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Abstract

Dragon fruit peel, an agro-industrial by-product, has gained considerable attention across various sectors,
including aquaculture, due to its rich composition of functional compounds beneficial to aquatic animals. This
review focuses on the major bioactive phytochemicals present in dragon fruit peel, namely phenolic
compounds, flavonoids, tannins, and betalains, along with the essential nutrient vitamin C. It provides a
comprehensive overview of these components, including their chemical characteristics and functional roles in
fish nutrition when incorporated into diets. In addition, the effects of dragon fruit peel supplementation in
aquaculture are discussed based on findings from various studies to enhance current understanding.
Collectively, these bioactive constituents have been reported to improve growth performance, enhance feed
utilization, strengthen antioxidant defence systems, and promote intestinal health through modulation of gut
microbiota and immune-related pathways.

Keywords: antioxidant defence; betalains; bioactive compounds; dragon fruit peel; fish nutrition; flavonoids;
functional feed additives; gut microbiota; phenolics; tannins; vitamin C

1 | INTRODUCTION and is recognized as one of the fastest-growing food pro-
The aquaculture sector has experienced rapid expansion ducing industries (FAO 2020), largely driven by the in-
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creasing demand for affordable and nutritionally rich
sources of animal protein. This rapid growth has led to a
greater need for nutritionally balanced aquafeeds, high-
lighting the importance of identifying sustainable and
cost-effective feed ingredients. Conversely, conventional
feed ingredients represent a significant portion of produc-
tion costs, contributing to the rising price of aquafeeds.
Ingredients such as fish meal and soybean meal have be-
come increasingly expensive due to their high demand
and limited availability (Naylor et al. 2021). This has en-
couraged the exploration of alternative, non-conventional
feed resources, particularly plant by-products and agricul-
tural wastes that possess high nutritional value while re-
maining relatively inexpensive. Many of these plant-
derived residues are also rich in bioactive compounds
such as phenolics, flavonoids, and carotenoids, which can
function as phytogenic feed additives. These phytogenic
compounds are known to enhance feed utilization, im-
prove digestive activity, and promote the health status of
cultured species, making plant by-products a promising
sustainable ingredient in aquafeed formulations (Citrasu
2010). Among these plant by-products, Dragon fruit peel
(DFP) has gained increasing attention as a promising func-
tional ingredient in aquafeeds due to its rich nutritional
composition and abundance of bioactive compounds. DFP
represents the major by-product generated during the
consumption and industrial processing of the fruit, consti-
tuting approximately 30-35% of the total fruit mass (Li et
al. 2022). Although commonly discarded as waste, this
portion of the fruit contains a wide range of valuable phy-
tonutrients (Arivalagan et al. 2021). Studies have reported
that dragon fruit peel (DFP) is particularly rich in bioactive
compounds such as phenolic compounds, betalains, fla-
vonoids, tannins, and various fatty acids (Jimenez-Garcia
et al. 2022; Le 2022). Furthermore, it serves as an im-
portant source of pectin (Liu et al. 2023), a dietary poly-
saccharide recognized for its potential prebiotic effects
(Guo et al. 2023). These bioactive components are known
to exert several beneficial biological activities, including
modulation of lipid metabolism as well as anti-
inflammatory, anti-angiogenic, antibacterial, antiprolifer-
ative, and cytotoxic effects (Le 2022). Given the presence
of these valuable bioactive constituents, dragon fruit peel
has attracted increasing research interest as a potential
functional ingredient. Therefore, the present review aims
to summarize the chemical composition and bioactive
constituents of dragon fruit peels, highlight their func-
tional properties, and review the existing research on
their application as a potential feed ingredient in aquacul-
ture.

2 | METHODOLOGY

The current review sought to deliver a comprehensive
overview of the bioactive compounds found in dragon
fruit peel (DFP) and explore their possible uses in aquacul-
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ture. To achieve this, pertinent literature was gathered
from leading scientific databases such as Web of Science,
Scopus, Google Scholar, ScienceDirect, and PubMed. The
search for literature extended up to the year 2025, em-
ploying combinations of keywords including “dragon fruit
peel”, “pitaya peel”, “Hylocereus”, “bioactive com-
pounds”, “phenolics”, “flavonoids”, “betalains”, “tan-
nins”, “vitamin C”, “aquaculture”, “fish nutrition”,
“growth performance”, “antioxidant activity”, “immune
response”, “pigmentation”, and “disease resistance”.

The search covered studies published between 2000
to 2025, though earlier works were also referenced if they
offered essential insights into the chemistry, classifica-
tion, and biological characteristics of certain compounds.
The focus was mainly on peer-reviewed articles written in
English. The selection of studies was guided by their per-
tinence to the composition of DFP and its impact on
growth performance, antioxidant status, immune re-
sponses, pigmentation, and disease resistance in aquatic
species. Additionally, investigations into individual bioac-
tive compounds from sources other than DFP were in-
cluded to shed light on their potential roles in aquacul-
ture.

3 | COMPOSITION OF DRAGON FRUIT PEELS

Dragon fruit (Hylocereus spp.) is a climbing cactus belong-
ing to the Cactaceae family, native to the tropical and
subtropical forest regions of Mexico and Central and
South America (Rodriguez et al. 2016; Mercado-Silva
2018). Since its origin, it has been widely distributed to
tropical and subtropical regions across America, Asia,
Australia, and the Middle East, and is currently cultivated
in at least 22 countries within tropical zones (Mizrahi and
Nerd 1999; Nobel and De la Barrera 2002). The crop
thrives under high temperatures ranging from 30 to 45°C
and in areas with prolonged daylight (Hernandez and Sal-
azar 2012). Dragon fruit is primarily categorized into three
types based on peel and flesh colour: red flesh with red
peel (RP), white flesh with red peel (WP), and white flesh
with yellow peel (YP). The most commonly cultivated spe-
cies are Hylocereus polyrhizus (RP), Hylocereus undatus
(WP), and Hylocereus megalanthus (YP) (Le Bellec et al.
2006).

Dragon fruit peel (DFP), a major by-product of pro-
cessing, constitutes approximately 22-44% of the total
fruit weight and is commonly discarded, particularly in
the beverage industry (Liaotrakoon et al. 2012; Li et al.
2022). Despite being treated as waste, the peel repre-
sents a valuable reservoir of nutrients and bioactive com-
pounds. Both pulp and peel possess high moisture con-
tent and are rich in dietary fibre, vitamins, minerals, and
antioxidants (Perween et al. 2018; Tables 1-3). Notably,
dragon fruit peels contain substantial amounts of pectin
and dietary fibre (60-80% in dried form), highlighting
their potential as an alternative fibre source (Zhuang et
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al. 2012; Madane et al. 2020; Zaid et al. 2020).

The peel is also recognised as a rich source of phyto-
chemicals, including phenolic compounds, flavonoids,
fatty acids, polysaccharides, terpenoids, and pigments
such as betalains, particularly betacyanins (Jiang et al.
2021; Jimenez-Garcia et al. 2022; Roriz et al. 2022). These
compounds contribute to strong antioxidant, antibacteri-
al, anti-inflammatory, and anti-proliferative activities (Wu
et al. 2006; Manihuruk et al. 2017). The presence of natu-
ral pigments such as betacyanins and anthocyanins also
makes dragon fruit peel a promising source of natural
colorants for food applications (Nur et al. 2023).

TABLE 1 Proximate compositions of dragon fruit peels.
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The recovery and utilisation of bioactive compounds
from DFP not only offer health benefits but also contrib-
ute to waste valorisation and environmental sustainability
(Le 2022). Processing methods such as drying can yield
approximately 100 g of peel powder from 1 kg of fresh
peel, which can be used as a functional ingredient or feed
additive for terrestrial and aquatic animals (Matra et al.
2021). Therefore, the incorporation of dragon fruit peel
into value-added products presents a promising strategy
to reduce agro-industrial waste while enhancing nutri-
tional and functional benefits (Chumroenvidhayakul et al.
2023; Rifna et al. 2023).

Proportion (%)

Species Protein Fat Fibre Ash Carbohydrate Source

Hylocereus polyrhizus 6.38 0.77 - 18.51 67.70 Hotmaida and Sutrisno (2020)

Hylocereus undatus 10.36 2.34 56.91 4.48 25.91 Madane et al. (2020)

Hylocereus polyrhizus 9.44 0.81 18.91 15.59 - Anandari et al. (2025)

Hylocereus undatus 6.37 1.06 65.2 15.91 5.68 Chumroenvidhayakul et al. (2025)

Red-fleshed 4.35 1.28 21.34 16.74 - Cacatian and Guittap (2018)

Hylocereus undatus 8.78 - 33.84 17.93 - Xuan et al. (2024)

Hylocereus polyrhizus 6.03 6.14 59.83 4.34 - Biswas et al. (2022)

Hylocereus polyrhizus 5.96 6.14 23.68 10.60 43.32 Biswas et al. (2025)

Hylocereus undatus (WW) 1.28 3.26 0.98 2.22 5.16 Gautam et al. (2024)

Hylocereus undatus (DW) 9.93 25.31 7.60 17.23 40.06 Gautam et al. (2024)

Hylocereus polyrhizus 5.5 <0.0005 70.3 16.1 74.1 Reterta and Trinidal (2018)

Hylocereous polyrhizus 1.23 1.02 28.95 3.96 5.87 Nur et al. (2023)

Hylocereus undatus 0.29 0.51 29.33 1.96 499 Nur et al. (2023)

Hylocereous polyrhizus 6.39 2.46 31.40 14.29 4 Chia and Chong (2015)

(fresh peel)

Hylocereous polyrhizus 6 6.20 23.75 10.57 47.78 Chia and Chong (2015)

(dried peel)

Hylocereus polyrhizus 5.08 4.80 26.22 21.35 50.74 Aprilia and Rakhmawati (2021)

WW = Wet weight; DW = dry weight

TABLE 2 Bioactive components present in dragon fruit peels.

s Total phenol- Total Betalains Total tan- Total Source
ic flavonoids (betacyanin) nin carotenoid

Hylocereus undatus 454.79 mg of - 335.34 mg of BE - - Chumroenvidhayakul
GAE g~! powder etal. (2025)

Hylocereus polyrhizus 65.71 mg - - - 1.87 mg  Biswas et al. (2022)
GAE 100 g™ kg™

Hylocereus polyrhizus 0.34 mg GAE 53.32mg - - - Biswas et al. (2025)
g—l QE g»l

Hylocereus undatus 134.3 mg 90.36 mg QE  143.02 pug 360.12 mg - Gautam et al. (2024)

(fresh) GAE 100g 100g* 100g™ TAE 100g™!

Hylocereus undatus 64.9 mg GAE 56.34 mg QE 52.34 g - - Gautam et al. (2024)

(dried) 100 g™ 100g™ 100g™

Hylocereus polyrhizus 7.95 mg GAE - 41.55mgg? - - Chia and Chong

(fresh) gt (2015)

Hylocereus polyrhizus 7.84 mg GAE - 80.21 mgg™ - - Chia and Chong

(dried) g? (2015)

*GAE: Gallic acid equivalent, BE: Betanin equivalent, TAE: Tannic acid equivalent
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TABLE 3 Vitamin c and minerals content in dragon fruit peels.
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. Vitamin Amount (mg kg™) Amount (g kg™?)
Species C(mg100g?) Cu zn P Ca Fe Mg K Na  oouree
Hylocereus polyrhizus 9.81 478 1.86 13.76 11.74 4.41 543 1597 1.99 Nuretal (2023)
Hylocereus undatus 9.66 452 2.06 10.57 17.82 1.18 8.74 10.82 1.32 Nuretal (2023)
Hylocereus polyrhizus 2.62 - - - - - - - Biswas et al. (2022)
Hylocereus undatus 90.34 - - - - - - - Gautam et al. (2024)

Cu: Copper, Ca: Calcium, Zn: Zinc, Fe: Iron, Mg: Magnesium, P: Phosphorus, K: Potassium, Na: Sodium

4 | MAJOR BIOACTIVE COMPOUNDS PRESENT IN DRAG-
ON FRUIT PEELS AND THEIR FUNCTIONAL ROLES IN FISH
4.1 Phenolic compounds

Dragon fruit peel (DFP) is a rich source of phenolic com-
pounds, which constitute one of its major bioactive frac-
tions and contribute significantly to its antioxidant prop-
erties. The concentration and composition of these com-
pounds vary depending on dragon fruit species, maturity
stage, cultivation conditions, and extraction methods (Ta-
ble 2). Due to their abundance and biological activity,
phenolic compounds are considered important contribu-
tors to the functional value of DFP and its potential appli-
cation as a feed additive in aquaculture.

Phenolic compounds (PCs) are a diverse group of
phytochemicals characterised by the presence of one or
more phenolic groups, structurally consisting of at least
one benzene ring bearing one or more hydroxyl function-
al groups (Naeil et al. 2023). These compounds have
gained significant attention due to their wide range of
biological activities, including antioxidant, immunostimu-
latory, antibacterial, antiviral, antifungal, and antiproto-
zoal properties (Prasad et al. 2014; Song et al. 2015; Ma-
grone et al. 2016; Salehi et al. 2016; Oniszczuk et al. 2019;
Hikal et al. 2022). Their antioxidant potential is primarily
attributed to their ability to interact with various free
radicals through mechanisms such as hydrogen atom
transfer, single electron transfer, sequential proton loss
electron transfer, and transition metal chelation, making
them effective and safer alternatives to synthetic antioxi-
dants (Zeb 2020).

Due to the limited number of studies investigating
purified phenolic fractions isolated specifically from DFP
in aquaculture species, evidence from phenolic-rich plant
extracts and polyphenol preparations derived from other
botanical sources is discussed below to provide mechanis-
tic insight into the potential roles of DFP-derived phenol-
ics. Although these studies do not directly evaluate DFP,
they offer valuable information regarding the biological
activities of phenolic compounds that may contribute to
the beneficial effects associated with DFP supplementa-
tion. For instance, dietary polyphenols have been associ-
ated with improved growth performance and feed utilisa-
tion in several aquaculture species. Polyphenols derived
from chestnut and olive mill wastewater enhanced
growth and feed efficiency in common carp (Cyprinus
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carpio), whereas a polyphenol mixture promoted growth
in Asian seabass (Lates calcarifer) and improved feed con-
version and protein efficiency at lower inclusion levels in
rainbow trout (Oncorhynchus mykiss) (Jahazi et al. 2020;
Ahmadi et al. 2022; Mansoori et al. 2024). Likewise, fulvic
acid, characterised by a high content of phenolic moie-
ties, improved growth performance and feed utilisation in
rainbow trout, suggesting enhanced physiological resili-
ence (Lieke et al. 2021).

In addition to their effects on growth, these bioac-
tive constituents contribute to antioxidant defence by
reducing lipid peroxidation and modulating antioxidant
enzyme activities. For example, mango peel-derived poly-
phenols reduced muscle malondialdehyde levels in
zebrafish (Danio rerio), while supplementation with poly-
phenol-rich preparations enhanced antioxidant capacity
and lowered hepatic MDA levels in common carp, Asian
seabass, and rainbow trout (Lizarraga-Velazquez et al.
2019; Jahazi et al. 2020; Ahmadi et al. 2022; Mansoori et
al. 2024). Strong immunomodulatory properties have also
been reported. Increased lysozyme activity, immuno-
globulin levels, respiratory burst activity, and serum pro-
tein concentrations were observed in convict cichlid
(Amatitlania nigrofasciata), common carp, Asian seabass,
and rainbow trout following dietary supplementation.
Moreover, the upregulation of immune-related genes,
including interleukin-6, tumour necrosis factor-a, and
interleukin-1B, further supports their role in enhancing
host defence mechanisms (Hoseinifar et al. 2020; Jahazi
et al. 2020; Ahmadi et al. 2022; Mansoori et al. 2024). In
addition to promoting growth and immune function,
these compounds have been shown to enhance disease
resistance. Notably, chestnut polyphenols increased the
post-challenge survival of Nile tilapia (Oreochromis nilot-
icus) infected with Streptococcus agalactiae (Van Doan et
al. 2020).

Collectively, available evidence indicates that dietary
polyphenols can enhance growth performance, antioxi-
dant status, immune responses, disease resistance, and
flesh quality in a variety of aquaculture species. However,
most of these findings originate from botanical sources
other than DFP. They should therefore be considered
mechanistic evidence rather than direct proof of the effi-
cacy of DFP-derived phenolics. Given their abundance in
DFP, these constituents are likely to contribute, either
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http://journal.bdfish.org/

individually or synergistically with other bioactive compo-
nents present in the DFP. Nevertheless, further studies
are required to identify the specific phenolic constituents
responsible and to clarify their contribution to the overall
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biological activity of DFP in aquaculture. An overview of
representative studies investigating the effects of dietary
phenolic compounds in different aquaculture species are
compiled in Table 4.

TABLE 4 Effects of phenolic compounds supplementation in fish species.

Dose and

Phenolic compounds Species .
P P duration

Effects

Source

0,0.05, 0.1, and
0.2% (8 weeks)

Polyphenols extract- Common carp
ed from chestnut and (Cyprinus car-
olive mill wastewater pio).

Fulvic acid Juvenile rainbow 50 mg C/L fulvic
trout (On- (28 days)
corhynchus
mykiss)

Phenolic compounds Zebrafish (Danio 50, 100, 150 and

derived from mango rerio) 200 mg kg™*

peel

Polyphenol (PMIX),  Asiansea bass 0.5, 1.0, 2.5,5.0

made of chestnut (Lates Calcarifer) g kg™
wood extract and
olive extract
Polyphenols extract-
ed from chestnut
wood (CW) and olive
mill waste water
Polyphenol-rich ex-
tract mixture from
chestnut wood and

olive (PMIX)

Convict cichlid
(Amatitlania
nigrofasciata)

0.5,1.0and2.0g
kg

Rainbow trout
(Oncorhynchus
mykiss)

0.5,1and 2 g kg
1 diet (8 weeks)

Nile tilapia (Ore- 0,1,2,4,and 8 g
ochromis nilot- kg (8-week)
icus)

Red sea bream 8%

(Pagrus major)

Chestnut (Castanea
sativa) polyphenols

Olive leaf (polyphe-
nol content of 6-9%
in dry weight)

MGrowth, J FCR, ISerum and Mucus

Jahazi et al. (2020)

(1g), ™ Lysozyme, ™ WBC, I RBC, |
MCV, P CAT, 1N Serum peroxidase

N Growth, { FCR, IMPhagocytosis, Total

Lieke et al. (2021)

oxyradical scavenging capacity (TOSC),
M Lysozyme activity in the gills

MNCAT, L MDA levels in muscle

MDWG, MMucus lysozyme activity,

Lizarraga-Veldzquez
etal., 2019

Ahmadi et al. (2022)

Mmmunoglobulin, TNGR, TNGST, MDA
levels in liver

MSkin mucus total Ig, 1" Lysozyme activi-
ty, I*Serum total protein, M Total Ig,

Hoseinifar et al.
(2020)

M Serum respiratory burst, I Peroxidase

MFCR, TN PER, M Growth performance,
N Serum lysozyme, *Respiratory burst

Mansoori et al.
(2024)

activities, NSOD, P Intestinal interleukin-
6 expression, M Tumour necrosis factor-
alpha, T Interleukin-1 beta

MNGrowth, J FCR, P Skin mucus, TNSerum
immune parameters NSurvival rate

Van Doan et al.
(2020)

1.4 times higher myofibril content and 2.2 Arsyad et al. (2018)
times higher acid-soluble collagen con-

tent

The symbol ‘P indicates increased or higher values while ‘J,’ indicates decreased or lower values.

4.2 Flavonoids
Among the various bioactive compounds present in drag-
on fruit peel (DFP), flavonoids also constitute a major
group and play a significant role in its antioxidant capaci-
ty. Their concentrations are influenced by factors includ-
ing species, maturity stage, cultivation conditions, and
extraction methods (Table 2). Due to their diverse biolog-
ical activities, flavonoids are considered important con-
tributors to the functional properties of DFP and its po-
tential application as a natural feed additive in aquacul-
ture.

Flavonoids are a diverse group of low-molecular-
weight phenolic compounds characterised by a C6-C3-C6
carbon skeleton and are classified into several subclasses,
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including flavones, flavonols, flavanones, flavanols, an-
thocyanidins, and isoflavones (Ross and Kasum 2002;
Middleton et al. 2007). Owing to their antioxidant, anti-
inflammatory, antimicrobial, and immunomodulatory
properties, these compounds have attracted considerable
attention as functional ingredients with potential applica-
tions in aquaculture nutrition (Cushnie and Lamb 2005;
Kumar and Pandey 2013; Alfaridz 2018).

While research specifically examining the impact of
individual flavonoids derived from DFP on aquaculture
species is still scarce, findings from studies on purified
flavonoids and flavonoid-rich extracts from other plants
offer significant mechanistic insights into the possible
functions of DFP-derived flavonoids. Although these in-
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vestigations do not focus directly on DFP, they provide
crucial information about the biological activities that
could play a role in the positive effects linked to DFP sup-
plementation.

Dietary flavonoids have been associated with im-
proved growth performance and metabolic regulation in
several aquaculture species. Flavonoids derived from Alli-
um mongolicum enhanced growth and immune responses
in Channa argus, whereas quercetin and epicatechin
promoted growth, lipid metabolism, and beneficial gut
microbiota in Totoaba macdonaldi. Similarly, quercetin
and rutin improved growth performance and flesh quality
in grass carp (Ctenopharyngodon idella) through modula-
tion of metabolic pathways including IGF-1, PI3K, AKT,
and FAS (Li et al. 2019; Xu et al. 2021; Barragan-Longoria
et al. 2023). In addition to their effects on growth, these
phytochemicals exert strong antioxidant and stress-
mitigating activities. Rutin supplementation alleviated
oxytetracycline-induced hepatic stress in rainbow trout
(Oncorhynchus mykiss) by restoring liver enzyme activities
and enhancing antioxidant defences, while sea buckthorn
flavonoids activated the Nrf2-Keapl pathway and im-
proved antioxidant status in Yellow River carp. Hesperidin
also mitigated aflatoxin Bl-induced toxicity in African
catfish (Clarias gariepinus) through restoration of antioxi-
dant balance and reduction of tissue damage (Nazeri et
al. 2017; Yan et al. 2024; Ibrahim et al. 2026).

Pronounced immunomodulatory effects have like-
wise been reported. Supplementation with flavonoid-rich
extracts from Allium mongolicum and Taraxacum mongol-
icum enhanced immune responses and regulated the ex-
pression of inflammatory, apoptotic, and antioxidant-
related genes in Channa argus. Furthermore, sea buck-
thorn flavonoids improved resistance against Aeromonas
hydrophila infection, highlighting their potential role in
disease prevention (Li et al. 2019; Du et al. 2022; Yan et
al. 2024).

Collectively, available evidence suggests that dietary
flavonoids can enhance growth performance, antioxidant
capacity, immune responses, metabolic regulation, and
resistance to environmental and pathogenic stressors in
fish. However, most of these findings are derived from
flavonoids obtained from botanical sources other than
DFP and should therefore be regarded as mechanistic
evidence rather than direct proof of the efficacy of DFP-
derived flavonoids. Given their abundance in DFP, these
compounds are likely to contribute, either individually or
synergistically with phenolic compounds, betalains, and
tannins, to the beneficial effects associated with DFP sup-
plementation. Nevertheless, further studies are required
to identify the specific flavonoid constituents responsible
and to elucidate their contribution to the overall biologi-
cal activity of DFP in aquaculture. Representative studies
investigating the effects of dietary flavonoids in different
aquaculture species are summarised in Table 5.
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In general, the existing evidence indicates that die-
tary flavonoids can improve growth performance, antiox-
idant capacity, immune responses, metabolic regulation,
and resistance to environmental and pathogenic stressors
in fish. However, most of these results are based on fla-
vonoids sourced from plants other than DFP, and thus
should be considered as mechanistic evidence rather than
direct proof of the effectiveness of flavonoids derived
from DFP. Additional research is necessary to pinpoint the
specific flavonoid components responsible and to clarify
their role in the overall biological activity of DFP in aqua-
culture. Table 5 provides a summary of representative
studies examining the effects of dietary flavonoids in var-
ious aquaculture species.

4.3 Betalains

Betalains are water-soluble nitrogen-containing pigments
responsible for the characteristic coloration of many
flowers and fruits and are mainly synthesized by plants
belonging to the order Caryophyllales (Madadi et al.
2020). These pigments are broadly classified into red-
violet betacyanins and vyellow-orange betaxanthins
(Gengatharan et al. 2015). In dragon fruit peel (DFP),
betalains represent one of the major bioactive constitu-
ents and contribute significantly to its characteristic col-
oration (Table 2). Betacyanins are predominantly present
in the peels of red-skinned dragon fruits such as H. poly-
rhizus and H. undatus. In contrast, betaxanthins are main-
ly found in the peel of the yellow-skinned H. megalanthus
(Cejudo-Bastante et al. 2016). Moreover, betalain con-
centrations are generally higher in the peel than in the
pulp (Wu et al. 2006). Owing to their strong antioxidant
properties, betalains have attracted considerable atten-
tion as functional pigments with potential applications in
food and aquaculture (Khan and Giridhar 2015), and Hy-
locereus species have been recognized as one of the rich-
est natural sources of these compounds after Beta vulgar-
is L. and Amaranthus species (Wybraniec and Mizrahi
2002).

There is limited direct evidence on the impact of pu-
rified DFP-derived betalains in aquaculture species. How-
ever, research involving betalain-rich extracts from drag-
on fruit and other natural sources has shed light on the
physiological functions and mechanisms of these pig-
ments, providing insights into their potential role in the
positive effects seen with DFP supplementation. For in-
stance, incorporating a betalain-rich hydroalcoholic ex-
tract from pitaya bark into the diet improved growth per-
formance and antioxidant status in Betta splendens, as
indicated by higher catalase activity and lower hepatic
ALT levels, although skin coloration remained unchanged
(Gauer et al. 2025). In a similar vein, adding betalain-rich
beetroot extract to the diet enhanced antioxidant enzyme
activities and decreased oxidative stress in Oreochromis
niloticus (Awad et al. 2024). The immunomodulatory ef-
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fects of betalains in Nile tilapia were further evidenced by
increased lysozyme activity, serum protein, globulin con-
centration, and antioxidant enzymes (Awad et al. 2024).
Despite their water-soluble nature and limited direct

TABLE 5 Effects of flavonoid supplementation in fish species

Bioactive compounds of dragon fruit peel
Devi et al.

deposition in tissues, these pigments may indirectly sup-
port skin colouration by protecting carotenoids from oxi-
dative degradation and preserving pigment stability under
stress conditions (Baron et al. 2008).

Flavonoids Species Dose .and Effects Source
duration
Rutin Rainbow trout 500, 1000, and Restored liver enzyme levels, " Improved Nazerietal., 2017
(Oncorhynchus 2000 ppm antioxidant status, | Blood glucose levels
myekiss)
Dietary flavonoids Channa argus 0,10, 20 or MWeight gain, TSGR, |, Serum AKP, Liet al., 2019
from Allium mon- 40 mg kgt { Lysozyme activity, {,C3, \/I1gM concentra-
golicum (56 days) tion, J Liver antioxidant enzymes activity

Sea buckthorn
flavonoids

Flavonoid-rich
extract of orange
(Citrus sinensis)
juice

Quercetin and
epicatechin

Quercetin, rutin,
baicalein, and
catechin

Taraxacum mon-
golicum flavo-
noids

Hesperidin, a cit-
rus-derived flavo-
noid

Yellow River carp

Obese zebrafish

Totoaba macdon-
aldi

Ctenopharyngodon
idellus

Channa argus

Clarias gariepinus

0.1%, 0.2 %,
and 0.4 % (10-
week)

5 mL L (Five
weeks)

0.25% and 0.5%

(60 days)

0, 25, 50 and
100 mg kg (56
days)

150 mg kg
(60 days)

(SOD, CAT and GSH-Px), { Serum cortisol,
UMDA, ALT, L AST activity, TN Expression
of SOD, IgM, HSP70, HSP90, IkB-a, GR and

J Expression of NF-kB p65 and inflammatory
cytokines (TNF-a, IL-1B and IL-8) transcrip-
tion in head kidney, 1 Survival rate against
Aeromonas hydrophila

M Antioxidant status (SOD, CAT, GSH-Px),

{ Oxidative stress markers (H,0, and MDA),
Mmmune enzyme activities

{ Body weight, | Body mass index,

{ Visceral adipose tissue, \,Adipocyte size
and number in overfed fish

N Growth performance, | Serum triglycer-
ides, J Cholesterol levels, T*Liver gene ex-
pression, promoting metabolic regulation
and lipid oxidation, *Beneficial bacteria in
the intestine and {, Pathogenic species
MWeight gain, 1 Feed efficiency, 1" Flesh
quality, T Collagen content, 1NSOD activity

and { Lipid and protein oxidation, I Growth-

and metabolism-related genes (IGF-1, PI3K,
AKT, and FAS)

M Growth indices, I Digestive enzyme activi-
ties,  FCR, T"Immune responses (LY, AKP,
ACP, IgM, C3) and antioxidant capacity (SOD,
CAT, GSH-Px, GR), { Liver damage markers
(ALT, AST), { Pro-inflammatory (tnf-a, il-1pB,
il-8) and pro-apoptotic genes (caspase-3,
caspase-8, caspase-9, p53, bax, bcl-2),
MAnti-inflammatory (il-10, tgf-B), antioxi-
dant-related (nrf2, gpx, gst, cat), and heat
shock protein genes (hsp70, hsp90)
MSurvival, 4 Tissue damage in liver, kidney,
brain, and gills

Yan etal., 2024

Montalbano et al.
2019

Barragan-Longoria

etal 2023

Xuetal., 2021

Duetal., 2022

Ibrahim et al.,
2026

The symbol ‘P indicates increased or higher values while ‘J,’ indicates decreased or lower values.
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Taken together, the current findings indicate that
dietary betalains may support antioxidant capacity, im-
mune function, and general physiological health in fish,
while also potentially contributing to growth performance
and the maintenance of pigmentation. Considering their
high abundance in dragon fruit peel, these pigments may
act independently or synergistically with other bioactive
constituents present in the DFP to mediate the beneficial
effects. Nonetheless, additional studies are needed to
clarify the specific roles of DFP-derived betalains in fish
growth, pigmentation, antioxidant status, and disease
resistance.

4.4 Tannins

DFP contains tannins within its phenolic composition,
which play a role in its antioxidant and antimicrobial
characteristics. The levels of tannins differ based on the
species of dragon fruit, the stage of ripeness, the condi-
tions under which it is grown, and the methods used for
extraction (Table 2). While tannins are typically found in
smaller amounts compared to other bioactive compo-
nents in DFP, they can enhance its functional benefits by
influencing antioxidant activity, microbial communities,
and physiological reactions. Beyond their ability to neu-
tralize reactive oxygen species, tannins also have the ca-
pacity to influence gut microbial communities and en-
hance intestinal health, positioning them as promising
natural substitutes for antibiotic growth promoters
(Huang et al. 2018; Lu et al. 2020; Peng et al. 2021; Zhu et
al. 2021).

While there is a lack of direct research on the impact
of tannins derived from DFP on aquaculture species, ex-
tensive studies on tannins from various plant sources
sheds light on their possible biological roles. For instance,
supplementation with 0.1% condensed tannins improved
growth performance and glucose metabolism in Japanese
seabass (Lateolabrax japonicus) through enhanced hepat-
ic enzyme activity (Peng et al. 2020). Similarly, low con-
centrations of hydrolysable tannins improved growth,
antioxidant capacity, and muscle quality in Masta-
cembelus armatus (Xue et al. 2024), while enhancing
health status in Labeo rohita without compromising
growth (Prusty et al. 2007). In juvenile Micropterus
salmoides, dietary supplementation with 3.75 g kg™ con-
densed tannin improved growth, feed efficiency, and gut
microbiota composition, whereas higher levels resulted in
adverse effects (Yang et al. 2025).

Beyond their growth-promoting effects, tannins
have been reported to enhance antioxidant capacity,
support intestinal health, and strengthen host defence. In
Litopenaeus vannamei, tannin supplementation improved
antioxidant enzyme activities under ammonia stress and
enhanced resistance to Vibrio parahaemolyticus by modu-
lating the gut microbiota and immune responses (Bolivar-
Ramirez et al. 2022; Zhang et al. 2024). Likewise, hydro-
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lysable tannins improved digestive enzyme activity, anti-
oxidant status, and gut microbial composition in shrimp
(Zhu et al. 2021). These effects are partly attributed to
enhanced intestinal barrier integrity through the regula-
tion of tight junction proteins and modulation of gut mi-
crobiota, leading to reduced oxidative damage and im-
proved nutrient utilization (Peng et al. 2021, 2022). In
Danio rerio, a combination of hydrolysable and con-
densed tannins alleviated plant diet-induced intestinal
inflammation by suppressing pro-inflammatory cytokine
expression and improving intestinal morphology (Impera-
tore et al. 2022).

Despite these beneficial effects, the biological re-
sponses to tannins are highly dependent on their type,
source, dietary inclusion level, and fish species. While low
concentrations are generally advantageous, excessive
supplementation may impair growth, feed efficiency, and
nutrient utilisation due to reduced feed palatability and
interference with digestive processes (Huang et al. 2018;
Durazzo et al. 2019). Species-specific responses further
highlight this dose dependency. In juvenile Micropterus
salmoides, moderate levels of tannic acid enhanced anti-
oxidant capacity and improved hepatic and intestinal
health, whereas higher concentrations induced oxidative
stress and growth depression (Wang et al. 2024). Similar-
ly, excessive condensed tannins impaired intestinal health
and immune function in Ctenopharyngodon idella through
dysregulation of TOR and NF-kB signalling pathways (Li et
al. 2020). Comparative studies in C. carpio further
demonstrated that hydrolysable tannins exerted more
pronounced adverse effects than condensed tannins,
causing growth suppression and feed rejection at elevat-
ed levels (Becker and Makkar 1999). Likewise, increasing
dietary hydrolysable tannins in Lateolabrax maculatus
impaired digestion, antioxidant capacity, and tissue integ-
rity, indicating that lower inclusion levels are more bene-
ficial than excessive supplementation (Qiu et al. 2023).
Representative studies investigating the effects of dietary
tannins in aquaculture species are summarized in Table 6
to provide mechanistic insights into their biological func-
tions.

4.5 Vitamin C

DFP contains vitamin C (ascorbic acid), a crucial micronu-
trient that contributes to its antioxidant properties (Table
3). Although vitamin C is not classified as a phytochemical
or secondary metabolite, it represents an important bio-
active constituent that may contribute to the functional
properties of DFP and its potential application in aquacul-
ture nutrition. Since fish are unable to synthesise vitamin
C endogenously due to the absence of the enzyme L-
gulonolactone oxidase, dietary intake is essential (Drouin
et al. 2011). Consequently, the vitamin C naturally pre-
sent in DFP may contribute, at least in part, to the dietary
supply of this essential micronutrient when DFP is incor-
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porated into fish feeds.
TABLE 6 Effects of tannin supplementations in fish species.
Tannin Species Dose and duration Effect Source
Dietary tan- Largemouth bass 200, 400, and MSurvival, | Growth performance, M Antioxidant Wang et al.
nic acid (Micropterus 800 mg kg (8 capacity, I Catalase activity, \ MDA, { Liver gly- (2024)

salmoides) weeks) cogen levels
Hydrolysable Grass carp (Cte- 0,0.75,1.25,and  MTrypsin and P Amylase activities, | Hepatic ala- Yao et al.
tannin nopharyngodon 1.75% (8 weeks) nine aminotransferase, |, Aspartate aminotrans-  (2019)

idellus) ferase, TmRNA expression of intestinal TOR,

J Fatty acid synthase expression

Condensed  Juvenile 0.1% MGrowth performance, |, Serum glucose 1*Gene Peng et al.
tannins Lateolabrax japoni- (56 days) expression of hepatic glycolysis and gluconeogen- (2020)

cus esis enzymes
Condensed  Juvenile largemouth 0, 0.60, 1.50, 3.75, M Growth performance, TNFCR, TN ADCs (Protein & Yang et al.
tannin bass (Micropterus  9.38 g kg! Lipid), T Intestinal antioxidant capacity, (2025)

salmoides) (56 days) Mntestinal immune response, P Intestinal villi

development

Quebracho  Common carp (Cy- 2% (84 days) No significant impact on feed intake, growth per- Becker and
tannin (a prinus carpio L.) formance, metabolic rate, or carcass composition Makkar
condensed (1999)
tannin)
Hydrolyzable Juvenile (Masta- 0.05%, 0.1%, and NGrowth performance, *Hepatopancreatic anti- Xue et al.
tannin cembelus armatus) 0.2% (60 days) oxidant capacity, *Muscle quality and 1 Lipase (2024)
Tannin Litopenaeus van-  0.1% 0.05%, 0.025% “MMicrobiota diversity Bolivar-

namei (Eight weeks) Ramirez et

al. (2022)

Hydrolyzable Zebrafish (Danio 0,0.9,1.7, 3.4 g kg’ Restored intestinal morphology and { Expression Imperatore

and con-
densed tan-
nins

Dietary tan-
nin

Hydrolysable
tannin

Condensed
tannins (Iso-
lated from
grape seed)
Tannin

Condensed
tannin

Condensed
tannins (CT),
derived from
black wattle
(Acacia
mearnsii)
tree bark

rerio)

Labeo rohita finger-
lings

Largemouth bass
(Micropterus
salmoides)
Juvenile Japanese
seabass
(Lateolabrax japoni-
cus)

Litopenaeus van-
namei
Largemouth bass
(Micropterus
salmoides)

Nile tilapia (Oreo-
chromis niloticus)
juveniles

(12 days)

of cytokines

2.5, 5,10, 15 and 20 P Hepato somatic index,

g kg (60 Days)

1g kg™
(56 days)

0, 100, 200 and 400
mg kg™t
(56-days)

800 mg kg!
(56 days)
3.75gkg?
(56 days)

150, 250, 500, 750,
and 1000 mg kg™
(90-day)

“MMuscle cholesterol level TMHaemoglobin count,
“Motal leucocyte count, MRespiratory burst activ-
ity

NGrowth performance, *Hepatic antioxidant
capacity, T Glycolipid metabolism and

“MGlucose utilization

J'Serum lipopolysaccharide and *Bacterial diver-
sity

“MMetabolic regulation and " mmune response

“Mntestinal barrier integrity, M Antioxidant capaci-
ty, T Beneficial gut microbiota, TATP production,
and MMitochondrial enzyme activities

NGrowth performance, N lmmune responses (ly-
sozyme, complement, and myeloperoxidase activi-
ty), and MSurvival after bacterial challenge

et al. (2022)

Prusty et al.
(2007)

Yang et al.
(2024)

Peng et al.
(2021)

Zhang et al.
(2024)
Zhang et al.
(2025)

Brutti et al.
(2024)
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TABLE 6 Continued.
Tannin Species Dose and duration Effect Source
Hydrolysable Nile tilapia 0,5,15,and 25 ¢ J Growth performance Buyukcapar
tannin and kgt etal. (2011)
condensed
tannin
Tannic acid Nile tilapia (Oreo- 5,10,15and20g | Growth performance, Intestinal structural dam- Liu et al.

chromis niloticus) kg (60-day)

age, J Villus height and width, | Catalase activity, (2025)

MHsp70 and IL-1B

Hydrolyzable Litopenaeus van-
tannins namei

0.05%, 0.1%, 0.15% “Growth performance, I Digestive enzyme activi- Zhu et al.
and 0.2 % (60-day) ties, TAntioxidant capacity (SOD, CAT, GPx),

(2021)

‘Mmmune responses, |, Pathogenic bacteria and
/}Disease resistance

The symbol ‘M indicates increased or higher values while ‘.’ indicates decreased or lower values.

Vitamin C is a water-soluble antioxidant involved in
collagen synthesis, metabolism, immune function, and
protection against oxidative stress. However, the effec-
tiveness of dietary supplementation varies depending on
fish species, developmental stage, and environmental
conditions (NRC 2011). Evidence from various aquacul-
ture species indicates that dietary vitamin C can improve
growth performance, although optimal inclusion levels
differ considerably among species. Positive effects have
been reported in Nile tilapia, L. rohita, Barbus sharpeyi,
Japanese seabass, and cobia, whereas growth responses
in large yellow croaker appear to be relatively limited (Ai
et al. 2004, 2006; Tewary and Patra 2008; Yousefi et al.
2013; lbrahim et al. 2020). These findings suggest that
growth-promoting effects are species dependent.

In addition to growth, vitamin C supplementation
has been shown to enhance antioxidant status by increas-
ing the activity of enzymes such as superoxide dismutase,
catalase, and glutathione peroxidase, while reducing oxi-
dative stress through activation of protective pathways
including Nrf2-Keapl (Zhou et al. 2012; Zhu et al. 2023).
Improved innate immune responses, characterized by
increased lysozyme activity, complement activity, phago-
cytosis, and immunoglobulin levels, have also been re-
ported, leading to enhanced resistance against bacterial

TABLE 7 Effects of vitamin c supplementation in fish species.

pathogens including A. hydrophila, A. sobria, Vibrio har-
veyi, and Edwardsiella tarda (Ai et al. 2006; Misra et al.
2007; lbrahim et al. 2020). Furthermore, vitamin C con-
tributes to maintaining tissue integrity and alleviating the
adverse effects of environmental stressors by improving
haematological parameters, preserving intestinal and
hepatic morphology, and reducing stress biomarkers such
as cortisol and lipid peroxidation (Nikjoo et al. 2023; Devi
et al. 2024; Xiao et al. 2024).

In aquaculture species, the addition of dietary vita-
min C has been linked to enhanced growth, improved
antioxidant capacity, better immune responses, and in-
creased stress tolerance. Despite this, the majority of
research has utilised supplementation levels that far ex-
ceed the natural concentrations found in DFP. As a result,
the biological effects seen with DFP supplementation are
unlikely to be solely due to vitamin C; instead, they are
probably the result of the combined effects of various
bioactive components. Nonetheless, vitamin C might en-
hance the antioxidant capabilities of DFP and work in con-
junction with phenolic compounds, flavonoids, betalains,
and tannins. Table 7 provides a summary of key studies
examining the impact of dietary vitamin C supplementa-
tion on aquaculture species.

D

Vitamin C Species ose :';md Effect Source
duration

L-ascorbic acid  Nile tilapia (Oreo- 0, 200, 300, and “*Growth performance, TAntioxidant capacity, lbrahim

chromis niloticus 400 mg kg™
L.) fingerlings

phosphate

Mmmune responses, and P Tissue integrity, TSerum etal.
vitamin C, P Interleukin-10, I*Phagocytic activity,

(2020)

“MDisease resistance against Aeromonas sobria, T Liver
histoarchitecture and M Intestinal morphology (villus

height and width)
Dietary vitamin Rohu (Labeo rohi- 500, 1000, 1500 M Growth performance, INHaematological and serological Tewary
C ta) mg kg™! (60 days) parameters, TNon-specific immune responses, and
“MResistance against Aeromonas hydrophila infection Patra
(2008)
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TABLE 7 Continued.
Vitamin C Species Dose .and Effect Source
duration
Dietary vitamin Large yellow 0.1,12.2,23.8, NSGR, P Survival rate, N Serum lysozyme, Aietal.
C croaker (Pseudo- 47.6,89.7,188.5 “Phagocytosis, T"NBT, |, Cumulative mortality against  (2006)

Dietary vitamin
C

L-ascorbyl-2-
polyphosphate
(LAPP).

Dietary L-
ascorbic acid

Dietary vitamin
C

Dietary vitamin
C

Dietary vitamin

C

Dietary vitamin
C

Dietary vitamin
C

sciaena crocea)

Juvenile cobia,
Rachycentron
canadum

Japanese seabass

Fingerlings of
Labeo rohita

Barbus sharpeyi
fingerling

Labeo gonius fry

Caspian roach
(Rutilus rutilus
caspicus)

Juvenile Rhyn-
chocypris
lagowskii Dyb-
owski

Channel catfish

(Ictalurus puncta-

tus)

and 489.0 mg
ascorbic acid
equivalent kg™
diet (8 weeks)
13.6,27.2,54.4,
96.6, 193.4 and
386.5 mg ascor-
bic acid equiva-
lent kg™ diet (8
weeks)
0.0,12.2, 23.8,

47.6, 89.7, 188.5

and 489.0 mg
ascorbic acid
equivalent kg™
diet (8 weeks)
0, 100, 200 and

weeks)
0, 500, 1000,
1500 and 2000

mg kg™ (56 days)

0, 500 and
1000 mg kg™
(90 days)

0 (control), 500,
1000, and 1500
mg kg™ of vita-

min C for 56 days

200 mg kg1 (8
weeks)

300 mg L?

Vibrio harveyi challenge

NGrowth performance, 1*Survival, THematological pa-
rameters, and M nnate immune responses, I Lysozyme,

NSOD, T AKP, and P Total immunoglobulin, 1MResistance

to Vibrio harveyi

Zhou et
al.
(2012)

N Growth, tissue PAscorbic acid levels, and TMNimmune  Aietal.
responses (2004)
NGrowth, 1M Survival, and M lmmune responses, Misra

500 mg kg (8 MResistance against Aeromonas hydrophila and Edwards- et al.
iella tarda (2007)
NGrowth performance, 1 Feed utilization, TBody pro-  Yousefi
tein and lipid content etal

(2013)
MHematological parameters, *Serum protein levels, Devi et
J Stress indicators (Cortisol, Glucose, and MDA), al.
“NSurvival and feed efficiency (2024)
“MLysozyme activity, total immunoglobulin amount, and  Nikjoo
complement (ACH50), T Growth, 1 Digestive enzyme etal.
activity, TImmunity, and *Stress resistance (2023)
“MProtease activity, TAntioxidant defense (HO-1, CAT, Zhu et
GPx via Nrf2—Keap1 pathway), {,Pro-inflammatory cyto- al.
kines (TNF-a, IL-1B) and 1 Anti-inflammatory cytokines  (2023)
(IL-10, TGF-B)
NGlycolysis (pk, pfk), antioxidant defenses (SOD, CAT),  Xiao et
and J Inflammation by downregulating tnf-a, il-18, and  al.
cd68 (2024)

The symbol ‘M indicates increased or higher values while ‘J,’ indicates decreased or lower values.

5 | EFFECTS OF DRAGON FRUIT PEEL (DFP) SUPPLEMEN-
TATION IN FISH DIET

Dietary inclusion of DFP and its derivatives has been
widely reported to enhance growth performance, antiox-
idant defenses, immune responses, disease resistance,
and pigmentation in aquatic species. Available evidence
from studies on various cultured species is discussed in
the subsequent sections and compiled in Table 8.

5.1 Growth performance and feed utilization
Several studies have reported beneficial effects of DFP
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supplementation on fish growth, although the response
appears to be dose-dependent. In Nile tilapia (Oreo-
chromis niloticus) reared in a biofloc system, dietary DFP
supplementation (20-160 g kg™) generally improved
growth compared with the control diet. Fish receiving 40
g kg™ DFP showed the highest improvement, achieving
approximately 1.5-fold higher weight gain and an im-
proved specific growth rate after eight weeks of feeding.
However, no additional benefits were observed at the
highest inclusion level (160 g kg™), indicating that exces-
sive supplementation may reduce efficacy (Xuan et al.
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2024). In comet goldfish (Carassius auratus), DFP supple-
mentation (5—15%) also promoted growth, with the most
pronounced response observed at 10% inclusion, fol-
lowed by a decline at 15% (Andriani et al. 2025). A com-
parable dose-dependent pattern was reported in snake-
head (Channa striata), where inclusion levels of 1.5-2.0%
significantly enhanced growth, whereas lower levels (0.5—
1.0%) produced no significant effects. The best perfor-

Bioactive compounds of dragon fruit peel
Devi et al.

mance was recorded at 2.0% supplementation (Rakh-
mawati et al. 2021). Likewise, moderate dietary inclusion
of red pitaya peel flour improved growth and feed utiliza-
tion in Sangkuriang catfish (Clarias gariepinus), with 5%
supplementation identified as the most effective level
(Putri and Sukarti 2024).

TABLE 8 Effects of dragon fruit supplementation in fish species.

Dragon fruit peels Species Dose 'and Effects Source

duration
Dragon fruit peel Nile tilapia (Oreo- 0, 20, 40, 80, and M Growth, T Immune response indica- Xuan et al. (2024)
(DFP) powder chromis niloticus) 160 gkg™ (8 tors in skin mucus and blood serum,

weeks) ML-1, IL-8, LBP, GPx, GST-a, and GSR

Dragon fruit peel
meal

Red dragon fruit peel
flour

Red pitaya peel flour

Dragon fruit skin
meal

Red dragon fruit peel
meal

Red dragon fruit (Hy-
locereus polyrhizus)
peel

Red dragon fruit peel
extract

Red dragon fruit peel
(Hylocereus undatus)
flour

Red dragon fruit (Hy-
locereus polyrhizus)
juice by-products
(RIB)

Dragon fruit peel
flour

Freshwater cray-
fish (Cherax
quadricarinatus)
Tilapia (Oreo-
chromis niloticus)
fingerlings
Sangkuriang cat-
fish

Comet fish
(Carassius au-
ratus)

Koi carp fish (Cy-
prinus carpio).
Goldfish (Carassius
auratus),

Guppy fish

Clownfish (Am-
phiprion percula)

Juvenile red sea-
bream (Pagrus
major)

Snakehead (Chan-
na striata)

5%, 10%, 15% and
20% (2 months)

0%, 5%, 10% and
15% kg (30 days)

0%, 5%, 10%, and
20% (25 days)

0%, 5% 10%, and
15%

5%, 10%, and 15%
(42 days)

0, 50, 100, 150,
and 200 mL kg'?

0%, 10%, 15%, and “Color brightness

20%
0%, 10%, 15% and
20%

0,0.2,0.4,0.8,
and 1% (56 days)

0,0.5,1.0, 1.5 and MSGR, M Feed efficiency

2.0% of feed (60
days)

expression

N Color brightness (86.01 in claws and  Rakhmawati et al.

87.59 teslon). M Color quality of from  (2023)

brown to bluish color

M Growth, TSGR, MMLactic acid bacteria Fadillah et al.
(2024)

MWeight gain, L FCR Putri and Sukarti

(2024)

L FCR, TSGR, M Body coloration Andriani et al.
(2025)

N Skin coloration Kurnia et al.
(2019)

M Color brightness Mega (2025)

Maulida et al.
(2025)
Influenced Hue, Saturation, and Bright- Yesepus and Felix
ness (HSB) values (2024)

M Catalase and Glutathione levels, Oh et al. (2025)
“MLysozyme activity, T Survival follow-

ing Edwardsiella tarda infection

Rakhmawati et al.
(2021)

The symbol ‘P indicates increased or higher values while ‘J,’ indicates decreased or lower values.

In contrast, several studies have reported no signifi-

cant growth-promoting effects of DFP or its derivatives.
Dietary inclusion of red dragon fruit by-product meal (5-
15%) did not affect the growth of ornamental koi carp (C.
carpio) (Kurnia et al. 2019). Similarly, supplementation
with red dragon fruit peel extract (50-200 mL kg™ feed)
did not influence growth in goldfish (Mega 2025), while
dietary inclusion of dragon fruit peel extract (10-20%)
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had no significant effect on weight gain, length incre-
ment, or survival in guppy (Poecilia reticulata) (Maulida et
al. 2025). Similarly, incorporation of red dragon fruit (H.
polyrhizus) juice by-products (0.2-1.0%) did not signifi-
cantly alter growth, feed utilization, or biometric indices
in juvenile red seabream (Pagrus major) (Oh et al. 2025).
Therefore, the available evidence indicates that DFP
can enhance growth in certain fish species when incorpo-
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rated at appropriate dietary levels. However, these ef-
fects are not consistently observed across species, and
several studies have reported negligible responses. Such
discrepancies are likely attributable to differences in fish
species, culture conditions, dietary formulation, the form
of DFP used (powder, extract, or by-product meal), and
inclusion level. Overall, the growth-promoting effects of
DFP appear to be both species- and dose-dependent, em-
phasizing the importance of determining optimal supple-
mentation levels for individual aquaculture species.

5.2 Immune and antioxidant responses
In Nile tilapia (Oreochromis niloticus) reared in a biofloc
system, dietary supplementation with DFP (20-160 g kg™?)
improved both innate immune responses and antioxidant
status. Fish receiving DFP exhibited significantly higher
lysozyme and peroxidase activities in the skin mucus and
blood serum than the control group, with the most pro-
nounced responses generally observed at 40 g kg™. In
addition, DFP supplementation upregulated the expres-
sion of several immune- and antioxidant-related genes,
including IL-1, IL-8, LBP, GST-a, GPx, and GSR in both liver
and intestinal tissues, indicating activation of immune and
oxidative defense mechanisms. Overall, these findings
suggest that moderate dietary inclusion of DFP can
strengthen both mucosal and systemic immunity while
improving antioxidant defenses in Nile tilapia (Xuan et al.
2024). Comparable responses have been reported in ju-
venile red seabream (P. major) fed diets containing red
dragon fruit (H. polyrhizus) juice by-products (0-1%). Alt-
hough superoxide dismutase activity was unaffected, fish
receiving 1% supplementation exhibited higher catalase
activity and glutathione levels. Moreover, lysozyme activi-
ty was significantly elevated relative to the control group,
indicating improved antioxidant status and innate im-
mune function (Oh et al. 2025).

Collectively, the available evidence suggests that
DFP and its derivatives can enhance antioxidant defenses
and stimulate innate immune responses in fish. However,
the magnitude of these effects appears to depend on
species, dietary inclusion level, and the form of supple-
mentation employed.

5.3 Colour enhancement

In freshwater crayfish (Cherax quadricarinatus), dietary
supplementation with red dragon fruit peel meal (5—-20%)
significantly improved color quality, with the most pro-
nounced effect observed at 10% inclusion. Supplemented
crayfish exhibited a shift from brown to bluish hues, high-
lighting the potential of DFP as a natural pigment source
for ornamental aquaculture (Rakhmawati et al. 2023). In
comet goldfish (Carassius auratus), inclusion of dragon
fruit peel meal (5-15%) increased color vibrancy across
the head, body, and tail regions, with the greatest re-
sponse observed at 15% supplementation (Andriani et al.
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2025). A dose-dependent increase in pigmentation was
also reported in ornamental koi carp (C. carpio), where
diets containing 15% red dragon fruit by-product meal
(RDFM) produced the highest black and orange skin col-
oration (Kurnia et al. 2019). Likewise, supplementation
with red dragon fruit peel extract improved body colora-
tion in guppy (Poecilia reticulata), with the highest pig-
mentation score recorded at 20% inclusion (Maulida et al.
2025). In clownfish (Amphiprion percula), dietary incorpo-
ration of red dragon fruit rind (H. undatus) flour (10-20%)
helped maintain the natural coloration during culture, as
reflected by changes in hue, saturation, and brightness
values (Yesespus et al. 2024).

5.4 Disease resistance

Enhanced disease resistance following supplementation
with dragon fruit derivatives has also been reported in
juvenile red seabream (P. major). Fish fed diets containing
0-1% red dragon fruit (H. polyrhizus) juice by-products
exhibited increased resistance to Edwardsiella tarda in-
fection. Following bacterial challenge, fish receiving 1%
supplementation showed the highest cumulative survival
rate, and Kaplan—Meier analysis confirmed significantly
greater resistance compared with the other dietary
groups (Oh et al. 2025). These findings suggest that drag-
on fruit-derived products can enhance host defense
mechanisms and improve resistance to bacterial patho-
gens.

5.5 Mechanisms and factors influencing the efficacy of
DFP supplementation

Although numerous studies have demonstrated beneficial
effects of dietary dragon fruit peel (DFP) supplementation
on growth, antioxidant status, immunity, pigmentation,
and disease resistance in aquatic species, the responses
are not always consistent. These variations indicate that
the efficacy of DFP is influenced by multiple factors, in-
cluding dietary inclusion level, fish species, culture condi-
tions, and the form of DFP used.

One of the most important factors affecting the re-
sponse to DFP supplementation is dosage. Several studies
have demonstrated dose-dependent effects, where mod-
erate inclusion levels produced the most favorable out-
comes. For example, growth performance was enhanced
at intermediate levels of DFP supplementation in Nile
tilapia, comet goldfish, snakehead, and Sangkuriang cat-
fish, whereas higher inclusion levels failed to provide ad-
ditional benefits or even resulted in reduced responses
(Rakhmawati et al. 2021; Putri and Sukarti 2024; Xuan et
al. 2024; Andriani et al. 2025). Similar dose-dependent
trends have also been observed for pigmentation and
immune parameters. These findings suggest that the bio-
logical effects of DFP are dependent on achieving an op-
timal dietary inclusion level, and excessive supplementa-
tion may reduce nutrient utilization or alter feed palata-
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Species-specific differences also contribute to the
variability in responses. Positive effects on growth have
been reported in some species, whereas little or no im-
provement was observed in others, including koi carp,
guppy, goldfish, and red seabream (Kurnia et al. 2019;
Maulida et al. 2025; Mega 2025; Oh et al. 2025). Such
discrepancies may be attributed to differences in diges-
tive physiology, metabolic requirements, feeding habits,
and the ability of different species to utilize the bioactive
compounds present in DFP. In addition, variations in cul-
ture conditions, experimental duration, and dietary com-
position may further influence the effectiveness of sup-
plementation.

The form in which DFP is incorporated into diets
may also affect its biological activity. Previous studies
have employed DFP in the form of powder, extracts, flour,
juice by-products, and by-product meals, which may dif-
fer considerably in their concentrations and bioavailability
of bioactive constituents. Consequently, differences in
processing methods and formulation could partly explain
the inconsistencies observed among studies. Most availa-
ble studies have evaluated whole DFP or its derivatives
rather than purified compounds, making it difficult to
identify the specific components responsible for the ob-
served biological effects. Therefore, future studies should
focus on elucidating the mechanisms of action of individ-
ual bioactive compounds, determining optimal inclusion
levels for different species, and establishing standardized
processing methods to maximize the functional value of
DFP in aquaculture nutrition.

6 | CONCLUSIONS

Dragon fruit peel represents a promising and sustainable
functional ingredient for aquaculture, owing to its rich
composition of bioactive compounds such as phenolics,
flavonoids, tannins, betalains, and essential nutrient vit-
amin C. These compounds collectively contribute to im-
proved growth performance, enhanced antioxidant ca-
pacity, strengthened immune responses, and better intes-
tinal health in fish. Additionally, their ability to modulate
gut microbiota and mitigate environmental and dietary
stress highlights their potential as natural alternatives to
conventional feed additives and antibiotics. However, the
effects of these bioactive compounds are highly depend-
ent on inclusion levels, chemical composition, and spe-
cies-specific responses. In particular, compounds such as
tannins may exert anti-nutritional effects at higher con-
centrations, emphasizing the need for careful dose opti-
mization. Furthermore, variations in extraction methods
and feed formulation can influence their efficacy. Future
research should focus on elucidating the molecular
mechanisms underlying their biological effects, standard-
izing inclusion levels, and evaluating long-term impacts
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under commercial farming conditions. Overall, the incor-
poration of dragon fruit peel in aquafeeds offers a viable
strategy for improving fish health and promoting sustain-
able aquaculture practices.
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