.26.29
https://doi.org/10.3390/ani16131986

Animals 2026, 16, 1986 18 of 19

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Van Doan, H.; Hoseinifar, S.H.; Khanongnuch, C.; Kanpiengjai, A.; Unban, K.; Van Kim, V.; Srichaiyo, S. Host-associated
probiotics boosted mucosal and serum immunity, disease resistance and growth performance of Nile tilapia (Oreochromis niloticus).
Aquaculture 2018, 491, 94-100. [CrossRef]

Tahir, A.; Secombes, C. Modulation of dab (Limanda limanda, L.) macrophage respiratory burst activity. Fish Shellfish Immunol.
1996, 6, 135-146. [CrossRef]

Lubis, A.R.; Linh, N.V,; Tayyamath, K.; Wannavijit, S.; Ninyamasiri, P.; Chitmanat, C.; Tapingkae, W.; Ringg, E.; Van Doan, H.;
Esteban, M.A. Impact of mango peel pectin and Bacillus iranensis on growth, immunity, and gene expression in Nile tilapia
(Oreochromis niloticus). Aquac. Rep. 2025, 41, 102661. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2~ 22T method.
Methods 2001, 25, 402-408. [CrossRef] [PubMed]

Fujaya, Y,; Hidayani, A.A.; Sari, D.K.; Aslamyah, S.; Rukminasari, N.; Muthalib, A.; Cristianto, S.; Defista, E.; Fazhan, H.; Waiho,
K. The Optimal Dosage of Fermented Herbal Extract on Growth and Feed Efficiency of Nile Tilapia (Oreochromis niloticus). Trop.
Life Sci. Res. 2023, 34, 39-56. [CrossRef] [PubMed]

Van Doan, H.; Hoseinifar, S.H.; Sringarm, K.; Jaturasitha, S.; Yuangsoi, B.; Dawood, M.A.O.; Esteban, M.A,; Ringp, E.; Faggio, C.
Effects of Assam tea extract on growth, skin mucus, serum immunity and disease resistance of Nile tilapia (Oreochromis niloticus)
against Streptococcus agalactiae. Fish Shellfish Immunol. 2019, 93, 428-435. [CrossRef] [PubMed]

Lumsangkul, C.; Linh, N.V.; Chaiwan, F.; Abdel-Tawwab, M.; Dawood, M.A; Faggio, C.; Jaturasitha, S.; Van Doan, H. Dietary
treatment of Nile tilapia (Oreochromis niloticus) with aquatic fern (Azolla caroliniana) improves growth performance, immunological
response, and disease resistance against Streptococcus agalactiae cultured in bio-floc system. Aquac. Rep. 2022, 24, 101114.
[CrossRef]

Almarri, S.H.; Khalil, A.A.; Mansour, A.T.; El-Houseiny, W. Antioxidant, immunostimulant, and growth-promoting effects of
dietary Annona squamosa leaf extract on Nile tilapia, Oreochromis niloticus, and its tolerance to thermal stress and Aeromonas sobria
infection. Animals 2023, 13, 746. [CrossRef] [PubMed]

Mansour, A.T,; Diab, A.M.; Khalil, R.H.; Eldessouki, E.A.; El-Sabbagh, N.; Elsamannoudy, S.I.; Younis, N.A. Physiological and
immunological responses of Nile tilapia fed dietary supplementation of sweet basil ethanolic and aqueous extracts. Front. Mar.
Sci. 2023, 9, 1064455. [CrossRef]

Jastaniah, S.D.; Albagami, N.M. Dietary Phyllanthus emblica inclusion regulates growth, serum biochemistry, organ histology, gene
expression, and resistance against Aspergillus flavus in Nile Tilapia (Oreochromis niloticus). Sci. Rep. 2025, 15, 11226. [CrossRef]
[PubMed]

Van Doan, H.; Hoseinifar, S.H.; Sringarm, K; Jaturasitha, S.; Khamlor, T.; Dawood, M.A.O.; Esteban, M.A.; Soltani, M.; Musthafa,
M.S. Effects of elephant’s foot (Elephantopus scaber) extract on growth performance, immune response, and disease resistance of
Nile tilapia (Oreochromis niloticus) fingerlings. Fish Shellfish Immunol. 2019, 93, 328-335. [CrossRef] [PubMed]

Park, K.-H.; Choi, S.-H. The effect of mistletoe, Viscum album coloratum, extract on innate immune response of Nile tilapia
(Oreochromis niloticus). Fish Shellfish Immunol. 2012, 32, 1016-1021. [CrossRef] [PubMed]

Kamble, M.T.; Gallardo, W.; Salin, K.R.; Pumpuang, S.; Chavan, B.R.; Bhujel, R.C.; Medhe, S.V.; Kettawan, A.; Thompson, K.D.;
Pirarat, N. Effect of Moringa oleifera leaf extract on the growth performance, hematology, innate immunity, and disease resistance
of Nile tilapia (Oreochromis niloticus) against Streptococcus agalactiae Biotype 2. Animals 2024, 14, 953. [CrossRef] [PubMed]
Abdel-Tawwab, M.; Hamed, H.S. Antagonistic effects of dietary guava (Psidium guajava) leaves extract on growth, hemato-
biochemical, and immunity response of cypermethrin-intoxicated Nile tilapia, Oreochromis niloticus, fingerlings. Aquaculture 2020,
529, 735668. [CrossRef]

Adeshina, I.; Abdel-Tawwab, M.; Tijjani, Z.A.; Tiamiyu, L.O.; Jahanbakhshi, A. Dietary Tridax procumbens leaves extract
stimulated growth, antioxidants, immunity, and resistance of Nile tilapia, Oreochromis niloticus, to monogenean parasitic infection.
Aquaculture 2021, 532, 736047. [CrossRef]

Adeshina, I.; Tiamiyu, L.O.; Akpoilih, B.U.; Jenyo-Oni, A.; Ajani, E.K. Dietary Mitracarpus scaber leaves extract improved
growth, antioxidants, non-specific immunity, and resistance of Nile tilapia, Oreochromis niloticus to Gyrodactylus malalai infestation.
Aquaculture 2021, 535, 736377. [CrossRef]

El Basuini, M.F. Immunomodulatory, antioxidant, and growth-promoting properties of Avicennia marina leaf extract on Nile
tilapia. Sci. Rep. 2025, 15, 43948. [CrossRef] [PubMed]

Radwan, M.; Moussa, M.A.; Manaa, E.A.; Saleh, N.A.; Metwally, M.G.; El-Sharkawy, S.M.; Al-Otaibi, W.M.; Mohammadein, A.;
El-feky, M.M.M_; Elraey, S.M.A_; et al. Elucidating the protective influence of dietary Juniperus communis extracts on Nile tilapia
(Oreochromis niloticus) growth, intestinal health, immune-antioxidant, gene expression responses, and resistance to infection.
Aquac. Int. 2024, 32, 6727-6752. [CrossRef]

El-Son, M.A.M.; Hendam, B.M.; Nofal, M.I.; Abdel-Latif, H.M.R. Effects of Moringa oleifera-based diets on growth, immunological
responses, liver antioxidant biomarkers and expression of immune-related genes in Nile tilapia (Oreochromis niloticus) raised in
hapa-in-pond system. Aquac. Res. 2022, 53, 4338-4352. [CrossRef]

https:/ /doi.org/10.3390/ani16131986


https://doi.org/10.1016/j.aquaculture.2018.03.019
https://doi.org/10.1006/fsim.1996.0014
https://doi.org/10.1016/j.aqrep.2025.102661
https://doi.org/10.1006/meth.2001.1262
https://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.21315/tlsr2023.34.2.3
https://www.ncbi.nlm.nih.gov/pubmed/38144381
https://doi.org/10.1016/j.fsi.2019.07.077
https://www.ncbi.nlm.nih.gov/pubmed/31362090
https://doi.org/10.1016/j.aqrep.2022.101114
https://doi.org/10.3390/ani13040746
https://www.ncbi.nlm.nih.gov/pubmed/36830534
https://doi.org/10.3389/fmars.2022.1064455
https://doi.org/10.1038/s41598-025-88146-6
https://www.ncbi.nlm.nih.gov/pubmed/40175398
https://doi.org/10.1016/j.fsi.2019.07.061
https://www.ncbi.nlm.nih.gov/pubmed/31344457
https://doi.org/10.1016/j.fsi.2012.02.023
https://www.ncbi.nlm.nih.gov/pubmed/22554573
https://doi.org/10.3390/ani14060953
https://www.ncbi.nlm.nih.gov/pubmed/38540051
https://doi.org/10.1016/j.aquaculture.2020.735668
https://doi.org/10.1016/j.aquaculture.2020.736047
https://doi.org/10.1016/j.aquaculture.2021.736377
https://doi.org/10.1038/s41598-025-30685-z
https://www.ncbi.nlm.nih.gov/pubmed/41408382
https://doi.org/10.1007/s10499-024-01486-4
https://doi.org/10.1111/are.15932
https://doi.org/10.3390/ani16131986

Animals 2026, 16, 1986 19 of 19

44. Mohamed, E.; Mahmoud, M.M.; El Sherry, YM.I.; Abdullah, A.; Bayoumi, S.A.L.; Wahman, R.; Mahmoud, A.M.; Farrag, M.M.S.;
Abdallah, E.S. Effects of Brazilian Pepper Tree (Schinus terebinthifolius Raddi) Ethanolic Leaf Extract on Growth Performance and
Expression of Intestinal Immune-Related Genes in Nile Tilapia (Oreochromis niloticus). Biology 2026, 15, 476. [CrossRef] [PubMed]

45. Abdel-Latif, HM.R.; Hendam, B.M.; Nofal, M.IL; El-Son, M.A M. Ginkgo biloba leaf extract improves growth, intestinal histomor-
phometry, immunity, antioxidant status and modulates transcription of cytokine genes in hapa-reared Oreochromis niloticus. Fish
Shellfish Immunol. 2021, 117, 339-349. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ani16131986


https://doi.org/10.3390/biology15060476
https://www.ncbi.nlm.nih.gov/pubmed/41892236
https://doi.org/10.1016/j.fsi.2021.06.003
https://www.ncbi.nlm.nih.gov/pubmed/34153429
https://doi.org/10.3390/ani16131986

	Introduction 
	Materials and Methods 
	Preparation of W. chinensis Extract 
	Experimental Diets 
	Experimental Fish and Feeding Trial 
	Growth Performance and Somatic Indices 
	Sampling Procedures and Sample Preparation 
	Antioxidant Assays 
	Innate Immune Assays 
	Gene Expression Analysis 
	Statistical Analysis 

	Results 
	Growth Performance 
	Somatic Indices 
	Antioxidant Activities 
	Innate Immune-Related Parameters 
	Relative Immune- and Antioxidant-Related Gene Expression 

	Discussion 
	Conclusions 
	References

