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Abstract

Fleshy fruits are popular among consumers due to their significant nutritional value, which includes essential bioac-
tive compounds such as pigments, vitamins, and minerals. Notably, plant-derived pigments are generally considered
safe and reliable, helping to protect humans against various inflammatory diseases. Although the phytochemical
diversity and their biological activities have been extensively reviewed and summarized, the status of bioactive nutri-
ents in fleshy fruits, particularly with a focusing on different colors, has received less attention. Therefore, this review
introduces five common types of fleshy fruits based on coloration and summarizes their major bioactive compounds.
It also provides the latest advancements on the function, biosynthesis, and metabolic engineering of plant-derived
pigments. In this review, we emphasize that promoting the consumption of a diverse array of colorful fruits can con-
tribute to a balanced diet; however, optimal intake levels still require further clinical validation. This review may serve
as a useful guide for decisions that enhance the understanding of natural pigments and accelerate their application
in agriculture and medicine.
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Introduction
Fruits play a pivotal role in the dietary practices of
humans due to their indispensable bioactive nutrients
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metal ions, light conditions, and pH levels (Chandra et al.
2021).

The coloration of fruits is regarded as a crucial qual-
ity trait of fleshy fruits, as the pigments responsible for
imparting color are closely associated with fruit flavor,
health, and nutritional properties (Gebretsadik et al.
2021). Plant pigments can be classified into four catego-
ries: flavonoids, betalains, carotenoids, and chlorophylls.
Among these, flavonoids are the most abundant phe-
nolics in plants and exhibit multiple significant biologi-
cal and pharmacological activities including anti-cancer,
anti-allergic, anti-inflammatory, antioxidant, and anti-
oedemic effects (Tao et al. 2022). Notably, anthocyanins
are a type of flavonoids that exhibit the broadest range of
colors, spanning from pale yellow to blue hues (Decker
et al. 2024). Betalains are a group of natural red pigments
that possess a unique nitrogenous core structure. They
are found exclusively in families of the Caryophyllales
order, as well as in some higher-order fungi, and have the
ability to replace the otherwise ubiquitous anthocyanins
in these organisms (Abedi-Firoozjah et al. 2023; Winkler
et al. 2024). Carotenoids, the most abundant pigment
produced by nature, are necessary compounds of pho-
tosystems and contribute to the yellow-to-red coloration
observed in fruits (Sun et al. 2022; Zhang et al. 2024b).
Chlorophylls are vivid chromophores that absorbs and
use light in photosynthesis, and some chlorophyll deriva-
tives display multiple health-promoting properties (Yang
et al. 2024b). Recently, pigments from fleshy fruits have
emerged as bioactive compounds given their potential
health-promoting benefits, which have been extensively
used in all aspects of daily life (Maheshwari et al. 2022;
Tomas et al. 2022).

Various factors, including appearance (particularly
colors and textures), flavor, and nutritional profiles, influ-
ence consumer’s decisions when selecting fruits (Cao
et al. 2024; Wang et al. 2022a). Hence, a common ques-
tion from consumers is whether fruits with similar colors
also have similar nutritional value. Answering this ques-
tion is valuable for helping consumers to make informed
choices in fruit selection and receive scientifically sound
dietary recommendations. Therefore, it is necessary to
compile the metabolic differences and nutrient contents
of different colorful fleshy fruits. Although phytochemi-
cal diversity and biological activities have been exten-
sively reviewed and summarized, the status of bioactive
nutrients in fleshy fruits focusing on different colors
is less reviewed. Therefore, the objectives of the review
are to elucidate the importance of exploring the diverse
benefits offered by pigmented fleshy fruits, provide rec-
ommendations for the human diet, update the latest
progress on the function, biosynthesis, and metabolic
engineering of these bioactive compounds, and propose
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future perspectives in this area based on the current chal-
lenges faced in utilizing pigmented natural products.

Color diversity of the fleshy fruits

Colorful fleshy fruits are abundant sources of natural bio-
active compounds. Different colors of fleshy fruits have
different health-promoting effects due to various types
and contents of bioactive compounds (Table 1). Accord-
ing to different colors, fleshy fruits can be categorized
into five main groups: red, orange/yellow, green, white,
and blue-black.

Major nutrients and bioactive compounds in red fruits

Cherry tomato (Solanum lycopersicum var. cerasi-
forme), strawberry (FragariaXananassa), red dragon
fruit (Hylocereus polyrhizus, red pulp with pink peel),
and blood orange (Citrus sinensis) are regarded as rep-
resentatives of the red fruit kingdom (Fig. 1). Cherry
tomato is one of the economically important fruits in
the world, which belongs to the tomato genus Solanum
(Guo et al. 2021). In mature regular tomatoes, about 75%
of the dry matter is derived from solids including sug-
ars, organic acids, minerals, and pectin which account
for ~50%,>10%, ~7%, and 8% respectively (Wu et al.
2022a). Compared with regular tomatoes, cherry toma-
toes are richer in vitamins, which is 1.7 times than the
regular tomatoes. Likewise, lycopene and other bioac-
tive nutrients in cherry tomatoes are more abundant
than the regular tomatoes (Wang et al. 2022b; Zeng et al.
2020). Strawberries from both subtropical and temperate
zones are known to contain a variety of valuable bioac-
tive compounds, such as sugars, vitamin C, minerals and
polyphenols (Newerli-Guz et al. 2023). Anthocyanin and
lycopene are the major pigments from different catego-
ries that were determined in strawberry fruits (Sic Zlabur
et al. 2020). It is reported that the total anthocyanin con-
tent ranged between 200 and 600 mg kg™ in strawberry
fruits from five different cultivars (da Silva et al. 2007).
Red dragon fruit, originally from tropical and subtropi-
cal zones, is a highly popular fruit with certain health
benefits, for instance as its anticancer and antinocicep-
tive properties (Marques et al. 2023). Several compounds
contribute to the pigmentation in red dragon fruit, such
as flavonoids and betalaines, which contribute to its anti-
oxidant activity. Among these, the levels of flavonoids
and betacyanins presented as betanin equivalents per
100 g fresh flesh were 10.3+0.22 mg and 7.21+0.02 mg,
respectively (Wu et al. 2006). Blood orange is a rare red-
fleshed sweet orange with a high anthocyanin content
and serves as an excellent source of natural antioxidants
and bioactive compounds, including flavonoids, anthocy-
anins, phenols and ascorbic acid. Previous study analyzed
the content of anthocyanins of the eleven blood orange
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Table 1 The contents of major antioxidant phytochemicals of selected fruits

Flesh color Species Total phenolic content Total Total anthocyanidin Antioxidant References
flavonoid content activity
content
Red Cherry tomato 1850.2° 1691.8° High in purple cherry High (Bhandari et al. 2016)
tomato
Strawberry 200-400° 100-200°  0.17-0.22¢ High (ParraPalma et al. 2020;

Wolfe et al. 2008)

Red dragon fruit 390°¢ - - High (Chen et al. 2021)
Blood orange High 682.95 101.069 High (FornerGiner et al. 2023)
Watermelon 390-740" 270-360' 15.93-54.16/ High (Bazié et al. 2022)
Orange/yellow Lemon 349K 146 - High (Dong et al. 2019)
Mandarin 12.79-4871M 2.08-7.57" - High (Singh et al. 2021)
Yellow-fleshed kiwifruit  674° 15-50P - High (Li etal. 2018; Yuan et al.
2023)
Green Green-fleshed Kiwifruit 5299 40-80" - High (Lietal. 2018; Yuan et al.
2023)
Avocado 410.2° 219" - High (Vinha et al. 2013; Wolfe
et al. 2008)
White Lychee 1.84Y 0.49 0.75 High (Xie et al. 2022)
White strawberry 145.8-262.1" - 1.59-7.86" High (Noriega et al. 2021)
Blue-black Blueberry 319.3* - 131.2¢ High (Wang et al. 2008; Wolfe
et al. 2008)
Blackcurrant 26.2Y 24.43% 3.68% High (Blejan et al. 2023; Wolfe
et al. 2008)

"-'indicates that it was not mentioned in the research
2 Mean values were expressed in mg kg~' on a dry weight basis of commercial cultivars

b Mean values were expressed in mg GAE/100 g on a fresh weight basis of three different strawberry cultivars from western Portugal region. Quantification was
performed based on a standard curve of gallic acid. GAE, gallic acid equivalent

€ Mean values were expressed in mg QE/100 g on a fresh weight basis of three different strawberry cultivars from western Portugal region

9 Mean values were expressed in g/kg Cy3G on a fresh weight basis of three different strawberry cultivars from western Portugal region. Cy3G, cyanidin 3-glucoside
equivalent

€ Mean values were expressed in mg GAE/100 g of red dragon fruit pulp. Quantification was performed based on a standard curve of gallic acid
fMean values were expressed in mg/L on the juice of blood oranges varieties ‘Moro’ (Citrus sinensis (L.) cv. Moro)

9 Mean values were expressed in mg/L on the juice of blood oranges varieties ‘Sanguinelli’ (Citrus sinensis (L.) cv. Sanguinelli)

P Mean values were expressed as mg gallic acid equivalent (mg GAE) per 100 g of dry matter among five watermelon cultivars

 Mean values were expressed as mg quercetin equivalent (mg QE) per 100 g of dry matter among five watermelon cultivars

J Mean values were expressed as mg CE/g. CE, cyanidin-3-glucoside equivalent

K Mean values were expressed in mg GAE/100 g on a fresh weight basis of Eureka lemon fruits (Citrus limon (L.) Burm. f)

' Mean values were expressed in mg RE/100 g on a fresh weight basis of Eureka lemon fruits (Citrus limon (L.) Burm. f.). RE, rutin equivalent

™ Mean values were expressed in mg GAE/100 g on a fresh weight basis on pulp of Kinnow and W. Murcott mandarins

" Mean values were expressed in mg RE/100 g on a fresh weight basis on pulp of Kinnow and W. Murcott mandarins

°Total phenolic content was expressed as mg gallic acid equivalent (mg GAE) per 100 g of dry matter of Xuxiang (A.chinensis var. deliciosa)
PTotal flavonoid content was expressed as mg quercetin equivalent (mg QE) per 100 g of dry matter among six yellow-fleshed kiwifruit cultivars

9Total phenolic content was expressed as mg gallic acid equivalent (mg GAE) per 100 g of dry matter of Jinyuan (A.eriantha x A.chinensis)

(
"Total flavonoid content was expressed as mg quercetin equivalent (mg QE) per 100 g of dry matter among six green-fleshed kiwifruit cultivars
* Mean values were expressed in mg GAE/100 g on a fresh weight basis of avocado fruit
'The flavonoid content was expressed in milligrams per 100 g of fresh weight
Y Mean values were expressed in mg/g of litchi (L. chinensis Sonn.) of the “Feizixiao” variety
Y Mean values were expressed as mg of gallic acid equivalents per 100 g of fresh fruits (mg GAE/100 g FW)

“ Mean values were expressed as mg equivalents per 100 g of fresh fruits (mg Eq 100 g~' FW)
¥ Mean values were expressed in mg/100 g on a fresh weight basis of organically cultured fruit
Y Mean values were expressed as mg GAE per 100 g dry pomace sample

* Mean values were expressed as mg of QE per gram of dry pomace

2 Mean values were expressed as milligrams of cyanidin-3-glucoside equivalents (CGE) per gram of dry pomace



Hu et al. Molecular Horticulture

(2025) 5:19

Fragaria X Solanum chopels:cum —

poly blood orange

Major Bioactives

Sugars, organic acids, vitamins

(especially vitamin C), minerals,

anthocyanin, lycopene and
betalaines

Page 4 of 19

Anti-cancer, diabetes,
cardiovascular and autoimmune
disorders

» J ¢
A \ ,/k »

\aw” -
Citrus sinensis Mangifera indica L.

Sugars, organic acids, vitamins

(especially vitamin C), minerals,

carotenoids (lycopene,
xanthophyll) and flavonoids

Prevent certain diseases such as
hypertension, diabetes, cancer
and cardiovascular disorders

Ananas comosus (L.) Merr.
®-* a LR

Y
Vitis labi X vinife
Actinidia Persea americana Mill. ‘s;,s in: ,;‘:;‘;t: v

Sugars, organic acids, vitamins

(especially vitamin C), minerals,

chlorophylls

Promote hemoglobin production
and prevent iron deficiency
anemia

™~

Fragaria nilgerrensis

Sugars, organic acids, vitamins

(especially vitamin C), minerals,

alanine and phenolics

Heat-clearing and detoxicating,
resolve phlegm and relieve cough
and improve immunity

Litchi chinensis Sonn. g piocht. Garcinia mangostana L.
Sugars, organic acids, vitamins  Antioxidant, anti-tumor, vision
*‘ . (especially vitamin C), minerals, improvement, anti-inflammatory,
anthocyanin antibacterial
Vaccinium spp. Ribes nigrum L. Morus nigra L.

The diversity of fruit color within the same family

/.. white flesh red flesh 7
Cucurbit 00
/ .
fruits = LN - ~—/

Citrullus lanatus

yellow flesh

Cucumis melo var. saccharinus

Cucumis sativus L.

Cucumis melo L.

Chemical Structures of Pigments

Anthocyanidin

a-Carotene

Chalcone Flavanol B=Cargtane
Flavonol Flavone Betacyanin
o o
‘g;g‘ Q
3 HO Nl'
Flavanone Isoflavone

NN

Xanthophyll

oM
»
s G . S O G NS
7
o

Lycopene

Betacxanthin

RO )
/

Chlorophyll

CH,CHy

o
o Iy
i l | r
N Sty CH,  COCHy cn,” CHy CHy CHy
’ | . i )\ /\MW
o o 7 CHy
0

Fig. 1 Chemical structures of major pigments in fleshy fruits. Created with Adobe lllustrator and Chemdraw 20.0

juice and found that the highest level of total anthocya-
nins was in Citrus sinensis (L.) cv. Moro (133.10 mgL™?)
(Habibi et al. 2023; Legua et al. 2022).

Major nutrients and bioactive compounds in orange/
yellow fruits

As for the color of orange or yellow, there are many fruits
that come into sight, especially citrus (genus Citrus L.)
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fruits (Fig. 1), such as orange (Citrus sinensis), lemon
(C. limon), mandarin (C. reticulata), etc. They are rich
in various bioactive products such as carotenoids, flavo-
noids, limonoids, terpenoids, and synephrines (Lu et al.
2023). Citrus carotenoids and flavonoids possess bio-
logical effects against cancer and cardiovascular diseases
(Allister et al. 2008; Yi et al. 2017). Notably, the natural
limonoids exhibit a broad range of biological activities
such as antioxidant and anti-inflammatory (De La Pefa
et al. 2023). Synephrine, a major phytochemical found
in bitter orange, is widely used as a dietary supplement
for weight loss and fat reduction (Dodonova et al. 2023).
Moreover, citrus fruits are recognized as a significant die-
tary source of vitamin C for humans (Lu et al. 2023). A
previous study indicated that the presence of carotenoids
confers the orange-yellow or orange-red color to the pulp
and peel of citrus fruits (Luan et al. 2020). Carotenoids
are the major class of bioactive compounds present in cit-
rus fruits, of which the most abundant carotenoid is xan-
thophyll, particularly B,3-xanthophylls (Zacarias-Garcia
et al. 2021). It is reported that around 115 carotenoids
in citrus species, which can be divided into two catego-
ries: (i) carotenes that are nonoxygenated tetraterpenoids
such as a-carotene, pB-carotene, and lycopene, and (ii)
oxygen-containing xanthophylls including zeaxanthin,
[B-cryptoxanthin, and violaxanthin (Ikoma et al. 2016). In
citrus fruits, B-cryptoxanthin is a precursor of vitamin A,
which is beneficial to the health of human beings (Burri
2015). Furthermore, citrus fruits exhibit significant varia-
tion in the types and concentrations of carotenoids based
on their cultivars, maturity stage, environmental factors,
and growth conditions (Ledesma-Escobar et al. 2018;
Peng et al. 2021).

Major nutrients and bioactive compounds in green fruits

Kiwifruit (Actinidia), avocado (Persea americana Mill.),
and green grape (e.g., Vitis labruscaxvinifera ‘Shine
Muscat’) are green fleshy fruits (Fig. 1), which have
economic and medicinal value because they contain a
variety of bioactive compounds. A study on the green-
fleshed Actinidia deliciosa found that the soluble solids
content ranged from 12 to 20%, with an average of 16%.
Additionally, the vitamin C content ranged from 54.86
to 159.08 mg/100 g fresh weight (FW), with an average
of 87.19 mg/100 g FW (Ma et al. 2017). Recently, vari-
ous kiwifruit varieties with different flesh colors, such as
red and yellow, have gained popularity among consum-
ers. The variation in flesh color primarily depends on the
types and concentrations of pigments present. Red and
yellow varieties contain higher levels of carotenoids dur-
ing the whole fruit development period, while they show
a higher chlorophylls/carotenoids ratio (>6.0) during the
late developmental stage contributes to the formation of
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green color in kiwifruit flesh, indicating that the green
fleshy kiwifruit contains more chlorophylls. Avocado is
a tropical fruit with high nutritional value, rich in vari-
ous vitamins, fatty acids, proteins, and minerals, and has
good health effects. Recent work has measured the nutri-
ent and phytochemical composition of the ripe fruit of
avocado, quantifying seven organic acids, six sugars, nine
fatty acids, eleven carotenoids, three phytosterols, one
phytostanol, five chlorophylls, and related compounds,
two tocopherols, and several phenolic compounds in the
tested pulps (Ramos-Aguilar et al. 2021). These nutrients
play an important role in anti-oxidation, preventing dia-
betes and cardiovascular diseases. Among these com-
pounds, chlorophylls and their derivatives have strong
antioxidant and anticancer functions (Ahlberg 2022;
Ramos-Aguilar et al. 2021).

Major nutrients and bioactive compounds in white fruits

Lychee (Litchi chinensis Sonn.), white strawberry (Fra-
garia nilgerrensis Schlecht.), and mangosteen (Garcinia
mangostana L.) have different appearances and colors.
Nevertheless, they all possess a white pulp and taste
sweet (Fig. 1). Recent result showed that lychee is benefi-
cial to human health because it contains a variety of vita-
mins, phenolics, polysaccharides, and minerals (Hussain
et al. 2021). For instance, various studies have reported
that the main nutritional component in lychee pulp is
sugar, such as glucose, sucrose, and fructose, while the
levels of sucrose are roughly equal to that of fructose
(Zhao et al. 2020). The content of sugars is between 10
and 19.2%, while reducing sugars account for 70% (Hajare
et al. 2013; Wang et al. 2022¢; Zhao et al. 2017). Subse-
quently, Tan et al. (2022) identified and quantified nine
phenolic compounds using UPLC-QQQ-MS/MS, and
naringin, rutin as well as p-coumaric acid were found
to be the main phenolic products in all the lychee cul-
tivars tested. White strawberry is a popular strawberry
that produces white fruits with distinctive aromas, and
its pulp contains vitamin C, sugars, protein, amino acids,
dietary fiber, carbohydrates and other nutrients. A study
reported that among different varieties, white strawber-
ries had the highest fructose and glucose content, 4.73%
and 4.30%, respectively. Moreover, white strawberries
have high phenolics content and thereby show strong
antioxidant activity (Noriega et al. 2021). Indeed, the
strong antioxidant capacity of white strawberries arise
from the accumulation of non-pigment antioxidants
(especially vitamin C) and environmental factors (Li et al.
2019b). These factors compensate for the lack of pig-
ments, allowing white strawberries to exhibit substan-
tial antioxidant activity under certain conditions. The
mangosteen pulp is rich in health-promoting nutrients
and phytochemicals such as prenylated and oxygenated
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xanthones, flavonols, flavonoids, anthocyanins, tannins,
carotenoids, ascorbic acid, and other bioactive natural
products (Palakawong and Delaquis 2018). It has been
reported that the protein, fatty acid, and carbohydrate
content in dried mangosteen fruit is 0.6%, 1.9%, and 6.5%,
respectively. Additionally, mangosteen fruits are particu-
larly high in the content of Ca, K, Mg, alanine, and glu-
tamic acid (Li et al. 2021).

Major nutrients and bioactive compounds in blue-black
fruits

Fruits with mysterious blue-black flesh include blueber-
ries (Vaccinium spp.), blackcurrants (Ribes nigrum L.)
and mulberries, which have attracted the attention of
scholars because of their abundant bioactive products
(Fig. 1). Blueberry is regarded as a ‘superfood’ due to its
richness in anthocyanins, flavonoids, polysaccharides,
vitamins, minerals and other nutrients in the flesh. In
comparison to other fruits, blueberries contain a higher
phenolic content, especially anthocyanins (Li et al. 2021;
Liu et al. 2024; Sivapragasam et al. 2023). Initially, a
study found that the total phenol amount of blueberry
fruit in North America was 393 mg/100 g of edible por-
tion, and the content of vitamin C is 9.7 mg/100 g of
edible portion (Mazza 2005). Subsequently, Jeong et al.
(2008) confirmed that the total phenol level of blueberry
fruit in Korea was 902 mg/100 g fresh weight. Addition-
ally, blackberries have a strong antioxidant capacity due
to their high levels of anthocyanins in the pulp (Higbee
et al. 2022). Recently, some research discovered that mul-
berry contains not only a lot of vitamins, free acids, and
minerals but also anthocyanins, polysaccharides, resvera-
trol, and other bioactive components. Hao et al. (2022)
reported that among the biologically active constituents,
phenolic compounds, specifically flavonoids, anthocya-
nins, and phenolic acids, were found to be noteworthy.
Building upon this, similar findings proposed that the
a-glucosidase inhibitory effect and antioxidant activity
of the mulberry fruit were correlated positively with the
total amount of formed phenolic compounds (Dou et al.
2022). Therefore, blueberry, blackcurrant, and mulberry
are functional fruits with high edible and health-pro-
moting values due to their abundant bioactive phenolic
compounds.

The diversity of fruit color within the same family

The Cucurbitaceae family includes many economi-
cally important fruit crops, which are highly consumed
for their diverse colors and abundant nutritional value
(Davidson et al. 2023; Ma et al. 2022). These fruits display
a wide range of colors, such as red (e.g., certain water-
melon), orange/ yellow (e.g., Hami melon), green (e.g.,
cucumber), and white (e.g., honey dew melon) (Fig. 1).
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Cucurbit fruits are packed with essential nutrients, and
are also rich in carotenoids, phenolic compounds, terpe-
noids, and phytochemicals (Nyirahabimana et al. 2022).
Among these bioactive compounds, carotenoids can
help reduce oxidative stress and may lower the risk of
chronic diseases like cardiovascular disease and cancer
(Ma et al. 2022). Previous study found that carotenoid
contents (prolycopene, lycopene, -carotene, (-carotene,
and neoxanthin) determined different fruit flesh colors
among 14 watermelon cultivars (Jin et al. 2019). Impor-
tantly, cucurbitacin B, a natural compound extracted
from Cucumis melo var. Cantalupensis controls lung can-
cer cell proliferation and apoptosis (Liu et al. 2022). Col-
lectively, regular consumption of cucurbit fruits has been
associated with anti-inflammatory effects and improved
metabolic health, making them a valuable addition to a
balanced diet.

The function of fruit pigments

As shown in Fig. 1, according to their chemical struc-
tures, flavonoids, carotenoids, betalaines, and chloro-
phylls are known as the four major pigments in the fleshy
fruit kingdom, which cause a variety of fruit colors. In the
visible light region, these pigments have a specific reflec-
tion spectrum, and the wavelength determines the color
of the reflected light. For instance, green pigments such
as chlorophyll reflect the green part of the spectrum but
also absorb longer wavelengths of red and yellow, and
shorter wavelengths of blue.

Flavonoids

Flavonoids, a class of secondary metabolites, are phe-
nolic compounds that exhibit a wide range of colors,
varying from pale yellow to blue (Tanaka et al. 2008). In
terms of chemical composition, flavonoids have a fun-
damental framework consisting of three interlinked
rings (C6-C3-C6) (Geissman and Hinreiner 1952; Xu
et al. 2024). These compounds can be categorized into
seven primary subclasses, namely anthocyanidins, chal-
cones, flavanols, flavonols, flavanones, flavanols, and
isoflavones, based on their distinctive structural varia-
tions (Shen et al. 2022b; Veitch and Grayer 2008) (Fig. 1).
Among of these compounds, anthocyanidins are the
most widely distributed flavonoids in the plant kingdom,
commonly used as natural food colorants and can confer
red, purple, and blue colors to fruits.

Anthocyanins are rich in nutrients and possess exten-
sive medicinal value, such as antioxidant, anticancer,
improve visual acuity, modulate the intestinal microbi-
ota, antibacterial and anti-inflammatory, and other ben-
eficial biological activities (Yousuf et al. 2016). Previous
research reported the impact of blackcurrant anthocya-
nins on endothelial function in young smokers revealed
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that the administration of a supplement containing
50 mg of blackcurrant anthocyanins alongside vitamin E
exhibited the potential to alleviate the acute endothelial
dysfunction caused by smoking (Tomisawa et al. 2019).
In another study, it was discovered that 12-week supple-
mentation with 80 mg/day or more of anthocyanins can
reduce platelet function in individuals with dyslipidemia
to reduce the morbidity of thrombosis (Tian et al. 2021).
Recently, it was evaluated that the efficacy of anthocya-
nins in mitigating the risk of chronic diseases resulting
from glycation and inflammation (Gao et al. 2023). The
research mentioned above found that these bioactive
compounds demonstrated considerable anti-glycation
and anti-inflammatory activities. Hence, anthocyanins
hold significant potential as health-promoting phyto-
chemicals that can effectively mitigate the development
of such ailments. Their impact on cardiovascular health
and lung function has been extensively documented in
various research studies (Cassidy et al. 2016; Liu et al.
2023b). Although we have known the beneficial effects
of anthocyanins, a large number of animal and clinical
studies are still in progress to explore its best curative
mechanism.

On one hand, anthocyanins can be used as functional
dietary antioxidants and are beneficial to human health
(Choudhary et al. 2023). On the other hand, they can
be used as natural colorants in the food, cosmetics, and
the pharmaceutical industries. A study proposed that
a health-enhancing food with abundant anthocyanins
could improve vascular health (Fairlie-Jones et al. 2017).
Furthermore, the pH-responsive color-changing prop-
erties of anthocyanins make them extremely valuable in
the development of intelligent and active food packaging
with color indicator capabilities (Roy and Rhim 2021).
This distinctive feature enables anthocyanins to undergo
color transformation in response to variations in the pH
level of the food or its surrounding environment, thereby
offering visual cues for assessing freshness, spoilage, and
other quality parameters. Thus, by integrating anthocya-
nins into food packaging materials, manufacturers can
create innovative packaging solutions that effectively
enhance food safety, extend shelf life, and improve the
overall consumer experience (Roy and Rhim 2021; Wang
et al. 2023b).

Carotenoids

Carotenoids are a kind of natural tetraterpene pig-
ments, which are responsible for colors ranging from
yellow through orange to red due to the system of con-
jugated double bonds (Cesarino 2022). Typically, carot-
enoids have a 40-carbon chain backbone composed of
eight isoprene molecules (Britton 1995). There are over
1,100 known carotenoids belonging to two main groups,
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xanthophylls and carotenes, which differ only in their
oxygen content (Yan et al. 2024). Meanwhile, other kinds
of carotenoids are found in daily diets, such as lycopene,
B-cryptoxanthin, and zeaxanthin.

Xanthophyll is a bioactive carotenoid known as hydro-
carbons and found in orange and yellow fruits, such as
orange, lemon, mango. Xanthophyll possesses antioxi-
dant, anti-inflammatory, and immunity-boosting prop-
erties and other benefits, among which the protection
of the retina is the most prominent (Sharma et al. 2024).
For instance, a research succinctly outlined the selec-
tive accumulation of zeaxanthin, lutein, and xantho-
phylls within the macula, providing protection against
age-related macular degeneration (Thomas and Harri-
son 2016). Subsequently, it is reported that xanthophylls
effectively safeguard visual functions against the deleteri-
ous effects of blue light, singlet oxygen, and triplet pho-
tosensitizers (Skibsted 2018). Nevertheless, there exists a
measure of apprehension surrounding the possibility that
higher dosages of xanthophylls may be associated with an
augmented susceptibility to skin cancer and gastric ade-
nocarcinoma (Aziz et al. 2020).

Another major carotenoid is carotene, which is lipid-
soluble and insoluble in water and can be made up of a,
B, v, 8, &, and (-carotene. Lycopene, a type of carotene,
generally exists in red fruit. The antioxidant activities
of lycopene and its scavenging effect on lipid peroxides,
nitric oxide, and reactive oxygen species are due to it
containing eleven conjugated double bonds (Tripathi
et al. 2024; Breemen and Pajkovic 2008). A growing body
of research has consistently highlighted the potential
benefits of lycopene in mitigating chronic diseases, such
as certain types of cancers and coronary heart disease (Li
et al. 2024). Previous investigation identified that lyco-
pene effectively suppressed lipid accumulation in palmi-
tate-treated HepG2 hepatocytes cell lines by upregulating
PPARa expression and ameliorating mitochondrial func-
tion (Wang et al. 2020). Furthermore, a randomized
clinical trial conducted demonstrated that lycopene sup-
plementation enhanced endothelial function and reduced
triglyceride levels in patients with ischemic heart failure
with reduced ejection fraction (HFrEF) (Karimian et al.
2022).

Carotenoids, especially lycopene, are emerging as a
kind of valued antioxidant, with multiple applications
as a nutritional supplement and an active ingredient in
cosmetic products (Guerra et al. 2021). Meanwhile, as a
natural coloring compound, it can replace food colorants
to avoid harmful effects (Prihastyanti et al. 2021). Nota-
bly, carotenoids undergo enzyme-catalyzed oxidative
cleavage reactions and non-enzymatic degradation pro-
cesses, resulting in the production of different carbonyl
products referred to as apocarotenoids (Hou et al. 2016;
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Sun et al. 2022). Some apocarotenoid pigments, such as
crocins, picrocrocin and bixin, are extensively utilized as
colorants and additives in the food and pharmaceutical
industries (Zheng et al. 2021). Additionally, it is reported
that the engineered tomatoes (engineering high levels of
saffron apocarotenoids in tomato) exhibited higher anti-
oxidant capacity and were able to protect against neuro-
logical disorders (Ahrazem et al. 2022).

Betalaines

Betacyanins are responsible for the red pigmentation in
fruits, such as red dragon fruit (Tarte et al. 2023). Based
on their chemical structure and light-absorption prop-
erties, betalains, which consist of the subgroups yellow
betaxanthins and red-violet betacyanins. It has color
effect on plants, helps plants adapt to adversity, and also
plays an important role in osmotic adjustment. In addi-
tion, betaine can not only be used as a colorant for food
and medicine, but also has medicinal effects due to its
great antioxidant capacity. A comparative study on the
intestinal effects of red beetroot consumption reported
that betacyanins correlate positively with Bifidobacte-
rium and Coprococcus, and inversely with Ruminococcus,
this result emphasized the potential benefit of betacya-
nins on intestinal health (Wang et al. 2023a). Transgenic
tomato fruits overexpressing betacyanin biosynthesis
gene, CYP76ADI1, showed better anti-inflammatory
activity than wild-type fruits (Saito et al. 2023). Addition-
ally, betacyanins proved to be a strong inhibitor in the
growth of tumor cell lines, such lung, stomach, breast,
colon, and other tumor cells. Betacyanins show a strong
effect on inhibiting the growth of tumor cell lines, such
as lung, stomach, breast, colon, and other tumor cells
(Fernandez-Lopez et al. 2020). Owing to special pig-
ment characteristics, betacyanins can be used as yogurt
colorant (CaldasCueva et al. 2016) and intelligent pack-
aging (Naghdi et al. 2021). Although some progress has
been made in the medical value of betacyanins, no broad
and consistent conclusions have been reached, so further
research is needed.

Chlorophylls

Chlorophyll is the natural compound that accounts for
the green color present in the colorful fruit kingdom.
Chlorophyll can be of two major types: chlorophyll a and
chlorophyll b (Tanaka and Tanaka 2006). According to
their chemical structures, the only difference between
the two groups of chlorophyll is that chlorophyll a con-
tains a methyl group, whereas chlorophyll b contains a
formyl group. Apart from the above, chlorophyll ¢, d, e
also exists in the plant kingdom. The most widely distrib-
uted form in terrestrial plants is chlorophyll a, followed
by chlorophyll b, while chlorophyll ¢, d, and e are found
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exclusively in certain microalgae, algae and several pho-
tosynthetic bacteria.

Chlorophyll is not only essential to plant life, but also
beneficial to human health. The major functions of chlo-
rophyll include cleaning the intestines, healing the skin,
preventing cancer, aiding weight loss, and stimulating
the immune system. Previous research has elucidated
that the inherent presence of chlorophyll in green veg-
etables could effectively function as a shield, safeguard-
ing against the adverse, cytotoxic, and hyperproliferative
repercussions on the colon posed by dietary haem (de
Vogel et al. 2005). Moreover, a study undertook the eco-
friendly synthesis of chlorophyll-functionalized carbon
quantum dots (Chl-CQDs) via a hydrothermal process
utilizing banana leaves. Their findings suggested these
Chl-CQDs signified considerable therapeutic potential
against neoplastic cells, whilst seemingly demonstrating
no cytotoxicity towards normal cells (Alam et al. 2022).
Additionally, due to their strong fluorescence signals
coupled with low toxicity, chlorophyll derivatives serve
as effective fluorescent tags for biological imaging (Li
et al. 2017). On one hand, chlorophyll serves as an intrin-
sic natural chromophore, while also being incorporated
into chewing gum for its deodorizing attributes. Deriva-
tives of chlorophyll find widespread application as phar-
maceutical constituents, effectively safeguarding human
well-being.

The utilization of natural pigments in the food indus-
try presents various challenges. These challenges include
issues related to stability, production and extraction
costs, sourcing and sustainability, food safety and regu-
latory compliance, consistency and stability in differ-
ent food systems, sensory characteristics, and consumer
acceptance of pigmented foods. To promote the wide-
spread application of natural pigments in the food indus-
try, further research and technological advancements are
needed to address these challenges effectively.

Biosynthesis

Biosynthesis of anthocyanins

Flavonoids are the largest group of polyphenols. For
plants, we summarize the flavonoid biosynthetic path-
way in Fig. 2. The biosynthesis of flavonoid compounds
is a complex process, with its metabolic pathways being
governed by a chain of pivotal enzymes such as chal-
cone synthase (CHS), chalcone isomerase (CHI), and
isoflavone synthase (FLS) (Holton and Cornish 1995;
Shen et al. 2022b). The expression of essential enzyme
genes within metabolic pathways exhibits a strong
correlation with the levels of their corresponding syn-
thesized metabolites. Using tomatoes as a model, the
introduction of three foreign genes (Delila and Roseal
genes from the Antirrhinum majus, and MYB12 gene
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from Arabidopsis) into wild-type tomatoes can effec-
tively activate flavonol biosynthesis, resulting in the
purple pigmentation of tomato fruits due to increased
anthocyanin content (Butelli et al. 2008). Purple toma-
toes have a longer shelf life and offer more health ben-
efits compared to regular tomatoes. Rice is one of the
most important food crops. In addition to increasing
rice yield and developing new varieties that can combat
harsh environments, scientists are particularly keen on
making rice more nutritious. A research team designed
genes associated with anthocyanin biosynthesis in
rice endosperm and employed an efficient TransGene
Stacking II (TGS II) vector toolkit for plant multigene
stacking. They successfully produced a transgenic rice
variety named ‘Purple Endosperm Rice, which accumu-
lates abundant anthocyanins in the endosperm (Zhu
et al. 2017).

Biosynthesis of carotenoids

As shown in Fig. 3, there are two biosynthetic pathways
of carotenoids in plants: the cytosolic mevalonate (MVA)
and plastidial 2-C-methyl-p-erythritol-4-phosphate
(MEP) pathways, both of which produce the precur-
sors for the biosynthesis of carotenoids, C5 isopente-
nyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) (Zhu et al. 2022). Also, GGPP generates the
first carotenoid substance, 15-cis-phytoene, which is then
transformed into other carotenoids through dehydroge-
nation, cyclization, hydroxylation, and epoxidation (Lu
and Li 2008). This serves as a critical cornerstone upon
which the diversity of carotenogenesis is built, manifest-
ing itself in the vibrant spectrum of pigments integral to
plant biology and nutrition science (Yonekura-Sakakibara
et al. 2019). A previous study demonstrated the sig-
nificant enhancement of B-carotene content in a novel
genetically modified Golden rice developed by Syngenta
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(Paine et al. 2005). The Golden rice variant exhibits a
[-carotene content approximately 23 times higher (maxi-
mum 37 pg/g) than that of regular rice and has been
primarily engineered to combat vitamin A deficiency.
Astaxanthin, a high-level carotenoid product, possessing
vibrant orange color and potent free radical scavenging
capabilities, manifests anti-aging and cardiovascular dis-
ease prevention properties. The research team devised
a de novo astaxanthin biosynthesis pathway within the
endosperm of rice and successfully generated the first
transgenic ‘Astaxanthin Rice’ capable of synthesizing
astaxanthin (Zhu et al. 2018). For comparative analy-
sis, the investigators also constructed vectors encompass-
ing the genes sZmPSY and sPaCrtl, as well as four genes
encoding sZmPSY1, sPaCrtl, sCrBKT and sHpBHY,
respectively, resulting in the production of B-carotene-
enriched Golden Rice and canthaxanthin-enriched Rice.

Biosynthesis of betalaines

Unlike flavonoids and carotenoids, which are ubiquitous
in most plants, betalaines only exist in some core species
of Caryophyllales. Therefore, the biosynthetic pathways
of betalains and the enzymes and genes involved in the
pathway are much less reported than those of flavonoids
and carotenoids. The biosynthesis process of betalains,
predicated to use tyrosine as the substrate, encompasses a

multitude of steps involving both enzymatically catalyzed
reactions and spontaneous chemical transformations
(Gandfa-Herrero and Garcia-Carmona 2013) (Fig. 4). To
address the environmental pollution and health concerns
caused by the extensive use of chemical dyes in cotton
textile processing, genetic engineering offers a promising
solution by creating various colored cotton fiber types.
However, the current-colored cotton varieties, mainly
brown and green, have limited color diversity and fail
to meet the diverse and vibrant demands of consumers.
Recently, Ge et al. (2022) applied a remarkable approach
to fabricate naturally pink-hued fiber using several key
genes, CYP76ADI1, DODA, and GT, coming from Beta
vulgaris, necessary for betalain biosynthesis. Sublime
achievements were made without jeopardizing the yield
or quality of the cotton, thus offering an ecologically
sustainable and health-beneficial substitute to artificial
dyes for the production of chromatic cotton fibers. The
discovery pioneers an innovative pathway in sustainable
manufacturing, emphasizing the profound implications
of plant biotechnology in the textile industry.

Biosynthesis of chlorophylls

A variety of chlorophyll types exist, including chloro-
phylls a, b, ¢, and d, as well as bacterial chlorophyll,
among others. In higher plants, chlorophyll a and b are
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the primary forms of chlorophyll involved in food-related
processes. The structural hallmark common to all chloro-
phyll types is the presence of porphyrin rings consisting
of four pyrrole units, each bound to a central magnesium
atom. Over the past decade, significant progress has been
made in identifying the genes responsible for encod-
ing nearly all the enzymes involved in plant chlorophyll
biosynthesis, and comprehensive characterization of

Natural pink cotton fibre

their enzymatic activities has been achieved (Shen et al.
2022a). Figure 5 illustrates the biosynthetic pathway of
chlorophyll is completed by a series of enzymatic reac-
tions (Beale 2005). First, the §-aminolevulinic acid (ALA)
is utilized as a precursor for the biosynthesis of protopor-
phyrin IX (Proto IX). The author mentioned that Proto
IX is a common precursor to form chlorophyll, heme,
and their derivatives. It combines iron to form heme
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and magnesium to generate magnesium protoporphyrin.
The magnesium protoporphyrin receives another methyl
group, and after cyclization, it becomes protochloro-
phyll a (PChlide a), which is also called protochlorophyll.
The latter forms chlorophyll a through photoreduction,
esterification and other steps. In addition to chlorophyll
a, chlorophyllide a can serve as a substrate for the biosyn-
thesis of chlorophyll b, chlorophyll d, and chlorophyll £.

Metabolic engineering

Metabolic engineering uses recombinant DNA technol-
ogy, gene and genome editing, and other technologies
to modify the metabolic pathway of microbes or plants
and other organisms in a targeted way to efficiently
synthesize target products (Kim et al. 2023; Zhao et al.
2023). Host cells (also known as chassis cells), including
microbial cells, plant cells, and animal cells, are impor-
tant biological systems for metabolic engineering-related
research (Fig. 6). Especially for biological manufacturing,
different types of host cells are suitable to produce differ-
ent molecules.

At present, microbial cells such as Escherichia coli and
Saccharomyces cerevisiae are the main host cells. They
are used widely in metabolic engineering because of
their simple metabolite profiles and remarkable yield effi-
ciency. For example, various studies supported engineer-
ing Escherichia coli for the production of pigments, such
as (2S)-hesperetin, licoflavanone and chlorophyll, which
are widely applied in food, chemical and pharmaceuti-
cal industries (Chen et al. 2018; Liu et al. 2023a; Zhang
et al. 2024a). Meanwhile, previous studies also reported
that the metabolic engineering for efficient anthocya-
nins, flavonoid xanthohumol and violaxanthin produc-
tion in yeast (Mei et al. 2024; Wang et al. 2024; Yang et al.
2024a). Apart from the above, with the development of
gene editing technology such as CRISPR/CAS system
(Ma et al. 2023; Ren et al. 2023), more and more micro-
bial cells such as Corynebacterium glutamicum, Bacil-
lus subtilis, filamentous fungi, and non-traditional yeast
have been widely used, effectively expanding the scope
of host for metabolic engineering-related research (Tang
et al. 2024). For example, earlier work successfully engi-
neered the anthocyanin biosynthesis pathways using
both CRISPR/Cas9 and CRISPRa systems in pear (Ma
et al. 2023; Ming et al. 2022). Other studies reported that
Corynebacterium glutamicum can be utilized as a plat-
form to produce carotenoids and amino acids (Henke
et al. 2018; Sumi et al. 2019). Furthermore, the highest
lycopene content (21.08 pg/g FW) in tomato fruits with
Bacillus subtilis was observed, indicating that Bacil-
lus subtilis is a versatile bacterium beneficial to enhance
antioxidant activity (Chandrasekaran et al. 2019).

Page 12 of 19

Metabolic engineering based on plants is also in a phase
of vigorous development. Compared with microbes,
plants have natural advantages such as high safety, good
enzyme adaptability and potential for industrial produc-
tion. Tobacco is widely used as a plant chassis due to
its rich secondary metabolites and good tolerance and
transport ability to some metabolites. A study unveiled
that the expression of key enzymes in the flavonoid path-
way was significantly increased by co-overexpressing
AtMYBI2 and GmIFS]I in tobacco, leading to the synthe-
sis of approximately 0.05 mg/g of genistein in the fresh
tissues (Pandey et al. 2014). Furthermore, Li et al. (2019a)
demonstrated that their engineered plants produced tax-
adiene and taxadiene-5a-ol, both of which are commit-
ted taxol intermediates, at the concentration of 56.6 pug/g
FW and 1.3 ug/g FW, respectively. The recent availability
of the full gene repertoire involved in the biosynthesis of
the heptasaccharide triterpene glycoside bridgehead QS
saponins and QS-7 has opened new avenues for future
endeavors, aiming to enhance production in heterolo-
gous expression systems towards achieving commercially
viable yields (Reed et al. 2023). These studies underpin
the untapped potential of Nicotiana species as alternative
platforms for metabolite production. Beyond N. bentha-
miana, there are other viable plant chassis that have been
reported for metabolite production, including tomato (Li
et al. 2022), potato (Liu et al. 2017), eggplant (Mishiba
et al. 2020), petunia (Oliva et al. 2015), corn (Alameldin
et al. 2017), and the increasingly promising poplar (Mot-
tiar et al. 2023) (Fig. 6).

More and more successful cases of engineered fruits
with vibrant colors and enhanced health benefits have
been reported. For instance, the purple tomato, gener-
ated by expressing two transcription factors from snap-
dragon in tomato, was recently approved by the Food
and Drug Administration (FDA) in the USA. The pur-
ple tomato accumulates more anthocyanins, which not
only enhance its nutritional value but also exhibit potent
antioxidant activity. Furthermore, it is confirmed that
introducing four endogenous synthetic genes, SILCYE,
SILCYB, SIHYDB, and SIHYDE under fruit-specific pro-
moters can achieve lutein/zeaxanthin biosynthesis in
tomato fruit (Wu et al. 2022b). In apple fruit, it is identi-
fied that using the apple transcription factor MYB10 can
raise the polyphenolic content by metabolic engineering
of the anthocyanin pathway (Espley et al. 2013). In straw-
berry fruit, allelic variation of MYB10 is the major fac-
tor controlling natural variation in flesh color (Castillejo
et al. 2020).

In recent years, with the rapid development of fron-
tier fields, including synthetic biology, genome editing,
deep machine learning and automation technology, the
field of metabolic engineering has been further pushed
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to an unprecedented level. A study provides a system-
atic overview of the remarkable contributions made by
machine learning approaches (Kim et al. 2020). Within
the domain of systems metabolic engineering, it is cru-
cial to recognize and appreciate the indispensable role
played by machine learning methodologies, as they have
proven to be highly effective at every pivotal stage. The
advent of machine learning has indubitably revolution-
ized the field, permeating and augmenting the efforts
spanning across every pivotal facet of this discipline.
From elucidating metabolic networks to optimizing met-
abolic pathways and from predicting metabolic behaviors
to designing novel enzyme functions, machine learning
techniques have unraveled unprecedented opportuni-
ties for exploring and manipulating cellular metabolism.
Additionally, several small-scale microorganism fer-
mentation techniques, in conjunction with automation,
have enhanced the throughput of enzyme and strain
phenotyping experiments (Raj et al. 2021). In fact, plant
metabolic engineering has made significant progress in
various aspects, including enhancing plant disease resist-
ance, improving yield and quality, synthesizing pharma-
ceuticals and chemicals, and enhancing nutritional value.
These achievements have made important contribu-
tions to food security, drug production and sustainable
development. However, exploring the impact of pigment
composition and concentration on the bioactivity of
derivative metabolites remains a significant challenge
that promises substantial medical implications. With
regard to methodological tools, especially gene editing
and enzymatic engineering, there clearly exists a persis-
tent demand for their enhanced precision and evolution
(Zhao et al. 2022).

Conclusions and future prospects

Colorful fruits evoke a range of sensory experiences,
from passionate reds to warm oranges, fresh greens to
pure whites, and mysterious blue-blacks. The color of
fruits depends on the variety and content of pigments,
which are natural bioactive substances with nutritional
value and potential pharmacological effects. Notably,
phytochemicals have been the subject of numerous stud-
ies exploring approaches to modify pigment metabo-
lism for nutritional or industrial enhancement of fruits
through metabolic engineering. However, a comprehen-
sive understanding of the mechanisms underlying these
effects remains elusive. In this review, we systematically
summarize the main pigment types contained in five
kinds of fleshy fruits with different colors, functions,
applications, biosynthetic pathways, and metabolic engi-
neering, providing a reference for the biosynthesis of
natural pigments and the terms of industrial and medical
applications.
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Fruits often contain multiple types of pigments simul-
taneously, and each pigment type can consist of diverse
chemical compounds with varying structures. The type
and quantity of pigments in fruits contribute to their dis-
tinct colors. It is noteworthy that white fruits are often
devoid of pigments or contain only a trace amount of pig-
ments, rendering them imperceptible to the human eye.
Numerous in vitro and in vivo studies have demonstrated
the health-promoting efficacy of natural pigments. For
instance, the ingestion of red fruits has been associated
with cardiovascular and cerebrovascular protection,
while orange/yellow fruits are purported to benefit eye
and skin health. Green fruits have been linked to liver
health and nerve protection, and white fruits have been
linked to bone and cardiovascular health. Additionally,
blue-black fruits have been suggested to contribute to
eyesight preservation and prevention of senile dementia.
Despite the increasing body of knowledge on the diverse
functions of pigments, further clinical experimental stud-
ies are warranted to establish the optimal dosages, effi-
cacy, and bioavailability of these compounds. Moreover,
the utilization of metabolic engineering techniques for
the generation of novel and health-promoting pigment
compounds requires further research.

Due to the presence of different types of pigments,
fruits of the same species, such as pitaya, strawberry,
and mulberry, can exhibit varying flesh colors. In the
case of pitaya, the red-fleshed variety contains betacya-
nin pigments, which contribute to its distinctive color,
while the white-fleshed variety lacks these pigments. In
the market, red-fleshed pitaya often commands a higher
price compared to white-fleshed pitaya. This price dif-
ference can be attributed to several factors. Firstly, red-
fleshed pitaya is believed to contain a richer profile of
nutrients, including antioxidants, vitamins, and dietary
fiber, which contribute to its perceived higher quality and
nutritional value, justifying the premium price. Secondly,
the vibrant color of red-fleshed pitaya may be associated
with superior quality and visual appeal, thus enhancing
its market positioning and consumer desirability. Addi-
tionally, the limited availability of red-fleshed pitaya in
the market, possibly due to lower production or inade-
quate supply, can further drive up its price. Lastly, con-
sumer preferences for taste, flavor, or visual appearance
may also influence their willingness to pay a higher price
for red-fleshed pitaya. Nevertheless, to fully understand
the impact of fruit color on price and market positioning,
further rigorous research is warranted.

Abbreviations

4CL 4-Coumarate CoA ligase
C4H Cinnamic acid 4-hydroxylase
CAO Chlorophyllide a oxygenase
CHLG Chlorophyll synthase

CHI Chalcone isomerase



Hu et al. Molecular Horticulture (2025) 5:19
CHS Chalcone synthase

CHYB {3-Carotene hydroxylase

CRTISO  Carotenoid isomerase

CYP Cytochrome P450 enzymes

DMAPP  Dimethylallyl diphosphate

DVR Divinyl reductase

F3H Flavanone 3-hydroxylase

F3'H Flavanoid 3'-hydroxylase

F3'5'H Flavanone 3',5"-hydroxylase

FLS Flavonol synthase

FNS Flavone synthase

GGPP Geranylgeranyl diphosphate

GGPPS  GGPP synthase

GSA Glutamatel-semialdehyde minotransferse
HEMA Glutamy tRNA reductase

HEMB 5-Aminolevulinate dehydratase

HEMC Hydroxymethylbilane synthase

HEMD Uroporphyrinogenlll synthase

HEME Uroporphyrinogenlll decarboxylase
HEMF Coproporphyrinogen oxidative decarboxylase
HEMG Protoporphyrinogen oxidase

HID 2-Hydroxyisoflavanone dehydratase

IFS Isoflavone synthase

IPI Isopentenyl diphosphate isomerase

IPP Isopentenyl diphosphate

LAR Leucoanthocyanidin reductase

LCYB Lycopene B-cyclase
LCYE Lycopene e-cyclase

LDOX Leucoanthocyanidin dioxygenase

NXS Neoxanthin synthase

PAL Phenylalanine ammonia-lyase

PDS Phytoene desaturase

PSY Phytoene synthase

UFGT UDP-glucose flavonoid 3-O-glucosyltransferase
ZDS (-Carotene desaturase

ZEP Zeaxanthin epoxidase

Z-1S0 (-Carotene isomerase

Acknowledgements
The authors express gratitude to colleagues and collaborators for their contri-
butions to the work.

Authors’ contributions
PL., RX and H.H. conceived and designed this review article. H.H. wrote the
manuscript, N.P, J.X, RX. and PL. assisted in revising the article.

Funding

This work was partially supported by the Department Start-up fund of Hong
Kong Baptist University (BIOL-22-23-01), Hong Kong Research Grants Coun-

cil Early Career Scheme (22100923), the NSFC/RGC Joint Research Scheme
(N_HKBU201/23), Hong Kong Baptist University, Research Committee, Initiation
Grant—Faculty Niche Research Areas (IG-FNRA) 2022/23 (RC-FNRA-IG /22-23/
SCI/01) and Innovation and Technology Fund of Innovation Technology Commis-
sion: Funding Support to State Key Laboratory of Agrobiotechnology to PL, and
Postgraduate Short-term Visiting Fellowship from South China Agricultural Uni-
versity to HH. Any opinions, findings, conclusions, or recommendations expressed
in this publication do not reflect the views of the Government of the Hong Kong
Special Administrative Region or the Innovation and Technology Commission.

Data availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have read and given their approval to the final version of the
manuscript.

Page 15 0of 19

Competing interests

Prof. Rui Xia is a member of the editorial board of Molecular Horticulture. He
did not participate in the review and related decisions of this manuscript. The
other authors declare that they have no competing interests.

Received: 30 August 2024 Accepted: 29 December 2024
Published online: 02 April 2025

References

Abedi-Firoozjah R, Parandi E, Heydari M, Kolahdouz-Nasiri A, Bahraminejad M,
Mohammadi R, et al. Betalains as promising natural colorants in smart/
active food packaging. Food Chem. 2023;424:136408. https://doi.org/
10.1016/j.foodchem.2023.136408.

Ahlberg MK. An update of Ahlberg (2021a): a profound explanation of why
eating green (wild) edible plants promote health and longevity. Food
Front. 2022;3(3):366-79. https://doi.org/10.1002/fft2.148.

Ahrazem O, Diretto G, Rambla JL, Rubio-Moraga A, Lobato-Gémez M, Frus-
ciante S, et al. Engineering high levels of saffron apocarotenoids in
tomato. Hortic Res. 2022;9:uhac074. https://doi.org/10.1093/hr/uhac0
74.

Alam MB, Minocha T, Yadav SK, Parmar AS. Therapeutic potential of chloro-
phyll functionalized carbon quantum dots against cervical cancer.
ChemistrySelect. 2022;7(48):e202204562. https://doi.org/10.1002/slct.
202204562.

Alameldin H, Izadi-Darbandi A, Smith SA, Balan V, Jones AD, EbruOrhun G, et al.
Metabolic engineering to increase the corn seed storage lipid quantity
and change its compositional quality. Crop Sci. 2017;57(4):1854-64.
https://doi.org/10.2135/cropsci2016.06.0513.

Allister EM, Mulvihill EE, Barrett PHR, Edwards JY, Carter LP, Huff MW. Inhibi-
tion of apoB secretion from HepG2 cells by insulin is amplified
by naringenin, independent of the insulin receptor *. J Lipid Res.
2008;49(10):2218-29. https://doi.org/10.1194/jIrM800297-JLR200.

Aziz E, Batool R, Akhtar W, Rehman S, Shahzad T, Malik A, et al. Xanthophyl:
health benefits and therapeutic insights. Life Sci. 2020;240:117104.
https://doi.org/10.1016/j.fs.2019.117104.

Bazié D, Konaté K, Kaboré K, Dakuyo R, Sanou A, Sama H, et al. Nutraceutical
potential of the pulp of five cultivars of watermelon [Citrullus lanatus
(Thunb.) Matsum. & Nakai] grown in Burkina Faso. Int J Food Prop.
2022;25(1):1848-61. https://doi.org/10.1080/10942912.2022.2111441.

Beale SI. Green genes gleaned. Trends Plant Sci. 2005;10(7):309-12. https://doi.
0rg/10.1016/j.tplants.2005.05.005.

Bhandari SR, Cho M-C, Lee JG. Genotypic variation in carotenoid, ascorbic
acid, total phenolic, and flavonoid contents, and antioxidant activ-
ity in selected tomato breeding lines. Hortic Environ Biotechnol.
2016;57(5):440-52. https://doi.org/10.1007/513580-016-0144-3.

Blejan AM, NourV, Pacularu-Burada B, Popescu SM. Wild bilberry, blackcurrant,
and blackberry by-products as a source of nutritional and bioactive
compounds. Int J Food Prop. 2023;26(1):1579-95. https://doi.org/10.
1080/10942912.2023.2224530.

Britton G. Structure and properties of carotenoids in relation to function.
FASEB J. 1995;9(15):1551-8. https://doi.org/10.1096/fasebj.9.15.8529834.

Burri BJ. Beta-cryptoxanthin as a source of vitamin A. J Sci Food Agric.
2015;95(9):1786-94. https://doi.org/10.1002/jsfa.6942.

Butelli E, Titta L, Giorgio M, Mock H-P, Matros A, Peterek S, et al. Enrichment
of tomato fruit with health-promoting anthocyanins by expression of
select transcription factors. Nat Biotechnol. 2008;26(11):1301-8. https://
doi.org/10.1038/nbt.1506.

CaldasCueva JP, Morales P, Ludena F, Betalleluz-Pallardel I, Chirinos R, Noratto
G, et al. Stability of betacyanin pigments and antioxidants in ayrampo
(Opuntia soehrensii britton and rose) seed extracts and as a yogurt
natural colorant. J Food Process Preserv. 2016;40(3):541-9. https://doi.
0rg/10.1111/jfpp.12633.

Cao X, SuY, ZhaoT, Zhang Y, Cheng B, Xie K, et al. Multi-omics analysis unravels
chemical roadmap and genetic basis for peach fruit aroma improve-
ment. Cell Rep. 2024;43(8):114623. https://doi.org/10.1016/j.celrep.
2024.114623.

Cassidy A, Bertoia M, Chiuve S, Flint A, Forman J, Rimm EB. Habitual intake of
anthocyanins and flavanones and risk of cardiovascular disease in men.


https://doi.org/10.1016/j.foodchem.2023.136408
https://doi.org/10.1016/j.foodchem.2023.136408
https://doi.org/10.1002/fft2.148
https://doi.org/10.1093/hr/uhac074
https://doi.org/10.1093/hr/uhac074
https://doi.org/10.1002/slct.202204562
https://doi.org/10.1002/slct.202204562
https://doi.org/10.2135/cropsci2016.06.0513
https://doi.org/10.1194/jlr.M800297-JLR200
https://doi.org/10.1016/j.lfs.2019.117104
https://doi.org/10.1080/10942912.2022.2111441
https://doi.org/10.1016/j.tplants.2005.05.005
https://doi.org/10.1016/j.tplants.2005.05.005
https://doi.org/10.1007/s13580-016-0144-3
https://doi.org/10.1080/10942912.2023.2224530
https://doi.org/10.1080/10942912.2023.2224530
https://doi.org/10.1096/fasebj.9.15.8529834
https://doi.org/10.1002/jsfa.6942
https://doi.org/10.1038/nbt.1506
https://doi.org/10.1038/nbt.1506
https://doi.org/10.1111/jfpp.12633
https://doi.org/10.1111/jfpp.12633
https://doi.org/10.1016/j.celrep.2024.114623
https://doi.org/10.1016/j.celrep.2024.114623

Hu et al. Molecular Horticulture (2025) 5:19

Am J Clin Nutr. 2016;104(3):587-94. https://doi.org/10.3945/ajcn.116.
133132,

Castillejo C, Waurich V, Wagner H, Ramos R, Oiza N, Mufioz P, et al. Allelic
variation of MYB10 is the major force controlling natural variation
in skin and flesh color in strawberry (Fragaria spp.) fruit. Plant Cell.
2020;32(12):3723-49. https://doi.org/10.1105/tpc.20.00474.

Cesarino I. Going red but not mad: efficient astaxanthin production in tobacco
without yield penalty. Plant Physiol. 2022;188(1):35-7. https://doi.org/
10.1093/plphys/kiab482.

Chandra RD, Prihastyanti MNU, Lukitasari DM. Effects of pH, high pressure
processing, and ultraviolet light on carotenoids, chlorophylls, and
anthocyanins of fresh fruit and vegetable juices. eFood. 2021;2(3):113—
24. https://doi.org/10.2991/efood .k.210630.001.

Chandrasekaran M, Chun SC, Oh JW, Paramasivan M, Saini RK, Sahayarayan JJ.
Bacillus subtilis CBROS for tomato (Solanum lycopersicum) fruits in south
korea as a novel plant probiotic bacterium (PPB): Implications from total
phenolics, flavonoids, and carotenoids content for fruit quality. Agron J.
2019;9(12):838. https://doi.org/10.3390/agronomy9120838.

Chen GE, Canniffe DP, Barnett SFH, Hollingshead S, Brindley AA, Vasilev C, et al.
Complete enzyme set for chlorophyll biosynthesis in Escherichia coli. Sci
Adv. 2018:4(1):eaaq1407. https://doi.org/10.1126/sciadv.aaq1407.

Chen Z, Zhong B, Barrow CJ, Dunshea FR, Suleria HAR. Identification of phe-
nolic compounds in Australian grown dragon fruits by LC-ESI-QTOF-
MS/MS and determination of their antioxidant potential. Arabian J
Chem. 2021;14(6):103151. https://doi.org/10.1016/j.arabjc.2021.103151.

Choudhary R, Singh A, Upadhyay A, Singh R, Thangalakshmi S, Dar AH, et al.
Exotic god fruit, persimmon (Diospyros kaki): Pharmacological impor-
tance and human health aspects. eFood. 2023;4(1):e52. https://doi.org/
10.1002/efd2.52.

da Silva FL, Escribano-Bailén MT, Alonso JJP, Rivas-Gonzalo JC, Santos-Buelga
C. Anthocyanin pigments in strawberry. LWT-Food Sci Technol.
2007;40(2):374-82. https://doi.org/10.1016/}.lwt.2005.09.018.

Davidson KH, Pillai SS, Nagashima'Y, Singh J, Metrani R, Crosby KM, et al.

Melon (Cucumis melo) fruit-specific monoterpene synthase. Mol Hortic.
2023;3(1):3. https://doi.org/10.1186/543897-023-00051-6.

De La Pefa R, Hodgson H, Liu JC-T, Stephenson MJ, Martin AC, Owen C, et al.
Complex scaffold remodeling in plant triterpene biosynthesis. Science.
2023;379(6630):361-8. https://doi.org/10.1126/science.adf1017.

de Vogel J, Jonker-Termont DS, van Lieshout EM, Katan MB, van der Meer R.
Green vegetables, red meat and colon cancer: chlorophyll prevents the
cytotoxic and hyperproliferative effects of haem in rat colon. Carcinog.
2005;26(2):387-93. https://doi.org/10.1093/carcin/bgh331.

Decker BLA, Filho EDGA, e Silva LMA, RiceliVasconcelos Ribeiro P, Sousa de
Brito E, NarcisoFernandes FA, et al. Ultrasound-assisted extraction of
anthocyanins from grape pomace using acidified water: assessing total
monomeric anthocyanin and specific anthocyanin contents. Food Res
Int. 2024;194:114910. https://doi.org/10.1016/j.foodres.2024.114910.

Dodonova SA, Zhidkova EM, Kryukov AA, Valiev TT, Kirsanov KI, Kulikov EP,
et al. Synephrine and its derivative compound A: Common and specific
biological effects. Int J Mol Sci. 2023;24(24):17537. https://doi.org/10.
3390/ijms242417537.

Dong X, Hu'Y, Li Y, Zhou Z. The maturity degree, phenolic compounds and
antioxidant activity of Eureka lemon [Citrus limon (L.) Burm. f]: a nega-
tive correlation between total phenolic content, antioxidant capacity
and soluble solid content. Sci Hortic. 2019;243:281-9. https://doi.org/
10.1016/j.scienta.2018.08.036.

Dou Z-M, Chen C, Fu X, Liu R-H. A dynamic view on the chemical composition
and bioactive properties of mulberry fruit using an in vitro digestion
and fermentation model. Food Funct. 2022;13(7):4142-57. https://doi.
0rg/10.1039/d1fo03505¢.

Espley RV, Bovy A, Bava C, Jaeger SR, Tomes S, Norling C, et al. Analysis of
genetically modified red-fleshed apples reveals effects on growth and
consumer attributes. Plant Biotechnol J. 2013;11(4):408-19. https://doi.
0rg/10.1111/pbi.12017.

Fairlie-Jones L, Davison K, Fromentin E, Hill AM. The effect of anthocyanin-rich
foods or extracts on vascular function in adults: a systematic review and
meta-analysis of randomised controlled trials. Nutrients. 2017;9(8):908.
https://doi.org/10.3390/nu9080908.

Fernandez-Lopez JA, Fernandez-Lledd V, Angosto JM. New insights into
red plant pigments: More than just natural colorants. RSC Adv.
2020;10(41):24669-82. https://doi.org/10.1039/d0ra03514a.

Page 16 of 19

Forner-Giner MA, Ballestadelos Santos M, Melgarejo P, Martinez-Nicolds JJ,
Melian-Navarro A, Ruiz-Canales A, et al. Fruit quality and primary and
secondary metabolites content in eight varieties of blood oranges.
Agron J. 2023;13(4):1037. https://doi.org/10.3390/agronomy13041037.

Gandia-Herrero F, Garcia-Carmona F. Biosynthesis of betalains: yellow and
violet plant pigments. Trends Plant Sci. 2013;18(6):334-43. https://
doi.org/10.1016/j.tplants.2013.01.003.

Gao Q, Ma R, ShiL, Wang S, Liang Y, Zhang Z. Anti-glycation and anti-inflam-
matory activities of anthocyanins from purple vegetables. Food
Funct. 2023;14(4):2034-44. https://doi.org/10.1039/D2FO036458.

Ge X, Wang P, Wang Y, Wei X, ChenY, Li F. Development of an eco-friendly
pink cotton germplasm by engineering betalain biosynthesis path-
way. Plant Biotechnol J. 2022. https://doi.org/10.1111/pbi.13987.

Gebretsadik K, Qiu X, Dong S, Miao H, Bo K. Molecular research progress
and improvement approach of fruit quality traits in cucumber.

Theor Appl Genet. 2021;134:3535-52. https://doi.org/10.1007/
500122-021-03895-y.

Geissman TA, Hinreiner E. Theories of the biogenesis of flavonoid com-
pounds. Bot Rev. 1952:77-164. https://doi.org/10.1007/BF02960588.

Guerra AS, Hoyos CG, Molina-Ramirez C, Velasquez-Cock J, Vélez L, Ganan P,
et al. Extraction and preservation of lycopene: a review of the advance-
ments offered by the value chain of nanotechnology. Trends Food Sci
Tech. 2021;116:1120-40. https://doi.org/10.1016/j.tifs.2021.09.009.

Guo X, Zhao D, Zhuang M, Wang C, Zhang F. Fertilizer and pesticide reduc-
tion in cherry tomato production to achieve multiple environmental
benefits in Guangxi, China. Sci Total Environ. 2021;793:148527. https.//
doi.org/10.1016/j.scitotenv.2021.148527.

Habibi F, Garcfa-Pastor ME, Puente-Moreno J, Garrido-Aunén F, Serrano M,
Valero D. Anthocyanin in blood oranges: a review on postharvest
approaches for its enhancement and preservation. Crit Rev Food Sci
Nutr. 2023;63(33):12089-101. https://doi.org/10.1080/10408398.2022.
2098250.

Hajare SN, Subramanian M, Gautam S, Sharma A. Induction of apoptosis in
human cancer cells by a Bacillus lipopeptide bacillomycin D. Biochimie.
2013;95(9):1722-31. https://doi.org/10.1016/j.biochi.2013.05.015.

Hao J, GaoY, Xue J,Yang Y, Yin J, Wu T, et al. Phytochemicals, pharmacological
effects and molecular mechanisms of mulberry. Foods. 2022;11(8):1170.
https://doi.org/10.3390/foods11081170.

Henke NA, Wiebe D, Pérez-Garcia F, Peters-Wendisch P, Wendisch VF. Copro-
duction of cell-bound and secreted value-added compounds: simulta-
neous production of carotenoids and amino acids by Corynebacterium
glutamicum. Bioresour Technol. 2018;247:744-52. https://doi.org/10.
1016/j.biortech.2017.09.167.

Higbee J, Solverson P, Zhu M, Carbonero F. The emerging role of dark berry
polyphenols in human health and nutrition. Food Front. 2022;3(1):3-27.
https://doi.org/10.1002/fft2.128.

Holton TA, Cornish EC. Genetics and biochemistry of anthocyanin biosynthe-
sis. Plant Cell. 1995;7(7):1071. https://doi.org/10.1105/tpc.7.7.1071.

Hou X, Rivers J, Ledn P, McQuinn RP, Pogson BJ. Synthesis and function of
apocarotenoid signals in plants. Trends Plant Sci. 2016;21(9):792-803.
https://doi.org/10.1016/j.tplants.2016.06.001.

Hussain SZ, Naseer B, Qadri T, Fatima T, Bhat TA. Litchi (Litchi chinensis): Mor-
phology, taxonomy, composition and health benefits. Compr Rev Food
Sci Food Saf. 2021:181-191. https://doi.org/10.1111/1541-4337.12590.

lkoma Y, Matsumoto H, Kato M. Diversity in the carotenoid profiles and the
expression of genes related to carotenoid accumulation among citrus
genotypes. Breed Sci. 2016;66(1):139-47. https://doi.org/10.1270/jsbbs.
66.139.

Jeong C-H, Choi S-G, Heo HJ. Analysis of nutritional compositions and
antioxidative activities of Korean commercial blueberry and raspberry.
J Korean Soc Food Sci Nutr. 2008;37:1375-81. https://doi.org/10.3746/
jkfn.2008.37.11.1375.

Jin B, Lee J, Kweon S, Cho Y, Choi Y, Lee SJ, et al. Analysis of flesh color-related
carotenoids and development of a CRTISO gene-based DNA marker for
prolycopene accumulation in watermelon. Hortic Environ Biotechnol.
2019;60(3):399-410. https://doi.org/10.1007/513580-019-00139-3.

Karimian B, Soleimani A, Mohammadsharifi G, Heshmat-Ghahdarijani K, Rejali
L, Shafie D, et al. Effect of lycopene supplementation on some car-
diovascular risk factors and markers of endothelial function in Iranian
patients with ischemic heart failure: a randomized clinical trial. Cardiol
Res Pract. 2022;2022:2610145. https://doi.org/10.1155/2022/2610145.


https://doi.org/10.3945/ajcn.116.133132
https://doi.org/10.3945/ajcn.116.133132
https://doi.org/10.1105/tpc.20.00474
https://doi.org/10.1093/plphys/kiab482
https://doi.org/10.1093/plphys/kiab482
https://doi.org/10.2991/efood.k.210630.001
https://doi.org/10.3390/agronomy9120838
https://doi.org/10.1126/sciadv.aaq1407
https://doi.org/10.1016/j.arabjc.2021.103151
https://doi.org/10.1002/efd2.52
https://doi.org/10.1002/efd2.52
https://doi.org/10.1016/j.lwt.2005.09.018
https://doi.org/10.1186/s43897-023-00051-6
https://doi.org/10.1126/science.adf1017
https://doi.org/10.1093/carcin/bgh331
https://doi.org/10.1016/j.foodres.2024.114910
https://doi.org/10.3390/ijms242417537
https://doi.org/10.3390/ijms242417537
https://doi.org/10.1016/j.scienta.2018.08.036
https://doi.org/10.1016/j.scienta.2018.08.036
https://doi.org/10.1039/d1fo03505c
https://doi.org/10.1039/d1fo03505c
https://doi.org/10.1111/pbi.12017
https://doi.org/10.1111/pbi.12017
https://doi.org/10.3390/nu9080908
https://doi.org/10.1039/d0ra03514a
https://doi.org/10.3390/agronomy13041037
https://doi.org/10.1016/j.tplants.2013.01.003
https://doi.org/10.1016/j.tplants.2013.01.003
https://doi.org/10.1039/D2FO03645B
https://doi.org/10.1111/pbi.13987
https://doi.org/10.1007/s00122-021-03895-y
https://doi.org/10.1007/s00122-021-03895-y
https://doi.org/10.1007/BF02960588
https://doi.org/10.1016/j.tifs.2021.09.009
https://doi.org/10.1016/j.scitotenv.2021.148527
https://doi.org/10.1016/j.scitotenv.2021.148527
https://doi.org/10.1080/10408398.2022.2098250
https://doi.org/10.1080/10408398.2022.2098250
https://doi.org/10.1016/j.biochi.2013.05.015
https://doi.org/10.3390/foods11081170
https://doi.org/10.1016/j.biortech.2017.09.167
https://doi.org/10.1016/j.biortech.2017.09.167
https://doi.org/10.1002/fft2.128
https://doi.org/10.1105/tpc.7.7.1071
https://doi.org/10.1016/j.tplants.2016.06.001
https://doi.org/10.1111/1541-4337.12590
https://doi.org/10.1270/jsbbs.66.139
https://doi.org/10.1270/jsbbs.66.139
https://doi.org/10.3746/jkfn.2008.37.11.1375
https://doi.org/10.3746/jkfn.2008.37.11.1375
https://doi.org/10.1007/s13580-019-00139-3
https://doi.org/10.1155/2022/2610145

Hu et al. Molecular Horticulture (2025) 5:19

Kim GB, Kim WJ, Kim HU, Lee SY. Machine learning applications in systems
metabolic engineering. Curr Opin Biotechnol. 2020;64:1-9. https://doi.
0rg/10.1016/j.copbio.2019.08.010.

Kim GB, Choi SY, Cho IJ, Ahn D-H, Lee SY. Metabolic engineering for sustain-
ability and health. Trends Biotechnol. 2023;41(3):425-51. https://doi.
0rg/10.1016/j tibtech.2022.12.014.

Ledesma-Escobar CA, Priego-Capote F, Robles Olvera VJ, Luque de Castro MD.
Targeted analysis of the concentration changes of phenolic com-
pounds in Persian Lime (Citrus latifolia) during fruit growth. J Agric Food
Chem. 2018;66(8):1813-20. https://doi.org/10.1021/acs jafc.7b05535.

Legua P, Modica G, Porras |, Conesa A, Continella A. Bioactive compounds,
antioxidant activity and fruit quality evaluation of eleven blood orange
cultivars. J Sci Food Agric. 2022;102(7):2960-71. https://doi.org/10.1002/
jsfa.11636.

LiY, Zhang F, Wang X, Chen G, Fu X, Tian W, et al. Pluronic micelle-encapsu-
lated red-photoluminescent chlorophyll derivative for biocompatible
cancer cell imaging. Dyes Pigm. 2017;136:17-23. https://doi.org/10.
1016/j.dyepig.2016.08.018.

Li H-Y, Yuan Q, Yang Y-L, Han Q-H, He J-L, Zhao L, et al. Phenolic profiles,
antioxidant capacities, and inhibitory effects on digestive enzymes
of different kiwifruits. Molecules. 2018;23(11):2957. https://doi.org/10.
3390/molecules23112957.

Li J, Mutanda |, Wang K, Yang L, Wang J, Wang Y. Chloroplastic metabolic
engineering coupled with isoprenoid pool enhancement for com-
mitted taxanes biosynthesis in Nicotiana benthamiana. Nat Commun.
2019a;10(1):4850. https://doi.org/10.1038/541467-019-12879-y.

Li M, Li X, Han C, JiN, Jin P, Zheng Y. UV-C treatment maintains quality and
enhances antioxidant capacity of fresh-cut strawberries. Postharvest
Biol Technol. 2019b;156:110945. https://doi.org/10.1016/j.postharvbio.
2019.110945.

LiS, TaoY, Li D, Wen G, Zhou J, Manickam S, et al. Fermentation of blueberry
juices using autochthonous lactic acid bacteria isolated from fruit
environment: fermentation characteristics and evolution of phenolic
profiles. Chemosphere. 2021;276:130090. https://doi.org/10.1016/j.
chemosphere.2021.130090.

Li J, Scarano A, Gonzalez NM, D'Orso F, Yue Y, Nemeth K, et al. Biofortified
tomatoes provide a new route to vitamin D sufficiency. Nat Plants.
2022;8(6):611-6. https://doi.org/10.1038/541477-022-01154-6.

Li M, Tang S, Peng X, Sharma G, Yin S, Hao Z, et al. Lycopene as a therapeutic
agent against aflatoxin B1-related toxicity: mechanistic insights and
future directions. Antioxidants. 2024;13(4):452. https://doi.org/10.3390/
antiox13040452.

Liu Q Guo Q, Akbar S, Zhi'Y, El Tahchy A, Mitchell M, et al. Genetic enhance-
ment of oil content in potato tuber (Solanum tuberosum L.) through
an integrated metabolic engineering strategy. Plant Biotechnol J.
2017;15(1):56-67. https://doi.org/10.1111/pbi.12590.

Liu J, Li C, Cao L, Zhang C, Zhang Z. Cucurbitacin B regulates lung cancer
cell proliferation and apoptosis via inhibiting the IL-6/STAT3 pathway
through the IncRNA XIST/miR-let-7c axis. Pharm Biol. 2022;60(1):154-62.
https://doi.org/10.1080/13880209.2021.2016866.

Liu J, Xiao Z, Zhang S, Wang Z, Chen Y, Shan Y. Restricting promiscuity of
plant flavonoid 3'-Hydroxylase and 4'-O-Methyltransferase improves
the biosynthesis of (25)-Hesperetin in £. coli. J Agric Food Chem.
2023a;71(25):9826-35. https://doi.org/10.1021/acs jafc.3c02071.

Liu X, Zhang X, Gao Y, Tian J, Zhao J. Cyanidin-3-galactoside from Aronia
melanocarpa ameliorates PM10-induced pulmonary inflammation
by promoting PINK1/Parkin signaling pathway-mediated alveolar
macrophage mitophagy. eFood. 2023b;4(6):e119. https://doi.org/10.
1002/efd2.119.

Liu S, Ma C, Zhang Y, Wang Y, Tian J, Li B, et al. Different processing methods
on anthocyanin composition and antioxidant capacity in blueberry
juice: based on metabolomics and DFT analysis. eFood. 2024;5(1):e131.
https://doi.org/10.1002/efd2.131.

Lu S, Li L. Carotenoid metabolism: biosynthesis, regulation, and beyond. J
Integr Plant Biol. 2008;50(7):778-85. https://doi.org/10.1111/j.1744-
7909.2008.00708 x.

Lu X, Zhao C, Shi H, Liao Y, Xu F, Du H, et al. Nutrients and bioactives in citrus
fruits: different citrus varieties, fruit parts, and growth stages. Crit Rev
Food Sci Nutr. 2023;63(14):2018-41. https://doi.org/10.1080/10408398.
2021.1969891.

Page 17 of 19

LuanY,Wang S, Wang R, Xu C. Accumulation of red apocarotenoid (-citraurin in
peel of a spontaneous mutant of huyou (Citrus changshanensis) and the
effects of storage temperature and ethylene application. Food Chem.
2020;309:125705. https://doi.org/10.1016/jfoodchem.2019.125705.

MaT, Sun X, Zhao J,You Y, Lei Y, Gao G, et al. Nutrient compositions and anti-
oxidant capacity of kiwifruit (Actinidia) and their relationship with flesh
color and commercial value. Food Chem. 2017,218:294-304. https://
doi.org/10.1016/j.foodchem.2016.09.081.

Ma L, Wang Q, Zheng Y, Guo J, Yuan S, Fu A, et al. Cucurbitaceae genome
evolution, gene function, and molecular breeding. Hortic Res.
2022;9:uhab057. https://doi.org/10.1093/hr/uhab057.

Ma Z, Ma L, Zhou J. Applications of CRISPR/Cas genome editing in economi-
cally important fruit crops: recent advances and future directions. Mol
Hortic. 2023;3(1):1. https://doi.org/10.1186/543897-023-00049-0.

Maheshwari S, Kumar V, Bhadauria G, Mishra A. Immunomodulatory potential
of phytochemicals and other bioactive compounds of fruits: a review.
Food Front. 2022;3(2):221-38. https://doi.org/10.1002/fft2.129.

Marques CG, van Tilburg MF, Pereira EPV, Lira SM, Ribeiro PRV, Reboucas EDL,
et al. Chemical profile, in vitro bioactivities, and antinociceptive effect
of Red Pitaya extracts on zebrafish. S Afr J Bot. 2023;162:432-42. https://
doi.org/10.1016/j.5ajb.2023.09.034.

Mazza G. Compositional and functional properties of saskatoon berry and
blueberry. Int J Fruit Sci. 2005;5(3):101-20. https://doi.org/10.1300/
J492v05n03_10.

Mei X, Hua D, Liu N, Zhang L, Zhao X, Tian Y, et al. De novo biosynthesis of
anthocyanins in Saccharomyces cerevisiae using metabolic pathway
synthases from blueberry. Microb Cell Fact. 2024;23(1):228. https://doi.
0rg/10.1186/512934-024-02500-3.

Ming M, Long H, Ye Z, Pan C, Chen J, Tian R, et al. Highly efficient CRISPR
systems for loss-of-function and gain-of-function research in pear calli.
Hortic Res. 2022;9:uhac148. https://doi.org/10.1093/hr/uhac148.

Mishiba K-I, Nishida K, Inoue N, Fujiwara T, Teranishi S, Iwata Y, et al. Genetic
engineering of eggplant accumulating 3-carotene in fruit. Plant Cell
Rep. 2020;39(8):1029-39. https://doi.org/10.1007/500299-020-02546-8.

Mottiar Y, Karlen SD, Goacher RE, Ralph J, Mansfield SD. Metabolic engi-
neering of p-hydroxybenzoate in poplar lignin. Plant Biotechnol J.
2023;21(1):176-88. https://doi.org/10.1111/pbi.13935.

Naghdi S, Rezaei M, Abdollahi M. A starch-based pH-sensing and ammonia
detector film containing betacyanin of paperflower for application
in intelligent packaging of fish. Int J Biol Macromol. 2021;191:161-70.
https://doi.org/10.1016/j.ijbiomac.2021.09.045.

Newerli-Guz J, Smiechowska M, Drzewiecka A, Tylingo R. Bioactive ingredi-
ents with health-promoting properties of strawberry fruit (Fragaria x
ananassa Duchesne). Molecules. 2023;28(6):2711. https://doi.org/10.
3390/molecules28062711.

Noriega F, Mardones C, Fischer S, Garcia-Viguera C, Moreno DA, Lopez MD.
Seasonal changes in white strawberry: effect on aroma, phenolic
compounds and its biological activity. J Berry Res. 2021;11(1):103-18.
https://doi.org/10.3233/JBR-200585.

Nyirahabimana F, Shimira F, Zahid G, Solmaz I. Recent status of genotyping
by sequencing (GBS) technology in cucumber (Cucumis sativus L.):

a review. Mol Biol Rep. 2022;49(6):5547-54. https://doi.org/10.1007/
$11033-022-07469-z.

Oliva M, Ovadia R, Perl A, Bar E, Lewinsohn E, Galili G, et al. Enhanced formation
of aromatic amino acids increases fragrance without affecting flower
longevity or pigmentation in Petunia x hybrida. Plant Biotechnol J.
2015;13(1):125-36. https://doi.org/10.1111/pbi.12253.

Paine JA, Shipton CA, Chaggar S, Howells RM, Kennedy MJ, Vernon G, et al.
Improving the nutritional value of Golden Rice through increased pro-
vitamin A content. Nat Biotechnol. 2005;23(4):482-7. https://doi.org/10.
1038/nbt1082.

Palakawong C, Delaquis P. Mangosteen processing: a review. J Food Process
Preserv. 2018;42(10). https://doi.org/10.1111/jfpp.13744.

Pandey A, Misra P Khan MP, Swarnkar G, Tewari MC, Bhambhani S, et al. Co-
expression of Arabidopsis transcription factor, At12, and soybean isofla-
vone synthase, Gm1, genes in tobacco leads to enhanced biosynthesis
of isoflavones and flavonols resulting in osteoprotective activity. Plant
Biotechnol J. 2014;12(1):69-80. https://doi.org/10.1111/pbi.12118.

ParraPalma C, MoralesQuintana L, Ramos P. Phenolic content, color develop-
ment, and pigment—related gene expression: a comparative analysis


https://doi.org/10.1016/j.copbio.2019.08.010
https://doi.org/10.1016/j.copbio.2019.08.010
https://doi.org/10.1016/j.tibtech.2022.12.014
https://doi.org/10.1016/j.tibtech.2022.12.014
https://doi.org/10.1021/acs.jafc.7b05535
https://doi.org/10.1002/jsfa.11636
https://doi.org/10.1002/jsfa.11636
https://doi.org/10.1016/j.dyepig.2016.08.018
https://doi.org/10.1016/j.dyepig.2016.08.018
https://doi.org/10.3390/molecules23112957
https://doi.org/10.3390/molecules23112957
https://doi.org/10.1038/s41467-019-12879-y
https://doi.org/10.1016/j.postharvbio.2019.110945
https://doi.org/10.1016/j.postharvbio.2019.110945
https://doi.org/10.1016/j.chemosphere.2021.130090
https://doi.org/10.1016/j.chemosphere.2021.130090
https://doi.org/10.1038/s41477-022-01154-6
https://doi.org/10.3390/antiox13040452
https://doi.org/10.3390/antiox13040452
https://doi.org/10.1111/pbi.12590
https://doi.org/10.1080/13880209.2021.2016866
https://doi.org/10.1021/acs.jafc.3c02071
https://doi.org/10.1002/efd2.119
https://doi.org/10.1002/efd2.119
https://doi.org/10.1002/efd2.131
https://doi.org/10.1111/j.1744-7909.2008.00708.x
https://doi.org/10.1111/j.1744-7909.2008.00708.x
https://doi.org/10.1080/10408398.2021.1969891
https://doi.org/10.1080/10408398.2021.1969891
https://doi.org/10.1016/j.foodchem.2019.125705
https://doi.org/10.1016/j.foodchem.2016.09.081
https://doi.org/10.1016/j.foodchem.2016.09.081
https://doi.org/10.1093/hr/uhab057
https://doi.org/10.1186/s43897-023-00049-0
https://doi.org/10.1002/fft2.129
https://doi.org/10.1016/j.sajb.2023.09.034
https://doi.org/10.1016/j.sajb.2023.09.034
https://doi.org/10.1300/J492v05n03_10
https://doi.org/10.1300/J492v05n03_10
https://doi.org/10.1186/s12934-024-02500-3
https://doi.org/10.1186/s12934-024-02500-3
https://doi.org/10.1093/hr/uhac148
https://doi.org/10.1007/s00299-020-02546-8
https://doi.org/10.1111/pbi.13935
https://doi.org/10.1016/j.ijbiomac.2021.09.045
https://doi.org/10.3390/molecules28062711
https://doi.org/10.3390/molecules28062711
https://doi.org/10.3233/JBR-200585
https://doi.org/10.1007/s11033-022-07469-z
https://doi.org/10.1007/s11033-022-07469-z
https://doi.org/10.1111/pbi.12253
https://doi.org/10.1038/nbt1082
https://doi.org/10.1038/nbt1082
https://doi.org/10.1111/jfpp.13744
https://doi.org/10.1111/pbi.12118

Hu et al. Molecular Horticulture (2025) 5:19

in different cultivars of strawberry during the ripening process. Agron J.
2020;10(4):588. https://doi.org/10.3390/agronomy10040588.

Peng Z, Zhang H, Li W, Yuan Z, Xie Z, Zhang H, et al. Comparative profiling
and natural variation of polymethoxylated flavones in various citrus
germplasms. Food Chem. 2021;354:129499. https://doi.org/10.1016/j.
foodchem.2021.129499.

Prihastyanti MNU, Chandra RD, Lukitasari DM. How to fulfill carotenoid
needs during pregnancy and for the growth and development of
infants and children — a review. eFood. 2021;2(3):101-12. https://doi.
0rg/10.2991/efood k.210701.001.

Raj K, Venayak N, Diep P, Golla SA, Yakunin AF, Mahadevan R. Automa-
tion assisted anaerobic phenotyping for metabolic engineer-
ing. Microb Cell Fact. 2021;20(1):1-16. https://doi.org/10.1186/
$12934-021-01675-3.

Ramos-Aguilar AL, Ornelas-Paz J, Tapia-Vargas LM, Gardea-Béjar AA, Yahia
EM, de Jesus O-P, et al. Comparative study on the phytochemical and
nutrient composition of ripe fruit of Hass and Hass type avocado
cultivars. J Food Compos Anal. 2021;97:103796. https://doi.org/10.
1016/j.jfca.2020.103796.

Reed J, Orme A, El-Demerdash A, Owen C, Martin LBB, Misra RC, et al. Eluci-
dation of the pathway for biosynthesis of saponin adjuvants from the
soapbark tree. Science. 2023;379(6638):1252-64. https://doi.org/10.
1126/science.adf3727.

Ren C, Gathunga EK, Li X, Li H, Kong J, Dai Z, et al. Efficient genome editing
in grapevine using CRISPR/LbCas12a system. Mol Hortic. 2023;3(1):21.
https://doi.org/10.1186/543897-023-00069-w.

Roy S, Rhim J-W. Anthocyanin food colorant and its application in pH-responsive
color change indicator films. Crit Rev Food Sci Nutr. 2021;61(14):2297-325.
https://doi.org/10.1080/10408398.2020.1776211.

Saito S, Nishihara M, Kohakura M, Kimura K, Yashiro T, Takasawa S, et al. Meta-
bolic engineering of betacyanin in vegetables for anti-inflammatory
therapy. Biotechnol Bioeng. 2023. https://doi.org/10.1002/bit.28335.

Sharma E, Lal P, Kumar A, Prasad K, Tiwari RK, Lal MK; et al. Colourful staples on
your table: Unus ex genere suo. Food Res Int. 2024;191:114715. https.//
doi.org/10.1016/j.foodres.2024.114715.

Shen N, Ren J, LiuY, Sun W, Li Y, Xin H, et al. Natural edible pigments: a
comprehensive review of resource, chemical classification, biosyn-
thesis pathway, separated methods and application. Food Chem.
2022a;403:134422. https://doi.org/10.1016/j.foodchem.2022.134422.

Shen N,Wang T, Gan Q, Liu S, Wang L, Jin B. Plant flavonoids: classifica-
tion, distribution, biosynthesis, and antioxidant activity. Food Chem.
2022b;383:132531. https://doi.org/10.1016/j.foodchem.2022.132531.

SicZlabur J, Bogdanovi¢ S, Voca S, Skendrovi¢Babojeli¢ M. Biological potential of
fruit and leaves of strawberry tree (Arbutus unedo L) from Croatia. Mol-
ecules. 2020;25(21):5102. https://doi.org/10.3390/molecules25215102.

Singh J, Chahal TS, Gill PS, Grewal SK. Changes in phenolics and antioxi-
dant capacities in fruit tissues of mandarin cultivars Kinnow and W.
Murcott with relation to fruit development. J Food Process Preserv.
2021;45(12):16040. https://doi.org/10.1111/jfpp.16040.

Sivapragasam N, Neelakandan N, Rupasinghe HV. Potential health benefits of
fermented blueberry: A review of current scientific evidence. Trends
Food Sci Tech. 2023. https://doi.org/10.1016/j.tifs.2023.01.002.

Skibsted LH. Anthocyanidins regenerating xanthophylls: a quantum mechani-
cal approach to eye health. Curr Opin Food Sci. 2018;20:24-9. https://
doi.org/10.1016/j.cofs.2018.02.014.

Sumi S, Suzuki Y, Matsuki T, Yamamoto T, Tsuruta Y, Mise K, et al. Light-induc-
ible carotenoid production controlled by a MarR-type regulator in
Corynebacterium glutamicum. Sci Rep. 2019;9(1):13136. https://doi.org/
10.1038/541598-019-49384-7.

SunT,Rao'S, Zhou X, Li L. Plant carotenoids: recent advances and future
perspectives. Mol Hortic. 2022;2(1):3. https://doi.org/10.1186/
$43897-022-00023-2.

Tan S, Zhang H, Chen Q, Tang Y, Yang J, Zhang X, et al. Physical characteriza-
tion, nutrient, phenolic profiles and antioxidant activities of 16 litchi
cultivars grown in the upper Yangtze River region. Chem Biodivers.
2022;19(1):202100713. https://doi.org/10.1002/cbdv.202100713.

Tanaka A, Tanaka R. Chlorophyll metabolism. Curr Opin Plant Biol.
2006;9(3):248-55. https://doi.org/10.1016/}.pbi.2006.03.011.

TanakaY, Sasaki N, Ohmiya A. Biosynthesis of plant pigments: anthocyanins,
betalains and carotenoids. Plant J. 2008;54(4):733-49. https://doi.org/
10.1111/j.1365-313x.2008.03447 x.

Page 18 of 19

Tang Q Li Z, Chen N, Luo X, Zhao Q. Natural pigments derived from plants
and microorganisms: classification, biosynthesis, and applications. Plant
Biotechnol J. 2024. https://doi.org/10.1111/pbi.14522.

Tao H, Li L, He Y, Zhang X, Zhao Y, Wang Q, et al. Flavonoids in vegetables:
improvement of dietary flavonoids by metabolic engineering to pro-
mote health. Crit Rev Food Sci Nutr. 2022:1-15. https://doi.org/10.1080/
10408398.2022.2131726.

Tarte |, Singh A, Dar AH, Sharma A, Altaf A, Sharma P. Unfolding the potential
of dragon fruit (Hylocereus spp.) for value addition: a review. eFood.
2023;4(2):e76. https://doi.org/10.1002/efd2.76.

Thomas SE, Harrison EH. Mechanisms of selective delivery of xanthophylls
to retinal pigment epithelial cells by human lipoproteins. J Lipid Res.
2016;57(10):1865-78. https://doi.org/10.1194/jlrm070193.

Tian Z, Li K, Fan D, Zhao Y, Gao X, Ma X, et al. Dose-dependent effects of
anthocyanin supplementation on platelet function in subjects with
dyslipidemia: a randomized clinical trial. EBioMedicine. 2021,70:103533.
https://doi.org/10.1016/j.ebiom.2021.103533.

Tomas M, Capanoglu E, Bahrami A, Hosseini H, Akbari-Alavijeh S, Shaddel R, et al.
The direct and indirect effects of bioactive compounds against coronavi-
rus. Food Front. 2022;3(1):96-123. https://doi.org/10.1002/fft2.119.

Tomisawa T, Nanashima N, Kitajima M, Mikami K, Takamagi S, Maeda H, et al.
Effects of blackcurrant anthocyanin on endothelial function and
peripheral temperature in young smokers. Molecules. 2019;24(23):4295.
https://doi.org/10.3390/molecules24234295.

Tripathi AK, Das R, Ray AK, Mishra SK, Anand S. Recent insights on pharmaco-
logical potential of lycopene and its nanoformulations: an emerging
paradigm towards improvement of human health. Phytochem Rev.
2024. https://doi.org/10.1007/511101-024-09922-2.

Van Breemen RB, Pajkovic N. Multitargeted therapy of cancer by lycopene. Cancer
Lett. 2008,269(2):339-51. https://doi.org/10.1016/j.canlet.2008.05.016.

Veitch NC, Grayer RJ. Flavonoids and their glycosides, including anthocyanins.
Nat Prod Rep. 2008;25(3):555-611. https://doi.org/10.1039/B718040N.

Vinha AF, Moreira J, Barreira SV. Physicochemical parameters, phytochemical
composition and antioxidant activity of the algarvian avocado (Persea
americana Mill.). J Agric Sci. 2013;5(12):100. https://doi.org/10.5539/jas.
v5n12p100.

Wang D, Seymour GB. Molecular and biochemical basis of softening in tomato.
Mol Hortic. 2022a;2(1):5. https://doi.org/10.1186/543897-022-00026-z.

Wang SY, Chen C-T, Sciarappa W, Wang CY, Camp MJ. Fruit quality, antioxidant
capacity, and flavonoid content of organically and conventionally
grown blueberries. J Agric Food Chem. 2008;56(14):5788-94. https://
doi.org/10.1021/jf703775r.

Wang J, Geng T, Zou Q, Yang N, Zhao W, Li Y, et al. Lycopene prevents lipid
accumulation in hepatocytes by stimulating PPARa and improving
mitochondrial function. J Funct Foods. 2020,67:103857. https://doi.org/
10.1016/}jff.2020.103857.

Wang D, Wang Y, Lv Z, Pan Z, Wei Y, Shu C, et al. Analysis of nutrients and vola-
tile compounds in cherry tomatoes stored at different temperatures.
Foods. 2022b;12(1):6. https://doi.org/10.3390/foods12010006.

Wang K, Li W, Wang K, Hu Z, Xiao H, Du B, et al. Structural and inflammatory
characteristics of Maillard reaction products from litchi thaumatin-like
protein and fructose. Food Chem. 2022¢;374:131821. https://doi.org/10.
1016/j.foodchem.2021.131821.

Wang Y, Do T, Marshall LJ, Boesch C. Effect of two-week red beetroot juice
consumption on modulation of gut microbiota in healthy human
volunteers—A pilot study. Food Chem. 2023a,406:134989. https://doi.
0rg/10.1016/j.foodchem.2022.134989.

Wang J, Zhou X, Li K, Wang H, Zhang C, ShiY, et al. Systems metabolic
engineering for efficient violaxanthin production in yeast. J Agric Food
Chem. 2024;72(18):10459-68. https://doi.org/10.1021/acs jafc.4c01240.

WangY, Julian McClements D, Chen L, Peng X, Xu Z, Meng M, et al. Progress on
molecular modification and functional applications of anthocyanins.
Crit Rev Food Sci Nutr. 2023b:1-19. https://doi.org/10.1080/10408398.
2023.2238063.

Winkler TS, Vollmer SK, Dyballa-Rukes N, Metzger S, Stetter MG. Isoform-
resolved genome annotation enables mapping of tissue-specific
betalain regulation in amaranth. New Phytol. 2024;243(3):1082-100.
https://doi.org/10.1111/nph.19736.

Wolfe KL, Kang X, He X, Dong M, Zhang Q, Liu RH. Cellular antioxidant activity
of common fruits. J Agric Food Chem. 2008;56(18):8418-26. https://doi.
0rg/10.1021/jf801381y.


https://doi.org/10.3390/agronomy10040588
https://doi.org/10.1016/j.foodchem.2021.129499
https://doi.org/10.1016/j.foodchem.2021.129499
https://doi.org/10.2991/efood.k.210701.001
https://doi.org/10.2991/efood.k.210701.001
https://doi.org/10.1186/s12934-021-01675-3
https://doi.org/10.1186/s12934-021-01675-3
https://doi.org/10.1016/j.jfca.2020.103796
https://doi.org/10.1016/j.jfca.2020.103796
https://doi.org/10.1126/science.adf3727
https://doi.org/10.1126/science.adf3727
https://doi.org/10.1186/s43897-023-00069-w
https://doi.org/10.1080/10408398.2020.1776211
https://doi.org/10.1002/bit.28335
https://doi.org/10.1016/j.foodres.2024.114715
https://doi.org/10.1016/j.foodres.2024.114715
https://doi.org/10.1016/j.foodchem.2022.134422
https://doi.org/10.1016/j.foodchem.2022.132531
https://doi.org/10.3390/molecules25215102
https://doi.org/10.1111/jfpp.16040
https://doi.org/10.1016/j.tifs.2023.01.002
https://doi.org/10.1016/j.cofs.2018.02.014
https://doi.org/10.1016/j.cofs.2018.02.014
https://doi.org/10.1038/s41598-019-49384-7
https://doi.org/10.1038/s41598-019-49384-7
https://doi.org/10.1186/s43897-022-00023-2
https://doi.org/10.1186/s43897-022-00023-2
https://doi.org/10.1002/cbdv.202100713
https://doi.org/10.1016/j.pbi.2006.03.011
https://doi.org/10.1111/j.1365-313x.2008.03447.x
https://doi.org/10.1111/j.1365-313x.2008.03447.x
https://doi.org/10.1111/pbi.14522
https://doi.org/10.1080/10408398.2022.2131726
https://doi.org/10.1080/10408398.2022.2131726
https://doi.org/10.1002/efd2.76
https://doi.org/10.1194/jlr.m070193
https://doi.org/10.1016/j.ebiom.2021.103533
https://doi.org/10.1002/fft2.119
https://doi.org/10.3390/molecules24234295
https://doi.org/10.1007/s11101-024-09922-2
https://doi.org/10.1016/j.canlet.2008.05.016
https://doi.org/10.1039/B718040N
https://doi.org/10.5539/jas.v5n12p100
https://doi.org/10.5539/jas.v5n12p100
https://doi.org/10.1186/s43897-022-00026-z
https://doi.org/10.1021/jf703775r
https://doi.org/10.1021/jf703775r
https://doi.org/10.1016/j.jff.2020.103857
https://doi.org/10.1016/j.jff.2020.103857
https://doi.org/10.3390/foods12010006
https://doi.org/10.1016/j.foodchem.2021.131821
https://doi.org/10.1016/j.foodchem.2021.131821
https://doi.org/10.1016/j.foodchem.2022.134989
https://doi.org/10.1016/j.foodchem.2022.134989
https://doi.org/10.1021/acs.jafc.4c01240
https://doi.org/10.1080/10408398.2023.2238063
https://doi.org/10.1080/10408398.2023.2238063
https://doi.org/10.1111/nph.19736
https://doi.org/10.1021/jf801381y
https://doi.org/10.1021/jf801381y

Hu et al. Molecular Horticulture (2025) 5:19

Wu L, Hsu H, ChenY, Chiu C, Lin Y, Ho JA. Antioxidant and antiproliferative
activities of red pitaya. Food Chem. 2006,95(2):319-27. https://doi.org/
10.1016/j.foodchem.2005.01.002.

Wu X, Yu L, Pehrsson PR. Are processed tomato products as nutritious as
fresh tomatoes? Scoping review on the effects of industrial process-
ing on nutrients and bioactive compounds in tomatoes. Adv Nutr.
20223;13(1):138-51. https://doi.org/10.1093/advances/nmab109.

Wu Y, Yuan, Jiang W, Zhang X, Ren S, Wang H, et al. Enrichment of health-
promoting lutein and zeaxanthin in tomato fruit through metabolic
engineering. Synth Syst Biotechnol. 2022b;7(4):1159-66. https://doi.
0rg/10.1016/j.synbio.2022.08.005.

Xiang Y, Zhang T, Zhao Y, Dong H, Chen H, Hu Y, et al. Angiosperm-wide
analysis of fruit and ovary evolution aided by a new nuclear phylogeny
supports association of the same ovary type with both dry and fleshy
fruits. J Integr Plant Biol. 2024,66(2):228-51. https://doi.org/10.1111/
jipb.13618.

Xie J,Qin Z, Pan J, Li J, Li X, Khoo HE, et al. Melatonin treatment improves
postharvest quality and regulates reactive oxygen species metabolism
in “Feizixiao” litchi based on principal component analysis. Front Plant
Sci. 2022;13:965345. https://doi.org/10.3389/fpls.2022.965345.

Xu K, Ren X, Wang J, Zhang Q, Fu X, Zhang P. Clinical development and infor-
matics analysis of natural and semi-synthetic flavonoid drugs: a critical
review. J Adv Res. 2024;63:269-84. https://doi.org/10.1016/j jare.2023.
11.007.

Yan X, Huang J, Huang L, Luo C, Li Z, Xu P, et al. Effects of dietary lipids on
bioaccessibility and bioavailability of natural carotenoids. LWT Food Sci
Technol. 2024;200:116171. https://doi.org/10.1016/j.lwt.2024.116171.

Yang S, Chen R, Cao X, Wang G, Zhou YJ. De novo biosynthesis of the hops bio-
active flavonoid xanthohumol in yeast. Nat Commun. 2024a;15(1):253.
https://doi.org/10.1038/541467-023-44654-5.

Yang Z, Li F, Shen S, Wang X, Nihmot Ibrahim A, Zheng H, et al. Natural chlo-
rophyll: a review of analysis methods, health benefits, and stabilization
strategies. Crit Rev Food Sci Nutr. 2024b:1-15. https://doi.org/10.1080/
10408398.2024.2356259.

YiL, Ma S, Ren D. Phytochemistry and bioactivity of Citrus flavonoids: a focus
on antioxidant, anti-inflammatory, anticancer and cardiovascular pro-
tection activities. Phytochem Rev. 2017;16(3):479-511. https://doi.org/
10.1007/511101-017-9497-1.

Yonekura-Sakakibara K, Higashi Y, Nakabayashi R. The origin and evolution of
plant flavonoid metabolism. Front Plant Sci. 2019;10:943. https://doi.
0rg/10.3389/fpls.2019.00943.

Yousuf B, Gul K, Wani AA, Singh P. Health benefits of anthocyanins and their
encapsulation for potential use in food systems: a review. Crit Rev Food
Sci Nutr. 2016;56(13):2223-30. https://doi.org/10.1080/10408398.2013.
805316.

Yuan X, Zheng H, Fan J, Liu F, Li J, Zhong C, et al. Comparative study on
physicochemical and nutritional qualities of kiwifruit varieties. Foods.
2023;12(1):108. https://doi.org/10.3390/foods12010108.

Zacarias-Garcia J, Lux PE, Carle R, Schweiggert RM, Steingass CB, Zacarias L,
et al. Characterization of the Pale Yellow Petal/Xanthophyll Esterase gene
family in citrus as candidates for carotenoid esterification in fruits. Food
Chem. 2021;342:128322. https://doi.org/10.1016/j.foodchem.2020.
128322.

Zeng C, Tan P, Liu Z. Effect of exogenous ARA treatment for improving posthar-
vest quality in cherry tomato (Solanum lycopersicum L.) fruits. Sci Hortic.
2020;261:108959. https://doi.org/10.1016/j.scienta.2019.108959.

Zhang X, Yao W, Tang Y, Ye J, Niu T, Yang L, et al. Coupling the Isopentenol
utilization pathway and prenyltransferase for the biosynthesis of
licoflavanone in recombinant Escherichia coli. J Agric Food Chem.
20243;72(28):15832-40. https://doi.org/10.1021/acs jafc.4c03655.

Zhang Y, LiR, Xu Z, Fan H, Xu X, Pan S, et al. Recent advances in the effects of
food microstructure and matrix components on the bioaccessibility of
carotenoids. Trends Food Sci Tech. 2024b;143:104301. https://doi.org/
10.1016/j.tifs.2023.104301.

Zhao H, Shao D, Jiang C, Shi J, Li Q, Huang Q, et al. Biological activity of lipo-
peptides from Bacillus. Eur J Appl Microbiol Biotechnol. 2017;101:5951—
60. https://doi.org/10.1007/500253-017-8396-0.

Zhao L, Wang K, Wang K, Zhu J, Hu Z. Nutrient components, health benefits,
and safety of litchi (Litchi chinensis Sonn.): a review. Compr Rev Food Sci
Food Saf. 2020;19(4):2139-63. https://doi.org/10.1111/1541-4337.12590.

Page 19 of 19

Zhao X, Zhang Y, Long T, Wang S, Yang J. Regulation mechanism of plant pig-
ments biosynthesis: anthocyanins, carotenoids, and betalains. Metabo-
lites. 2022;12(9):871. https://doi.org/10.3390/metabo12090871.

Zhao'Y, Liu G, Yang F, Liang Y, Gao Q, Xiang C, et al. Multilayered regulation of
secondary metabolism in medicinal plants. Mol Hortic. 2023;3(1):11.
https://doi.org/10.1186/543897-023-00059-y.

Zheng X, Yang Y, Al-Babili S. Exploring the diversity and regulation of apoca-
rotenoid metabolic pathways in plants. Front Plant Sci. 2021;12:787049.
https://doi.org/10.3389/fpls.2021.787049.

Zhu Q,Yu'S, Zeng D, Liu H, Wang H, Yang Z, et al. Development of “Purple
Endosperm Rice” by engineering anthocyanin biosynthesis in the
endosperm with a high-efficiency transgene stacking system. Mol
Plant. 2017;10(7):918-29. https://doi.org/10.1016/j.molp.2017.05.008.

ZhuQ,Zeng D, Yu S, Cui C, Li J, Li H, et al. From Golden Rice to aSTARice:
bioengineering astaxanthin biosynthesis in rice endosperm. Mol Plant.
2018;11(12):1440-8. https://doi.org/10.1016/j.molp.2018.09.007.

Zhu F, Wen W, Cheng Y, Fernie AR. The metabolic changes that effect fruit qual-
ity during tomato fruit ripening. Mol Hortic. 2022;2(1):2. https://doi.org/
10.1186/543897-022-00024-1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.foodchem.2005.01.002
https://doi.org/10.1016/j.foodchem.2005.01.002
https://doi.org/10.1093/advances/nmab109
https://doi.org/10.1016/j.synbio.2022.08.005
https://doi.org/10.1016/j.synbio.2022.08.005
https://doi.org/10.1111/jipb.13618
https://doi.org/10.1111/jipb.13618
https://doi.org/10.3389/fpls.2022.965345
https://doi.org/10.1016/j.jare.2023.11.007
https://doi.org/10.1016/j.jare.2023.11.007
https://doi.org/10.1016/j.lwt.2024.116171
https://doi.org/10.1038/s41467-023-44654-5
https://doi.org/10.1080/10408398.2024.2356259
https://doi.org/10.1080/10408398.2024.2356259
https://doi.org/10.1007/s11101-017-9497-1
https://doi.org/10.1007/s11101-017-9497-1
https://doi.org/10.3389/fpls.2019.00943
https://doi.org/10.3389/fpls.2019.00943
https://doi.org/10.1080/10408398.2013.805316
https://doi.org/10.1080/10408398.2013.805316
https://doi.org/10.3390/foods12010108
https://doi.org/10.1016/j.foodchem.2020.128322
https://doi.org/10.1016/j.foodchem.2020.128322
https://doi.org/10.1016/j.scienta.2019.108959
https://doi.org/10.1021/acs.jafc.4c03655
https://doi.org/10.1016/j.tifs.2023.104301
https://doi.org/10.1016/j.tifs.2023.104301
https://doi.org/10.1007/s00253-017-8396-0
https://doi.org/10.1111/1541-4337.12590
https://doi.org/10.3390/metabo12090871
https://doi.org/10.1186/s43897-023-00059-y
https://doi.org/10.3389/fpls.2021.787049
https://doi.org/10.1016/j.molp.2017.05.008
https://doi.org/10.1016/j.molp.2018.09.007
https://doi.org/10.1186/s43897-022-00024-1
https://doi.org/10.1186/s43897-022-00024-1

	Chromatic symphony of fleshy fruits: functions, biosynthesis and metabolic engineering of bioactive compounds
	Abstract 
	Introduction
	Color diversity of the fleshy fruits
	Major nutrients and bioactive compounds in red fruits
	Major nutrients and bioactive compounds in orangeyellow fruits
	Major nutrients and bioactive compounds in green fruits
	Major nutrients and bioactive compounds in white fruits
	Major nutrients and bioactive compounds in blue-black fruits
	The diversity of fruit color within the same family

	The function of fruit pigments
	Flavonoids
	Carotenoids
	Betalaines
	Chlorophylls

	Biosynthesis
	Biosynthesis of anthocyanins
	Biosynthesis of carotenoids
	Biosynthesis of betalaines
	Biosynthesis of chlorophylls

	Metabolic engineering
	Conclusions and future prospects
	Acknowledgements
	References


