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Abstract

This study examines the use of dragon fruit peel (DFP) pow-
der as a dietary supplement on growth performance,
immune responses, and gene expression of Nile tilapia,
Oreochromis niloticus, cultured within biofloc systems. A
total of 300 Nile tilapia fingerlings (14.64 + 0.09 g) were
subjected to five dietary treatments, with DFP added to a
basal diet at doses of O, 20, 40, 80, and 160 g kg‘1 DFP.
Growth and immunological responses were assessed after
4 and 8 weeks of feeding, and the transcriptional level of
immune and antioxidant-related genes was measured after
8 weeks. Fish fed diets containing DFP exhibited signifi-
cantly greater weight gain, faster growth, and enhanced
levels of key indicators of immunity than control fish
(p < 0.05). A diet containing 40 g DFP kg~! produced the
best result in terms of growth, enhanced immune response

indicators in skin mucus and blood serum, and the
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upregulation of IL-1, IL-8, LBP, GPx, GST-a, and GSR expres-
sion (p < 0.05). Based on the quadratic regression analysis,
the optimum concentration of DFP was 80 g kg~ . These
findings collectively suggest that powdered DFP may serve
as a promising feed supplement for Nile tilapia raised in bio-

floc systems.
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biofloc technology, fruit peel, innate immunity, mRNA expression,
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1 | INTRODUCTION

Nile tilapia, Oreochromis niloticus, is cultivated in more than 100 countries and accounts for 8% of the global finfish
aquaculture production (Geletu & Zhao, 2023; Verdegem et al., 2023). It is a popular and intensively farmed species
because of its rapid growth rate and commercial acceptability (Charo-Karisa, 2024). Intensification frequently results
in deteriorating water quality, which in turn makes fish more susceptible to infectious diseases. This leads to high
mortality rates among farmed fish and significant financial losses (Magouz et al., 2024). Antibiotics and other
chemicals are widely used by farmers as a straightforward and cost-effective method for disease prevention and
treatment (Bardhan et al., 2024; S.-W. Chen et al., 2019; Ding & He, 2010; Harikrishnan & Balasundaram, 2005; Rico
et al., 2014). However, the overuse of antibiotics and chemicals contributes to the emergence of antibiotic-resistant
bacteria and has adverse effects on environmental ecosystems and human health (Cherian et al., 2023; Magna
et al.,, 2024). On the other hand, feed, which represents 50%-80% of total production costs, is another critical factor
affecting the efficiency of intensive tilapia farming (Boyd et al., 2020; Gule & Geremew, 2022). To lower the costs of
aquafeed, plant-based feed ingredients are increasingly utilized in aquatic diets (Eroldogan et al., 2023). In addition
to herbs that effectively prevent and treat fish diseases, numerous fruit by-products have been identified as potential
dietary supplements for aquaculture species (Ahmadifar et al., 2021; Harikrishnan et al., 2009, 2010, 2011; Hazreen-
Nita et al., 2022; Majeed et al., 2024).

Dragon fruit, Hylocereus undatus, known for its coagulant properties, belongs to the Cactaceae family (Rodriguez
et al., 2016). Most dragon fruit undergoes processing before being sold in supermarkets and fruit processing facili-
ties, resulting in a significant waste product known as dragon fruit peels (DFPs; Chumroenvidhayakul et al., 2023).
Additionally, it is not cost-effective or environmentally friendly to just throw them out (Chen et al., 2022). Peel is the
most common by-product of consuming or processing dragon fruit, accounting for 30%-35% of the total fruit weight
(Li et al., 2022), and is rich in phytonutrients (Arivalagan et al., 2021). The DFP is well-documented to contain high
amount of phenolic compounds, fatty acids, and flavonoids (Jimenez-Garcia et al., 2022). It is also a rich source of
pectin (Liu et al., 2023), which is known for its potential prebiotic properties (Guo et al., 2023). These bioactive com-
pounds have the ability to alter human's blood lipid profiles and exhibit anti-inflammatory, anti-angiogenic,
antibacterial, antiproliferative, and cytotoxic properties (Le, 2022). Thus, utilizing powdered DFP appears to be a
promising option for reducing environmental impacts and preventing waste and microbiological contamination
(Chumroenvidhayakul et al., 2023; Jiang et al., 2021; Rifna et al., 2021). Approximately 100 g of DFP can be pro-
duced from 1 kg of fresh peel after being sun-dried to a water content of 14%, providing a potentially valuable feed
additive for land-based domestic animals and aquatic animals (Matra et al., 2021).

Biofloc technology (BFT) is a culture system in where the water environment contains a mixture of microorgan-
isms and other organic materials (Khanjani, Mozanzadeh, et al., 2024). These components form a coagulated floc that
can serve as prebiotics and probiotics, helping to maintain water quality by recycling nutrients (Khanjani, Sharifinia, &

Emerenciano, 2024). Moreover, biofloc can also be used as a feed supplement for fish (Khanjani & Sharifinia, 2020).
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Additionally, the presence of feed supplements in the biofloc may lead to the development of microorganisms that
can combat pathogenic bacteria in both the farm water and the intestine of fish (Khanjani & Sharifinia, 2020;
Kishawy et al., 2020; Mohammadi et al., 2021). Integrating DFP, an agricultural by-product, into this system aligns
with the principles of BFT by providing an alternative, sustainable feed ingredient. This not only reduces waste and
makes use of underutilized resources but also offers potential nutritional and health benefits to the fish, possibly
enhancing their growth and disease resistance. The use of BFT in aquaculture is a step toward more sustainable and
environmentally friendly practices, addressing concerns about waste management and resource efficiency. Thus, this
study aimed to examine the effects of powdered DFP on growth, immunological parameters, and the expression of
key immune-antioxidant genes in Nile tilapia cultured in a biofloc system. To the best of our knowledge, this has not
been investigated previously.

2 | MATERIALS AND METHODS

21 | Preparation of dragon peel powder

Dragon fruit was purchased from a local market at Chiang Mai city, Chiang Mai, Thailand. Upon arrival, the peels
were taken and thoroughly washed wish clean water. The peels were thenceforth dried in hot air oven and ground
into fine powder. Proximate analysis and bioactive compound of DFP were then determined (Tables 1 and 2).

2.2 | Experimental diets

Five test diets were prepared: a basal control diet (DFPO) suitable for Nile tilapia (Xuan et al., 2022), and four
diets consisting of the basal diet supplemented with powdered DFP at four levels—20 g kg™* (DFP20), 40 g kg™*

(DFP40), 80 g kg~* (DFP80), and 160 g kg~ (DFP160) (Table 3). The inclusion levels were based on a previous study
of Prastiya and Yusuf (2021). Powdered DFP was prepared by oven-drying DFP at a temperature of 60°C for 48 h.

TABLE 1 Proximate composition of dragon fruit peel powder used in the experiment.

Dry matter (DM) 9491 + 245
Ash 17.93 + 0.84
Crude fiber (CF) 33.84 +1.01
Crude protein (CP) 8.78 £ 0.55
Ether extract (EE) 0.87 £ 0.05
Nitrogen free extract (NFE) 33.49 + 0.65

TABLE 2 Bioactive compounds of dragon fruit peel powder used in the experiment.

Test items Results Units Methods
DPPH (ICs0) 7.66 £ 0.06 mgmL~* Lin et al.
ABTS* 17.54 + 4.44 mg TE g2 Lin et al.
FRAP 14.94 +0.21 mgTEg™? Lin et al.
Total flavonoid content 0.69 £0.13 mg CE gt Juan and Chou
Total phenolic content 2.86 £0.20 mg GAE g1 Juan and Chou
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TABLE 3 Proximate composition (g kg~?) of experimental diets.
Experimental diets (g kg ?)

Ingredients DFPO DFP20 DFP40 DFP80 DFP160

Soybean meal 390 393 396 403 418

Corn meal 200 182 164 122 32

Fish meal 150 150 150 150 150

Rice bran 150 150 150 150 150

Wheat flour 70 70 70 70 70

Dragon fruit peel 0 20 40 80 160

Binder 20 15 10 5 0

Premix® 10 10 10 10 10

Vitamin C 98% 5 5 5 5 5

Soybean oil 5 5 5 5 5

Proximate composition of the experimental diets (g kg’l)
Ash 100.80 + 2.54 101.26 + 3.55 101.59 £ 3.21 101.89 +4.32 102.05 + 3.76
Dry matter 920.55 + 4.65 920.60 + 6.32 920.60 + 7.21 920.58 + 5.55 920.62 +7.13
Gross energy (cal g %) 4038 + 12.51 4029 + 14.43 4025 + 15.22 4018 + 13.87 4012 + 16.32
Crude lipid 70.10 + 2.44 68.25 + 3.08 68.10 + 3.32 67.88 +2.87 67.50 + 3.19
Fiber 60.25 +2.11 61.33 +1.97 61.50 + 2.35 61.78 + 2.09 61.96 +2.21
Crude protein 30.30 £ 0.97 30.42 +0.85 30.58 + 1.10 30.73 + 1.05 30.77 £ 1.32

2Vitamin and trace mineral mix supplemented. All dietary constituents were analyzed using standard methods.

The dried peel was then ground into fine powder using a mill and stored at 4°C until used in the diet. To prepare the
dough, the feedstuffs were blended, then oil and water were added. The dough was then pelleted (2 mm in diameter)
in a pelleting machine (Extruder—Siam Farm Services Co, Ltd.). Pellets were dried at 50°C to attain 10% moisture

and stored in sealed polyethylene bags at 4°C until used.

2.3 | Experimental design

Nile tilapia fingerlings were obtained from a tilapia hatchery (Chiang Mai Aquatic Development Farm Co., Ltd). Prior
to starting the experiments, fish were acclimatized in 500-L glass tanks and fed a commercial diet (CP 9950, Thai-
land) for 14 days. At the end of the acclimation period, 10 fish were sampled and their general health was assessed
by examining their physical morphology and organs. Then, Nile tilapia fingerlings (14.64 + 0.09 g) were allocated ran-
domly to each of the 15 glass tanks (150 L capacity) at a stocking density of 20 fish tank™*. All five dietary treat-
ments, each with three replicates, were arranged in a completely randomized design. Fish were fed two times per
day (8:30 a.m. and 4:30 p.m.) for 8 weeks. The experiments complied with Assessment and Accreditation of Labora-
tory Animal Care International (AAALAC) guidelines on the use of animals, approved by the Chiang Mai University
Committee (RAGIACU002/2565).

24 | Management of water quality

Water quality was examined twice daily. Total ammonia-nitrogen (TAN, mg L™%) was analyzed using an Ammonia

Portable Photometer (HI96733, Hana Instruments, Romania), which was maintained at 0.16 £+ 0.1 mg L%
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Temperature (°C), pH, and dissolved oxygen (DO, mg L™!) were monitored using Hana Multiparameter Meter
(H198196, Hana Instruments). The volume of floc was measured using an Imhoff cone (Avnimelech, 2009). Water
temperature, pH, and DO levels were maintained at 27.83 +0.85°C, 7.78 + 0.58, and 4.87 + 0.05 mg L1,
respectively.

2.5 | Biofloc water preparation

Flocs waters were prepared 3 weeks before the feeding trial by adding 400 g of salt, 5 g of dolomite, 2 g of wheat
flour, and 5 g of molasses to each of the 150-L experimental tanks. One gram of probiotics (PondPlus—Bayer) was
added to each tank every 2 weeks. The C:N ratio was maintained at 15:1 through the addition of molasses (40% C)
as a carbon source, applied 2 h after feeding (Avnimelech, 2009). The C:N ratio was calculated based on the leftover

nitrogen levels in each tank and the carbon and nitrogen content of the diet (Cardona et al., 2016).

2.6 | Growth parameters

All fish in each tank were weighed collectively at the beginning of the experiment and subsequently at 4-week inter-

vals throughout the experiment. Survival and growth parameters of the fish are calculated as follows:
Weight gain (WG, g) = Final weight (FW) — initial weight (IW)
Specific growth rate (SGR%) = 100 x (In FW — In IW)/total duration of experiment
FeedconversionratioFCRgtotalfeedgiven/WG

Survival rate (SR, %) = 100 x (final fish number/initial fish number).

2.7 | Innate immunological assays
2.7.1 | Skin mucus and serum collection

Skin mucus samples were collected from each treatment group (n = 3) after 4 and 8 weeks of feeding. Fish were first
anesthetized with clove oil at a concentration of 5 mL L™, then placed in plastic bags containing 10 mL of 50 mM
NaCl (Merck, Germany), and gently rubbed for 2 min. The mixture was transferred to 15-mL sterile tube and cen-
trifuged at 1500 x g at 4°C for 10 min. One milliliter of supernatant (mucus) was stored in a 1.5-mL Eppendorf tube
at —80°C for future analysis. For blood serum collection (n = 3), approximately 1 mL of blood serum was drawn from
the caudal vein of each fish with a 1 mL syringe (without adding coagulant). Blood samples were incubated at room
temperature for 1 h and stored for 4 h at 4°C. Subsequently, the samples were then centrifuged at 1500 x g for

5 min at 4°C, and the extracted serum was stored in 1.5-mL Eppendorf tubes at —80°C for further evaluation.
2.72 | Lysozyme assays
The method of Parry et al. (1965) was used to measure the levels of serum and mucus lysozyme following modifica-

tions provided in a previous work (Outama et al., 2022). Briefly, 100 uL of skin mucus and 25 pL of undiluted serum

from each fish were loaded in triplicate into 96-well plates. Each well received 175 uL of Micrococcus lysodeikticus
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(0.3 mg mL™! in 0.1 M citrate phosphate buffer, pH 5.8). The solution was quickly mixed, and changes in turbidity
were monitored using a microplate reader at 540 nm and 25°C, recording every 30 s for 5 min. The standard curve
was produced by plotting the optical density (OD) values against the concentration of hen egg-white lysozyme, rang-
ing from O to 20 pg mL™2 (Sigma Aldrich, USA). The results were expressed as microgram per milliliter, and the curve

was used to calculate the equivalent unit of activity for the sample.

2.7.3 | Peroxidase assays

The Quade and Roth (1997) method was slightly modified to detect peroxidase levels in serum and skin mucus.
Briefly, triplicate 96-well flat-bottom plates were loaded with 5 L of serum or skin mucus, followed by the addition
of 45 uL of Hank's balanced salt solution (HBSS) without Ca®* or Mg?*. Subsequently, 100 pL of solution comprising
40 mL of distilled water, 10 mL of H,0, (30%—Sigma Aldrich), and 1 pill of 3,3, 5,5'-tetramethylbenzidine (TMB;
Sigma Aldrich) were added to each well. After adding 50 pL of 2 M H,SO, to stop the color-change reaction, the OD
was measured at 450 nm using a microplate reader. As a control, standard samples without serum or skin mucus
were used. One unit was defined as the amount needed to produce an absorbance change of 1, and the activity was

measured in units (U) per milligram of serum or mucus peroxidase.

2.7.4 | cDNA synthesis and immune-related gene expression

The mRNA transcript levels of six target genes were analyzed after 8 weeks of feeding. Six fish from each dietary
treatment were first anesthetized (n = 6). Then, approximately 50 mg of liver and intestinal tissues were collected
from each fish for the extraction of total RNA. This was done using TRIzol reagent (Invitrogen, USA) and the RNA
extraction kit (Invitrogen, PureLink™ RNA Mini Kit), following the manufacturer's instructions. The quality and quan-
tity of the total RNA were assessed using a NanoDrop™ One spectrophotometer, measuring the absorbance ratios
at 260/280 nm and 260/230 nm. Then, 1 ug of total RNA was used to synthesize cDNA using the iScript™ reverse
transcription supermix (Bio-Rad, USA) for quantitative RT-PCR (qRT-PCR).

The mixture consisted of 1 uL of cDNA (100 ng), 1 uL of each primer (4 uM), 5 uL of 2x iTaq Universal SYBR
Green supermix (Bio-Rad), and distilled water to a total volume of 10 L. The gRT-PCR was conducted in a CFX Con-
nect™ real-time system (Bio-Rad). The gRT-PCR analysis was conducted under following conditions: an initial dena-
turation at 95°C for 30 s, followed by 40 cycles of 95°C for 15 s and 60°C for 30 s. This was succeeded by a melt
curve consisting of 95°C for 15s, 60°C for 60 s, and 95°C for 15 s. The gRT-PCR results were evaluated using the
2-AACt method and a standard curve was plotted (Livak & Schmittgen, 2001). The mRNA transcript levels of
the studied genes were quantified using C, values and normalized to 18S rRNA. The relative expression level of the
control diet (DFPOQ) was set at 1. The primers used for qRT-PCR are listed in Table 4.

2.8 | Statistical analysis

The Kolmogorov-Smirnov test was used to assess the normality of the data. To evaluate whether different levels of
substitution had significant impacts on the parameters, a one-way analysis of variance (ANOVA) followed by Tukey's
multiple range test was used. Additionally, a trend analysis using orthogonal polynomial contrasts was conducted to
assess whether the impact was linear or quadratic (Rosales et al., 2017). SAS statistical software (Cary, NC, USA) was
used for all the analyses (Wakai et al., 2009). Statistical significance was set at p < 0.05.
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TABLE 4 Primers used for quantitative real-time polymerase chain reaction in this study.

Target genes Sequence (5'-3') Tm (°C)  Product size (bp) Accession No.

18S ribosomal RNA GTGCATGGCCGTTCTTAGTT 60 150 XR_003216134
CTCAATCTCGTGTGGCTGAA

Interluekin 1 GTCTGTCAAGGATAAGCGCTG 59 200 XM_019365844
ACTCTGGAGCTGGATGTTGA

Interluekin 8 CTGTGAAGGCATGGGTGTG 59 196 NM_001279704
GATCACTTTCTTCACCCAGGG

Lipopolysaccharide binding protein ~ ACCAGAAACTGCGAGAAGGA 59 200 XM_013271147
GATTGGTGGTCGGAGGTTTG

Glutathione S-transferase a ACTGCACACTCATGGGAACA 60 190 NM_001279635
TTAAAAGCCAGCGGATTGAC

Glutathione peroxidase GGTGGATGTGAATGGAAAGG 60 190 NM_001279711
CTTGTAAGGTTCCCCGTCAG

Glutathione reductase CTGCACCAAAGAACTGCAAA 60 172 XM_005467348
CCAGAGAAGGCAGTCCACTC

3 | RESULTS
3.1 | Growth performance analysis

Overall, fish fed diets containing powdered DFP exhibited significantly higher weight gain (p < 0.05) and margin-
ally higher specific growth rates than those fed the control diet (without DFP), except for diet DFP160 (p > 0.05,
Table 5). Fish fed the diet containing 40 g kg™! DFP achieved the highest weight gain, which was 1.5-fold greater
than that of the control group, after 8 weeks of feeding. This was followed by those fed the diet containing
80 g kg1 DFP (p < 0.05, Table 5). Similar observations in specific growth rate were recorded after 4 and 8 weeks
of feeding (Figure 1b). After 8 weeks of feeding, average feed conversion rates ranged from 1.14 in treatment
DFP40 to 1.24 in treatment DFPO (without DFP). While this difference was statistically significant (p < 0.05), it
was minor and is unlikely to have substantial practical significance (Table 5). Based on quadratic regression analy-
sis of FW, SGR, WG, and FCR (Figure 1), the optimum level of DFP was determined to be 80 g kg~ ! diet. Survival
rates exceeded 95% for all dietary treatments, with no statistically significant differences between treatments
(Table 5).

3.2 | Immunological activity
3.21 | Lysozyme and peroxidase activity in skin mucus

Lysozyme activity in the skin mucus was 1.2-fold higher in fish fed DFP20 diet and 1.7-fold higher in fish fed the
DFP40 diet compared with control fish not fed DFP (p < 0.05, Table 6). Similarly, the peroxidase activity in the skin
mucus was significantly elevated in fish fed diets containing DFP, with increases of 1.2-fold in treatments DFP20,
DFP80, and DFP160, and 1.6-fold in treatment DFP40 (p < 0.05, Table 6). Based on quadratic regression analysis of
skin mucus lysozyme activity and skin mucus peroxidase activity (Figure 2), the optimum level of DFP was deter-
mined to be 80 g kg~ diet.
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TABLE 5 Growth performances and feed utilization of Nile tilapia after 4 and 8 weeks feeding with dragon fruit
peel diets.

DFPO DFP20 DFP40 DFP80 DFP160

IW (g) 14.63 +0.13? 14.60 +0.13? 14.67 + 0.10° 14.73 + 0.03? 14.60 + 0.10°
FW (g)

4 weeks 30.70 £ 0.27¢ 31.33 £ 0.39° 34.10  0.27° 33.20 £ 0.33% 32.67 £ 0.88%

8 weeks 55.40 + 0.81¢ 61.67 + 1.51° 74.63 + 0.58° 65.35 + 0.61° 60.73 + 1.53°
WG (g)

4 weeks 19.30 £ 0.93° 22.63 £1.29° 26.53 * 0.90° 24.21+0.33° 23.32 £ 0.99°

8 weeks 40.70 + 0.73¢ 47.07 + 1.38° 59.93 + 0.50° 50.65 + 0.56" 46.07 + 1.47°
SGR (% day™ %)

4 weeks 2.65 % 0.06° 2.73 £ 0.03° 3.01 £ 0.05° 2.90 + 0.04%° 2.88 + 0.05P

8 weeks 2.65 + 0.00¢ 2.76 +0.01° 2.96 +0.01° 2.80 + 0.01° 2.77 + 003
FCR

4 weeks 1.22 £ 0.03* 1.18 £ 0.04° 1.08 £ 0.03° 1.11 £ 0.02° 1.12 £ 0.02°

8 weeks 1.24 +0.012 1.20 + 0.01¢ 1.14 + 0.01¢ 1.21 + 0.01%° 1.21+0.01°
SR (%)

4 weeks 100 100 100 100 100

8 weeks 96.68 + 1.22 95.74 + 1.08 97.20 + 1.57 97.13 +1.08 98.01 + 1.36

Note: Different letters in the same row indicate significant differences (p < 0.05).
Abbreviations: FCR, feed conversion ratio; FW, final weight; IW, initial weight; SGR, specific growth rate; SR, survival rate;
WG, weight gain.

3.2.2 | Serum lysozyme and peroxidase activities

Enhancement of lysozyme and peroxidase activity in blood serum by DFP mirrored the enhancements observed in
skin mucus. Blood serum lysozyme activity was 1.6-fold higher and peroxidase activity was 1.8-fold higher in treat-
ment DFP40 compared with treatment DFPO (p < 0.05, Table 7). No significant differences in lysozyme and peroxi-
dase activity were observed in the blood serum among treatments DFP20, DFP80, and DFP160. However, all these
treatments exhibited significantly higher activity compared with the control and significantly lower activity than
treatment DFP40. Based on quadratic regression analysis of SL and SP (Figure 2), the optimum level of DFP was
determined to be 80 g kg™ ! diet.

3.3 | Immune and antioxidant-related gene expression

Figure 3 The mRNA transcripts of six genes involved in immune-antioxidant responses, interleukin-1 (IL-1), interleu-
kin-8 (IL-8), lipopolysaccharide-binding protein (LBP), glutathione S-transferase-a (GST-a), glutathione peroxidase
(GPx), and glutathione reductase (GSR) in liver and intestinal tissues of Nile tilapia.

In liver tissues, transcript levels for all six genes were higher in fish fed diets enriched with DFP. Specifically,
increases ranged from approximately 2.4- to 3-fold for IL-1, 1.8- to 3.1-fold for IL-8, 1.8- to 2.9-fold for LBP, 1.7- to
2.8-fold for GST-a, 1.9- to 3.5-fold for GPx, and 1.7- to 3.5-fold for GSR (p < 0.05, Figure 3a). The highest transcript
levels for all investigated genes, ranging from 2.5- to 3.5-fold, were observed in the DFP40 dietary treatment
(p < 0.05). There were no statistically significant differences in IL-1 and IL-8 expression between DFP20 and
DFP160 diets compared with the control treatment (DFPO) (p > 0.05).
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after 4 and 8 weeks of feeding diets containing powdered dragon fruit peel at rates of O (DFPO, control), 20 (DFP20),
40 (DFP40), 80 (DFP80), and 160 (DFP160) g kg~ *. Each column is the mean of three replicates and the data

represent as mean * SE.
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TABLE 6 Skin mucus lysozyme and peroxidase activities of Nile tilapia after 4 and 8 weeks feeding with dragon
fruit peel diets.

DFPO DFP20 DFF40 DFP80 DFP160
4 weeks
SMLA 1.44 +0.14¢ 216 £0.21° 245 + 0.09° 2.23 +0.07% 2.28 +0.19%°
SMPA 0.05 % 0.01¢ 0.10 £ 0.03° 0.14 £ 0.03° 0.14 + 0.02 0.10 + 0.02°
8 weeks
SMLA 243 £0.19¢ 2.89 £ 0.09¢ 4,07 £ 0.30° 3.62 £0.26° 3.54 £0.21°
SMPA 0.14 £ 0.01¢ 0.17 £ 0.02° 0.22 = 0.01° 0.17 £+ 0.01° 0.17 £ 0.01°

Note: Different letters in the same row indicate significant differences (p < 0.05).
Abbreviations: SMLA, skin mucus lysozyme activity (ug mL™2); SMPA, skin mucus peroxidase activity (ug mL™2).

Transcript levels for all six genes in intestinal tissues mirrored those in liver tissues, with treatment DFP40 again
showing the most significant enhancement compared with the control (DFPO) (p < 0.05, Figure 3b). This enhance-
ment ranged approximately from 2.2- to 3.6-fold for IL-1, 1.9 to 2.4-fold for IL-8, 2.0- to 3.2-fold for LBP, 1.7- to 3.3-
fold for GST-a, 1.9- to 3.3-fold for GPx, and 2.0- to 3.2-fold for GSR (p < 0.05, Figure 3b). However, the transcript
levels of IL-1, IL-8, and GST-a in dietary treatments DFP20 and DFP160 were not significantly different from those
in the control DFPO dietary treatment group (p > 0.05).

4 | DISCUSSION

Numerous publications have suggested that incorporating fruit peel into aquafeeds in appropriate quantities can
enhance the growth, immune response, and overall health status of fish (M. A. Dawood, Habotta, et al., 2022). Given
the increasing concern over diseases in commercial aquaculture, incorporating fruit peel into feed represents a signif-
icant, environmentally friendly, and sustainable approach to meeting the therapeutic needs of cultured fish (Gupta
et al., 2023). Additionally, this approach aligns with contemporary food industry regulations that aims to effectively
utilize waste from fruit remnants (Leong & Chang, 2022). In the present study, DFP powder was used as a functional
feed additive to enhance growth, lysozyme and peroxidase activities in blood serum and skin mucus, and mRNA tran-
scription levels of key genes associated with immune-antioxidant responses.

Growth enhancement is considered as a crucial characteristic in aquaculture, closely linked to the productivity of
culture systems and the financial success of farmers (Gonzalez Parrao et al., 2021; Verdegem et al., 2023). The
results of this study indicated that fish fed diets including DFP showed significantly improved growth performance
and feed utilization. Similar to the current study, previous research achieved significant increases in the growth
parameters with supplementation of rambutan, lemon, pineapple, and mango peels in O. niloticus (Harikrishnan
et al., 2020; Van Doan et al., 2021) and juvenile bagrid catfish Mystus nemurus (See et al., 2024). These findings can
be attributed to the phenolic compounds primarily concentrated in the DFPs. In the past, phenolic compounds have
been recommended to improve growth performance in fish (Ahmadi et al., 2022; Ahmadifar et al., 2021). Moreover,
the increase in weight gain and growth rates could be attributed to the high nutritional value (Madane et al., 2020)
and relatively high fiber content of DFP (Jamilah et al., 2011; Madane et al., 2020; Tongkham et al., 2017). Reports
indicate that DFPs contain a high concentration of dietary fibers, ranging from 59 to 90 g/100 g of dry matter, with
the soluble fraction contributing roughly 55%-82% (Jamilah et al., 2011; Zhuang et al., 2012). Soluble dietary fiber,
such as pectin, raffinose, stachyosehas, and galacto-oligosaccharides (Le, 2022), has potential prebiotic characteris-
tics and has been reported to be beneficial for managing blood cholesterol and glucose levels, as well as having anti-
inflammatory and anti-carcinogenic effects (Bhatt & Gupta, 2022; de Oliveira et al., 2022; Shah et al., 2020).
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FIGURE 2 Lysozyme and peroxidase activity in skin mucus (a, c) and blood serum (b, d) of Nile tilapia after 4 and
8 weeks of feeding with powdered dragon fruit peel at rates of O (DFPO, control), 20 (DFP20), 40 (DFP40),
80 (DFP80), and 160 (DFP160) g kg~*. All data are means of three replicates and the data represent as mean # SE.

Additionally, betacyanins from DFPs have been shown to positively affect the human serum lipid profile by reducing
the levels of triglycerides, total cholesterol, low-density lipoprotein cholesterol, aspartate aminotransferase, and ala-
nine aminotransferase in the blood (Le, 2022). Interestingly, we observed that weight gain and specific growth rates

progressively declined at DFP levels above 40 g kg~1. This decline may be attributed to the antinutritional effects of
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TABLE 7 Serum lysozyme and peroxidase activities of Nile tilapia after 4 and 8 weeks feeding with dragon fruit
peel diets.

DFPO DFP20 DFP40 DFP80 DFP160
4 weeks
SL 486 + 1.07° 7.08 +0.30° 8.50 +0.13° 7.72 £0.12%° 7.66 +0.11%°
SP 0.12 £ 0.01° 0.16 +0.01% 0.20  0.02° 0.16 £ 0.01%° 0.16 + 0.01"
8 weeks
SL 7.00 £ 0.31¢ 9.38 £ 0.41° 11.07 £ 0.12? 10.16 £ 0.44° 9.62 + 0.68"
SP 0.17 + 0.02° 0.26 + 0.02° 0.30  0.02° 0.28 + 0.02°° 0.24 +0.03°

Note: Different letters in the same row indicate significant differences (p < 0.05).
Abbreviations: SL, serum lysozyme activity (ug mL™1); SP, serum peroxidase activity (ug mL™2).

tannins (Z. Chen et al., 2021), which can impair the digestion and absorption of proteins and lipids at higher concen-
trations (Omnes et al., 2017).

In fish, immune responses in skin mucus and blood serum serve as the primary line of defense against chemical,
physical, and biological threats (Esteban, 2024). Fish fed diets supplemented with DFP exhibited significantly higher
levels of lysozyme and peroxidase in both skin mucus and serum, particularly with the 40 g kg~* DFP diet, compared
with those on the DFP-free control diet. This indicates an enhanced immunological response in fish. One possible
explanation is that dragon fruit by-products are rich in phenolic compounds, such as glycosides, flavanones, flavo-
noids, and xanthones (Manihuruk et al., 2017; Nurliyana et al., 2010), as well as vitamins C and E (Arivalagan
et al., 2021). Generally, phenolic compounds act as antioxidants through various mechanisms, including scavenging
of free radicals, quenching of reactive oxygen species (ROS), inhibiting of oxidative enzymes, and interacting with
bio-membranes. These actions collectively stimulate the immune system in fish (M. A. Dawood & Koshio, 2018;
Hamre, 2011). Additionally, DFP contains terpenes, which are phytogenic compounds (Wahdaningsih et al., 2020)
known for their beneficial role in enhancing mucosal immunity in fish species, such as Nile tilapia and rainbow trout
(Firmino et al., 2021). Interestingly, similar to finding in Rohu, Labeo rohita, fed banana peel flour (Giri et al., 2016)
and Nile tilapia fed watermelon rind and orange peel (Doan et al., 2020; Van Doan et al., 2019), we observed no
enhancement of immunological properties in the skin mucus and blood serum of fish fed diets containing higher
levels of DFP (DFP80 and DFP160). This lack of enhancement may be attributed to increased movement of feed
through the gut, resulting in reduced absorption, as previously suggested (El-Barbary, 2016; Grundy et al., 2016).

Interleukin-1 is a pro-inflammatory cytokine that regulates the immune response by modulating cell prolifera-
tion, differentiation, and apoptosis, among other biological functions (Ethuin et al., 2001). It also controls the produc-
tion of pro-inflammatory cytokines, such as IFN- and IL-8, by monocytes/macrophages, which help defend fish
against infection (M. A. O. Dawood et al., 2020). We found that fish fed diets supplemented with DFP powder
exhibited higher expression of IL-1 and IL-8 compared with those fed the control diet without DFP powder. This was
particularly evident in fish fed the DFP40 diet. In general, dragon fruit by-products contain a high concentration of
various constituents, most notably pectin, a family of galacturonic acid-rich polysaccharides with potential immuno-
modulatory functions that regulate the inflammatory response (Hassaan et al., 2021). This result may be attributable
to the biological effects of betalains and betacyanins present in the DFP (Khoo et al., 2022; Le, 2022). These com-
pounds have been shown to exhibit anti-inflammatory activity (Gao et al., 2021; Khoo et al., 2022; Moreno-Ley
et al., 2021; Wang et al., 2022). LBP is a protein involved in lipopolysaccharide signaling and innate immunity (Ding &
Jin, 2014). The gene LBP plays a significant role in the immune response to Gram-negative bacterial infections during
the acute phase response (Weiss, 2003). LBP also promotes both nonspecific and specific immune responses in fish
(Lazado & Caipang, 2014). The transcription level of LBP in Nile tilapia was significantly enhanced in all DFP dietary
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FIGURE 3 Relative gene expressions of immune-related (IL-1, IL-8, and LBP) and antioxidant-related (GPx, GST-«,
and GSR) genes in (a) liver tissue and (b) intestinal tissue of Nile tilapia (n = 6) after feeding with diets containing

0 (DFPO, control), 20 (DFP20), 40 (DFP40), 80 (DFP80), and 160 (DFP160) g kg~L. All data are means of three
replicates and the data represent as mean + SE. Different superscript letters indicate significant differences between
groups (p < 0.05).

treatments, with the most notable increase observed in the DFP40 dietary treatment. Our findings are consistent
with studies reported for Nile tilapia (Le Xuan et al., 2024).

In fish, the immune and the antioxidant defense systems are inextricably connected (El Basuini et al., 2020). ROS
are continuously produced in a living system, even without xenobiotic metabolism (Dickinson & Chang, 2011). Oxi-
dative stress is caused by an imbalance between generation and elimination of ROS (Lushchak, 2011). GSR and GPx
are key components in the elimination of excess ROS and the maintenance of cell homeostasis (Budak et al., 2014;
Drozd et al., 2016). Additionally, GST is involved in the sequestration of free radicals (Sousa et al., 2020). These

enzymes become more active in the presence of certain dietary supplements (El-Barbary, 2016). We found that the
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expression of all three antioxidant genes (GPx, GST-a, and GSR) was considerably higher in fish fed dietary DFP com-
pared with those in the control group, with the highest levels observed in the 40 g kg~ DFP treatment group. The
active constituents in powdered DFP responsible for the enhancement of antioxidant gene expression are likely
betalains, betacyanins, and phenolic compounds (Le, 2022). The betalains from DFPs exhibit activity comparable with
quercetin, a well-known strong anti-inflammatory compound (Le, 2022). The powerful antioxidant properties of the
betalains found in DFPs are attributed to the ability of a free phenolic group to transfer hydrogen atoms within
the catechol moiety of betacyanins, as well as the presence of a cyclic amine group in the betalamic acid moiety
(Le, 2022). These structures are also present in the well-known powerful antioxidant ethoxyquin (Esatbeyoglu
et al., 2015). It has been established that phenolic substances predominantly contribute to their powerful antioxidant
activities (Le, 2022). DFPs exhibit a high DPPH" radical scavenging capacity compared with butylated hydroxyanisole
(Nurliyana et al., 2010) and ascorbic acid (Fathordoobady et al., 2016). Several other studies have demonstrated an
increase in antioxidant enzyme gene expression in fish after administrating plant-based additives as part of the diet
(A. Dawood, Zuberi, & Shi, 2022; Xie et al., 2021), which is consistent with our findings.

Our study was conducted in a biofloc system, which simplifies the management of water, feed, and wastes
(Emerenciano et al., 2013), and provides a suitable environment for reducing farming expenses using plant-based
feed supplements for aquatic animals. DFP contains high levels of pectin, betanin, phyllocatin, hylocerenin, and
betacyanin, which have prebiotic properties and could contribute to maintaining a healthy microbial community in
biofloc systems. This has been observed in previous studies where Nile tilapia were fed various fruit by-products
in biofloc system (Du et al., 2024; Matra et al., 2021). However, questions remain regarding the extent to which the
enhancement in growth and immune responses observed with the addition of powdered DFP to the diet of Nile tila-
pia can be attributed to a direct physiological effect, and how much can be attributed to the role of DFP as a prebi-

otic in biofloc system. This warrants further investigation.

5 | CONCLUSION

Our results clearly show that after 8 weeks of feeding a diet supplemented with DFP in a biofloc system under con-
trolled laboratory conditions, the immunological characteristics of skin mucus, blood serum, liver tissue, and intestinal
tissue were significantly enhanced. The 80 g kg~ DFP diet may be used as a promising feed additive for Nile tilapia

raised in biofloc systems.
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