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ABSTRACT

Objective: To describe the main genes involved in mango and the biosynthetic routes of the most common
pigments, considering the impact on human health when consuming them, and highlighting challenges and
opportunities that could arise from the use of pigments from Mexican mango germplasm.
Design/methodology: A review that gathers and discusses information that contributes to the understanding
of the biochemical and genetic processes that determine pigmentation and vitamin production in mango.
Results: Color is a visual attribute that defines consumer preference. The diversity of pigmentation is defined
by families of genes that code for the production of proteins, which lead to biosynthetic pathways responsible for
the production of vitamins and their precursors. In Mexico there is a wide range of colors in the native mango
germplasm, which could represent an important source of antioxidants, pigments and would bring benefits to
the health of Mexicans, through the consumption of fresh fruit, or the commercial/industrial exploitation of
these.

Limitations/implications: One way to classify the mango is according to the color of the skin, they are
classified as green, yellow and red, however, little has been explored about the benefits they could provide.
Conclusion: The diversity of colors in the mango fruit is determined by different genes and biosynthetic
pathways. Red, green and yellow colors in mango fruit, are a source of carotenoids, betalains, flavonoids and
chlorophylls, precursors of vitamins A, B, C and E.

Keywords: biosynthesis, flavonoids, anthocyanins, carotenoids, chlorophyll.

INTRODUCTION

In Mexico, the cultivation of mangoes (Mangifera indica 1..) is an agricultural activity
that stands out for the volume of domestic production and exports to the United States
and Canada (SIAP, 2017). During 2020, the state of Chiapas produced 270,695 tons of
mangoes (SIAP, 2020). Harvesting is done when physiological maturity has been reached
and during sensory ripening, or consumption of the fruit. At this stage, the pigmentation
of the epicarp (mango skin) is a visual attribute of quality that determines its acceptance in
the market.

Pigment accumulation is attributed to various genetic events that occur at different
stages of maturation. Phenolic compounds such as anthocyanins and flavonoids have been
associated with pigmentation (Falcone Ferreyra et al., 2012); and it has been found that in

fruits they accumulate more freq 1 the skin during the ripening process. Genes th:
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control the production of these pigments, such as Phenylalanine ammonia-lyase (PAL),
Chalcone synthase (CHS), Cinnamate 4 hydroxylase (C4H), 4-Coumarate: Coenzyme A
ligase (4CL), among others, have also been associated.

The role of phenolic compounds in pigment accumulation is known. For example,
some specific ones are phenylpropanoid flavonoids (PFP), precursors of chalcones,
flavones, anthocyanins and condensed tannins (Vogt, 2010). The biosynthetic pathway
that regulates these compounds 1s highly conserved among plant species and is well
documented in Arabidopsis thaliana and in some fruit species such as grape, tomato, olive
(Groenenboom et al., 2013; Martinelli and Tonutti, 2012; Saito et al., 2013); however, it
is unknown whether in all major fruit trees such as apple, peach, pear, mango or others,
such pathway could be similar, although it is known that such biosynthetic pathways and
genes are associated with the production of vitamins A, B, C, E and K (Maldonado-Celis
etal., 2019).

According to information regarding pigment accumulation, the mango fruit has high
nutritional value because it is a rich source of antioxidants, vitamins and other compounds
that can promote human health benefits (Hoang ez al., 2015a). The metabolic pathways of
some pigments are described (Hichri et al., 2011; Yonekura-Sakakibara et al., 2008). The
production of these compounds is regulated by various genes, which control the expression
pathways and proportion of these compounds. On the other hand, in some mango varieties
it has been reported that PAL, CHS, C4H, 4CL genes are responsible for regulating the
synthesis and production of such pigments and vitamins.

In Mexico there is a high diversity of criollo varieties of mango (Galvéz-Lépez et al.,
2007a), with a wide spectrum of colors, ranging from green, yellow, red, among other
intermediate colors, which could represent an important source of antioxidants with impact
on the human health of Mexicans, through the consumption of fresh fruit. However, given
the scarce information so far available on the genetic control of mango fruit pigmentation,
it would be useful to know the possible biochemical and genetic processes that determine
such pigmentation. Therefore, this study describes the biosynthetic pathways of the main
pigments and the genes associated with the production of these pigments in various
fruit trees, and their possible application to pigment diversity in Mexican criollo mango

germplasm is discussed.

What is pigmentation?

Fruit color 1s an index of quality and is the visual characteristic that most attracts
consumers (Kayesh et al., 2013). Flavonoids (FL) are synthesized in the cytosol and
stored mainly in the vacuole. LFs are also found in cell walls, the nucleus, chloroplasts,
and even in the extracellular space, depending on the plant species, tissue or stage of
development (Hichri et al., 2011). Some pigments have also been reported to be stored in
chromoplasts, which are a type of fully developed plastids (Li and Yuan, 2013). Pigment
accumulation is a mechanism attributed to biochemical pathways that are triggered
during fruit ripening. Some of the pigments that have been identified are carotenoids,
betalains, flavonoids and anthocyanins, chlorophyll, among several others (Yuan et al.,
2015a; Sudhakar et al., 2016).
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Carotenoids

Carotenoids are lipid-soluble pigments responsible for yellow, orange and red
coloration; B-carotene is a type of carotenoid produced by plants and is the one found in
highest proportion in them; therefore, it is one of the most studied pigments. Carotenoids
are classified into oxygenated (lutein, violoxanthin and neoxanthin), and non-oxygenated
(B-carotene and lycopene) (Subburaj et al., 2019). The main interest lies in the fact that it is
a precursor of vitamin A (Arscott and Tanumihardjo, 2010) (Olson, 1999; Perera and Yen,
2007; Stahl and Sies, 2005).

Betalains

Betalains are nitrogen-containing, water-soluble pigments derived from tyrosine.
However, their presence is restricted to only a few plant families related to the order
Caryophyllales, among which the genera Beta, Amaranthus, Opuntia and Hylocereus stand
out. Betalains are divided into two groups: betacyanins, which provide red hues and
are formed by condensation of a cyclo-DOPA (dihydroxyphenylalanine) structure with
betalamic acid, and betaxanthins which provide yellow colorations and are synthesized
from different amino compounds and betalamic acid (Polturak and Aharoni, 2018). Both
have antioxidant and anti-inflammatory activity (Gandia-Herrero and Garcia-Carmona,
2013). Betalains are the least known pigments, although the vitamins associated with these
pigments are vitamin B and C (Rahimi ez al., 2019; W.S., 2018).

Flavonoids

Flavonoids are a group of natural compounds with variable phenolic structures produced
by the metabolic pathway of PFP compounds, which also contribute to fruit coloration and
plant protection from ultraviolet radiation (Agati et al., 2012; Pandey, 2013). In 1930 a new
substance was isolated from oranges (Citrus sinenesis), at that time believed to be a member
of a new class of vitamins and designated as vitamin P; this substance was later found to be
the flavonoid rutin and to date, more than 4000 flavonoid variants have been identified.
Recently, there has been interest in flavonoids due to their potential health effects as
antioxidant, antibacterial, anti-inflammatory, anticancer and antiviral substances. Thus,
they also play an important role in plants by decreasing oxidative stress and as growth
regulators (Pandey, 2013). Quercetin is one of the most abundant flavonoids found in fruits
and vegetables, and has been linked to vitamin C and E (Colunga Biancatelli et al., 2020;
Srivastava et al., 2016).

Anthocyanins

They are water-soluble pigments that belong to the flavonoid group, a subclass of the
polyphenol family. Anthocyanins give colors to fruits that, in spectrum, range from red and
purple, to blue (Sudhakar et al., 2016). More than 700 different anthocyanins have been
identified, including pelargonidin, delphinidin, cyanidin, petunidin, peonidin, malvidin,
among many others (Wallace and Giusti, 2014). Some of the functions of anthocyanins
in red mango fruits that have been reported are tolerance to cold and fungal pathogens,

especially when the red color is intense (Sivankalyani et al., 2016; Sudheeran et al., 2018).
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Some vitamins associated with anthocyanins are vitamins C and E (Leong and Oey, 2012;
Martin ¢t al., 2017).

Chlorophylls

Chlorophylls are lipid-soluble green pigments found in all algae, higher plants and
cyanobacteria that photosynthesize. Chlorophyll in plant foodsis converted into pheophytin,
pyropheophytin and pheophorbide, after ingestion by humans; these valuable bioactive
compounds show an anti-mutagenic effect, so they are likely to play an important role in
cancer prevention, specifically through inhibition of myeloma cell multiplicity through
pheophorbide. In addition, it is used as a natural food colorant and has antioxidant

properties (Guedes et al., 2019).

Pigment diversity of mango fruit

Mango has a diversity of colors in both skin and flesh. In mango fruit, color development
is an important phenomenon during ripening. Mango varieties can be classified according
to their skin color spectrum or pigmentation, and consumers in some countries have
preferences for a particular color in their imports market. The red mango varieties most
in demand for export are Kent, Tommy Atkins, Haden and Keitt, which are less fibrous,
firmer and suitable for long distance transport (Evans, 2008).

Among the green mango varieties, and mostly known in the world, are Bombay,
Amrapali, Bennet Alphonso, Arroyos, Carabao, Carrie, Chok Anan, Fazli, Himayat, Jean
Ellen, Neelam and Saigon mangoes, all of them rich in beta-carotene. Other well-known
red varieties include Haden, Irwin and Tomy Atkins, Edward, Palmer, Badami, Cogshall,

Vado, San Felipe and Van Dyke mangoes, rich in vitamin A. Meanwhile, the most popular

Table 1. Example of common pigmentation in international mango varieties.

Green varieties Red varieties Yellow varieties

Ataulfo (Mexico)

vl

Amparali (India) Tommy Atkins (USA) Nam Doc Mai (Thailand)
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yellow varieties are Alfonso, Ataulfo, Banganapalli, Punto, Duncan, Gir Kesar, Glenn,
Nam Doc Mai, Sindhri, Manila, Mallika, Francis and Kesar (Mitra, 2016), rich in vitamin
B, G and E. Table 1 shows some examples of widely traded mango varieties with green, red
and yellow pigmentation.

In Mexico there is also a wide diversity of colors in mango germplasm. The best known
and most widely cultivated variety in the country is the Ataulfo mango, although there
are also other varieties cultivated in smaller proportions, as well as a wide range of criollo
mangoes, all of which are high in nutrients, vitamins and antioxidants. Some registered
varieties are Cotaxtla-1, Cotaxtla-2, Diamante and Zafiro mangoes (SNICS 2020).

Authors such as Gdlvez-Lépez et al. (2007b) reported a broad and diverse range
of Mexican criollo mangoes, among which green, red and yellow mangoes can be
distinguished (Table 2). This indicates that genetic recombination of mango germplasm
since its introduction to Mexico has been favored by climatic conditions.

Within the spectrum of green coloration reported in Mexico there are the Criollo
mangos, Tecolote, Madura Verde and Pifia. In turn, the red mango germplasm consists
of the varieties Manzanillo Nufiez, Suchitoto, as well as the criollo Coche, Manzana,
Cachetio and Pepino. Among the yellow mangoes there are Ataulfo, Diamante Ataulfo,
Elite Ataulfo, Diplomatic and Criollos Manililla, Amate or Amatillo, Alcanfor, Plitano,
Oro, Agua and Ajo. There are also criollo mangos with yellow peels with red dots and
yellow with green dots. This variability of colors could represent an important source of

Table 2. Diversity of colors in native mango germplasm from Chiapas, Mexico (Taken from: Gélvez Lopez et al.,

2007h).

Name Ripe fruit Name Ripe fruit Name Ripe fruit

Manililla ‘ . ‘

Platano Agua

Canela . ‘ . Viejita Platano

Coche . . ‘ Tecolote ‘ “ Sin nombre 1
n ——— i
Amatillo Pepino Ajo
Cachetio Manzana . . O Sin nombre 2
Oro Alcanfor Ataulfo 50
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antioxidants and pigments that would bring benefits to the human health of Mexicans
through the consumption of fresh fruit, or the commercial/industrial exploitation
of these.

The high variability in coloration and pigments in the native Mexican mango germplasm
constitutes a source of genetic wealth, and makes this species a genetic potential for human
nutritional use and benefit, since most of the criollo mango cultivated in Mexico is not

used.

Pigment biosynthesis

It is evident that the range of coloration that may happen in fruits depends on the
triggering of the biosynthetic pathways of the different pigments present in mango
germplasm. This also applies to all fruits consumed by humans. The main biosynthetic
pathways that convert pigments into products beneficial to human health are described

below.

Carotenoids

Carotenoid biosynthesis in plants begins with the conversion of geranylgeranyl
pyrophosphate (GGPP) by condensation of two molecules to form phytoene via phytoene
synthase (PSY) (Figure 1). Phytoene is subsequently converted to lycopene by the activities
of two desaturases, phytoene desaturase (PDS) and -carotene desaturase (ZDS), and two
isomerase enzymes, G-carotene isomerase (ZISO) and carotene isomerase (CRTISO). The
conversion of linear lycopene to fB-carotene or a-carotene represents a bifurcation of the
biosynthetic pathway (H. Yuan et al., 2015b).

Betalaines

The biosynthetic pathway of betalains, as well as the enzymes and genes involved in
this pathway, are less well known than those of flavonoids and carotenoids. Betalains are
synthesized from tyrosine (Figure 2), an aromatic amino acid thatis mainly producedin plants
through the shikimate pathway. Tyrosine is initially hydroxylated to form 3,4-dihydroxy-
L-phenyalanine (L-DOPA) by the enzyme tyrosine hydroxylase. L-DOPA is subsequently
converted to betalamic acid, the central backbone of all betalain compounds, in a two-step
reaction initiated by the enzyme DOPA dioxygenase (Polturak and Aharoni, 2018). The

Z-1S0
GGPP i 15-cis-phytoene ﬁb 9,15,9'-tri-cis-Z-carotene 9,9'-di-cis-Z-carotene
CRTISO 1 205
Lycopene totally trans +——7,9,7",9"-tetra-cis-lycopene
LCYE l LcYs
a-carotene B-carotene

Figure 1. Schematic representation of carotenoid biosynthesis. GGGP: Geranylgeranyl pyrophosphate, PSY:
Phytoene synthase, PDS: Phytoene desaturase, ZISO: Z-carotene isomerase, ZDS: Z-carotene desaturase,
CRTISO: Carotene isomerase, LCYE: Lycopene S-cyclase, LCYB: Lycopene S-carotene (Liang et al., 2020).
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Tyrosine hydroxylase DOPA dioxigenasa

TYrosing =——————p | -.DOPA —p Betalamic acid

Shikimato
route DOPA cycle Betaxanthin

|

Betacyanine

Figure 2. Schematic representation of the biosynthesis of betalains. L-DOPA: 3,4-dihydroxy-L-phenylanaline
(Gengatharan et al., 2015).

formation of cycle DOPA is carried out by the enzyme DOPA oxidase. Betalamic acid then
spontaneously condenses with an amine to produce the yellow pigment betaxanthin, or
with DOPA cycle to produce the red pigment betacyanin, the pigmentation depending on

condensation in the pathway.

Flavonoids

The phenylpropanoid flavonoid pathway in plants is responsible for the biosynthesis of a
large number of secondary metabolites. Both flavonoids and anthocyanins are synthesized
at the end of this very diverse metabolic pathway, as well as many intermediate molecules
whose precise biological functions remain largely unknown.

Phenylpropanoids are a group of physiologically active secondary metabolites derived
from phenylalanine, such as lignins, flavonols, isoflavonoids and anthocyanins (Vogt,
2010). All of these perform different important functions, such as protecting plants
against photooxidative damage and UV radiation (Xie et al., 2012). The products of the
PFP biosynthetic pathway have been extensively studied. Phenylpropanoid metabolism
is a key biosynthetic pathway in plant cells, but the regulation of the genes involved is
specific to plant tissue type and the species (Vogt, 2010). The relationship between the
fruit ripening process and the biosynthesis of phenolic compounds is a complex issue
to address (Rinaldo et al., 2010). As the first step in the phenylpropanoid pathway in
plants, phenylalanine is deaminated to produce cinnamic acid through the action of
phenylalanine ammonium lyase (PAL). Cinnamic acid is hydroxylated to coumaric
acid, which is then activated to 4-coumaroyl-CoA by the action of 4-coumarate: CoA
ligase (4CL). Chalcone synthase (CHS) catalyzes the tiered condensation of three
malonyl-CoA acetate units with p -coumaroyl-CoA to produce naringenin chalcone.
Naringenin chalcone is converted to naringenin by chalcone isomerase (CHI) (Figure 3).
Subsequently, flavanone 3-hydroxylase (F3H) converts naringenin to dihydrokaempferol.
Dihydroflavonol 4-reductase (DFR) is an important enzyme in the next step of
anthocyanidin synthesis and can use any of the dihydroflavonols as substrates to produce
anthocyanidin precursors. Afterwards, anthocyanins have three main branches. Each
branch corresponds to the use of one, two or three hydroxyl groups on the B-ring of
dihydrokaempferol. The flavonoid enzyme 3 hydroxylase (F3 H) is responsible for the
different hydroxylations during the pathway.
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Shikimato
route

w— PAL CHS

Phenylalanine —  Cinnamic acid i, Coumaric acid ip 4-coumaryl-CoA ——_ Naringenin Chalcone

CHI
ANS DFR F3'H F3H

Cyanidin  g—— Leukocyanidin e Dihydroquercetin  g—— Dihydrokaempferol Naringenin

Anthocyanins
Flavonols Isoflavones

Figure 3. Schematic representation of phenylpropanoid flavonoid biosynthesis. PAL: Phenylalanine ammonium
lyase, C4H: Cinnamate 4- mono-oxygenase, 4CL: 4-coumarate: CoA ligase, CHS: Chalcone synthase, CHI:
Chalcone isomerase, F3H: Flavanone 3-hydroxylase, DFR: Dihydroflavonol 4-reductase and ANS: Anthocyanidin
synthase (Ferreyra et al., 2012).

Chlorophylls

Chlorophyll is synthesized in the chloroplast. In the first phase, the acid glutamic
amino acid is converted to 5-aminolevulinate acid (Figure 4). In this metabolic pathway,
the presence of light is necessary during the reaction that produces protoporphyrin I1X.
Other chloroplast enzymes can add either Mg2+ to initiate chlorophyll synthesis or
Fe** to initiate the synthesis of heme groups. Protoporphyrin IX can also be exported
from the chloroplast to the mitochondrion, where it is used to produce large amounts of
cytochromes. This biosynthetic pathway is also important because heme groups serve as
substrate for the synthesis of phytochrome, an essential photosensitive molecule for normal
plant photomorphogenesis (Ridiger et al., 2006).

Therefore, all pigments have defined biosynthetic pathways that determine the different

colorations in fruits, which are regulated by a series of genetic elements, not yet fully

GIuRS HEMA GSA-AT HEMB
Glutamic acid —p Glutamyl-tRNA —— GSA » ALA »  porphobilinoge
1 HEMC
HEMF HEME HEMD
Protoporphyrinogen IX «—— Coproporphyrinogen |ll = Uroporphyrinogen Ill g—— Hidroximetilbilano
HEMG
CHLH CHLM CRD e
) Divinyl
Protoporphyrin IX — Mg-Protoporphyrin IX —— Mg-Protoporphyrin IX — . hiorophyllide
monomethvl ester
POR
Chlorophylls g divinyl
chlorophyll a

Figure 4. Schematic representation of chlorophyll biosynthesis. GluRS: Glutamyl-tRNA synthase, HEMA:
Glutamyl-tRNA  reductase, GSA:  Glutamate-1-semialdehyde, =~ GSA-AT:  Glutamate-1-semialdehyde
2,1-aminotransferase, ALA: 5-aminolevulinic acid, HEMB: 5-aminolevulinate dehydrogenase, HEMC:
Porphobilinogen deaminase, HEMD: Uroporphyrinogen III synthase, HEME: Uroporphyrinogen III
decarboxylase, HEMI: Coproporphyrinogen III oxidase, HEMG: Protoporphyrinogen oxidase, CHLH: Mg-
chelatase, CHLM: Mg-protoporphyrin IX methyltransferase, CRD: Mg-protoporphyrin IX monomethyl ester
cyclase, POR: Protochlorophyllide oxide reductase (Ohmiya ez al., 2014).
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known or elucidated. Some associated elements are, for example, genes, SNPs, proteins,

transcription factors, miRNA, among other key elements (Castillejo et al., 2020).

Genes associated to pigmentation

Fruit pigment production and degradation depend on complex events. Particularly
some genes have been related to the modulation of biosynthetic pathways, generating key
enzymes and byproducts in fruit pigmentation. Generally speaking, two types of genes are
required for pigment production: structural genes that encode enzymes involved in each
reaction step, and regulatory genes that control the transcription of structural genes (Liu et
al.,2018).

The PSY gene coding for the enzyme phytoene synthase was found to control the
production of the elements responsible for the limiting reactions of the carotenoid pathway;
therefore, the resulting enzyme is one of the most studied enzymes in plant carotenogenesis
(Yao et al., 2018). This gene presents diverse alleles depending on the species; for example,
in Arabidopsis, only one copy of the PSY gene has been found in chromosome 5, while two
alleles have been found in carrot (Daucus carota) (Clotault et al., 2008; Rodriguez-Villalon et
al., 2009); in tomato (Solanum lycopersicum), maize (Zea mays), rice (Oryza sativa) and sorghum
(Sorghum bicolor L. [Moench]) there are three alleles of the PSY gene (Chaudhary et al.,
2010; Dibari et al., 2012; Fantini et al., 2013). For its part, the PDS gene encoding the
phytoene desaturase enzyme is involved in the carotenoid biosynthesis pathway.

In the modulation of gene expression, the presence of regulatory sequences and
proteins capable of directing gene expression is necessary. Gene expression is the process
by which the information encoded in a gene is used to direct the assembly of a protein
molecule. Regulation of gene expression is one of the most important events in the control
of development and in the responses to environmental changes. Gene regulation is the
process of activating and deactivating genes. The master proteins in the regulation of gene
expression are known as transcription factors.

Transcription factors are proteins that bind to DNA to stimulate or repress the
transcriptional rate of genes by binding to specific promoter regions. This activates or
deactivates gene signaling cascades. Transcription factors have fundamental functions
in almost all biological processes (development, growth and responses to environmental
factors).

In plants, transcription factors have been used to manipulate various metabolic
pathways, of growth and development, and stress responses (Garcia-Morales et al.,
2013). For example, it has been reported that the structural genes of the flavonoid and
anthocyanin biosynthetic pathways function under the control of the MYB transcription
factor, most of which regulate structural genes at different levels acting specifically
depending on the tissue of the plant species. MYB proteins constitute the largest class
of modulators of secondary metabolism; this family of proteins is characterized by the
presence of a characteristic DNA-binding domain called MYB (Docimo et al., 2016).
MYB proteins participate as transcriptional activators or repressors in the regulation of
cellular processes; 339 and 230 MYB proteins have been reported in Arabidopsis thaliana
and rice, respectively (Feller ez al., 2011).
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Another important genetic element in the pigment pathway is the PAL gene coding for
phenylalanine ammonium lyase, which plays an important role in the phenylpropanoid
metabolism pathway. The PAL gene is key in phenylpropanoid biosynthesis and is widely
distributed in several plant species. It has also been cloned from fungi. In many plant
species, the PAL gene is encoded by a polygenic family, that is, for each gene there are
several members or alleles; for example, in Brachypodium distachyon (8 members), Populus
trichocarpa (5 members) and Eucalyptus grandis (9 members). Recently, four PAL genes were
identified, expressed and characterized in Arabidopsis thaliana (Li et al., 2019).

The CHS gene controls the first committed step of flavonoid biosynthesis. The
expression of the CHS gene is related to the accumulation of flavonoids and anthocyanins,
which generate the colors ranging from red to purple and also determine the antioxidant
capacity of fruits and leaves. The function of the CHS gene has been studied in many plant
species such as soy and dicotyledons such as apple (Wang et al., 2018).

In mango varieties “Amrapali” (green skin color), “Arka Anmol” (yellow skin color) and
“Janardhan Pasand” (red skin color), the peels were studied at different ripening stages,
analyzing pigments, colors, as well as the gene expression of carotenoids and anthocyanins.
The genes studied were PSY, PDS, ZDS, CHS, CHI, F3H, ANS and DFR. They found that
gene expression levels increased as fruit ripening advanced, and the highest expression
levels were observed in the red-colored variety (Karanjalker et al., 2018).

Table 3 summarizes a list of multiple genes and gene families associated with pigment
production in different species; for example, genes associated with the biosynthetic pathways
of carotenoids, flavonoids, anthocyanins, and chlorophylls. Despite this knowledge, further
molecular studies are still needed to fully understand the regulation and control of all
pigment pathways. For the case of mango, elucidating knowledge is still scarce. In addition
to these genes, it has also been found that some SNPs are probably responsible for the
differences in fruit pigmentation in some varieties; however, these hypotheses still need to

be tested, mainly in Mexican mango germplasm.

Nutritional benefits of pigment consumption

Regardless of the knowledge so far developed in the understanding of the biosynthetic
pathways and the genes associated with fruit pigmentation, it is essential to highlight the
nutritional contribution of pigments to human health. Below are some examples of the

proven benefits of pigments for human health.

Benefits of carotenoids

Interest in carotenoids from a nutritional standpoint has focused primarily on the
provitamin A activity of carotenoids that have B-rings, since vitamin A deficiency is a
major micronutrient deficiency worldwide. B-carotene is one of the most abundant
carotenoids in fruits and vegetables. Carotenoids have an essential role in human nutrition
and health, as humans cannot synthesize vitamin A de novo, although plant carotenoids
such as B-carotene, @-carotene, y-carotene and f-cryptoxanthin provide the main dietary

source of provitamin A (Sharoni et al., 2011).
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Table 3. Genes associated with fruit pigmentation.

Carotenoid pigments

PSY Carotenoid 831587 Arabidopsis thaliana (Alvarez et al., 2016)
PSY Carotenoid 103501375 Cucumis melo (Qin et al., 2011)
PSY 2 Carotenoid 103443160 Malus domestica (Ampomah-Dwamena et al., 2015)
ZDS Carotenoid 543629 Solanum lycopersicum (McQuinn et al., 2020)
PDS Carotenoid 544073 Solanum lycopersicum (Charles et al., 2012)
CRTISO Carotenoid 101267857 Solanum lycopersicum (Ralley et al., 2016)
LCYB Carotenoid 544104 Solanum lycopersicum (Ralley et al., 2016)
LCYe Carotenoid 544129 Solanum lycopersicum (Charles et al., 2012)
Flavonoid and anthocyanin pigments
PALT PFP KJ461724.1 Prunus domestica (Selvaraj et al., 2016)
PAL2 PTP KJ461725.1 Prunus domestica (Selvaraj et al., 2016)
PAL PrFpP EF192469.1 Vitis vinifera (Kobayashi ez al., 2011)
PAL PFP KF956008 Mangifera indica (Hoang et al., 2015b)
C4H PFP 817599 Arabidopsis thaliana (Schilmiller et al., 2009)
4CL PFP 116199772 Punica granatum (Ophir et al., 2014)
CHS PFP KJ461726.1 Prunus domestica (Selvaraj et al., 2016)
CHS'T PFP KF956020 Mangifera indica (Hoang et al., 2015b)
CHS2 PFP KF956023 Mangifera indica (Hoang et al., 2015b)
CHI PFP 107779699 Nicotina tabacum (Liet al., 2019)
F3H PFP 824287 Arabidopsis thaliana (Owens et al., 2008)
DFR PFP 544150 Solanum lycopersicum (Lietal., 2019)
ANS PFP 107027946 Sonalum pennellii Lietal., 2019)
Chlorophyll pigments
HEMAT Clorophyll 842198 Arabidopsis thaliana (Ohmiya et al., 2014)
HEMD Clorophyll 817195 Arabidopsis thaliana (Ohmiya et al., 2014)
CHLIT Clorophyll 5716878 Chlamydomonas reinhardtii (Brzezowski et al., 2016)
CHLI2 Clorophyll 834633 Arabidopsis thaliana (Huang y Li, 2009)

Beta-carotenes can improve immune function due to their antioxidant capacity and

increase lymphocyte proliferation (Maiani et al., 2009; Yamaguchi, 2012). The benefits

associated with carotenoid intake include enhanced immune system functions and lower

risk of developing chronic degenerative diseases, such as age-related muscle degeneration,

type 2 diabetes, obesity, certain types of cancer such as breast, cervical, ovarian and

colorectal cancers, and cardiovascular disease, among others (Hamer and Chida, 2007,
Britton, 2009; Ferndndez-Garcia et al., 2012; Bonet ¢t al., 2015; Melo van Lent et al.,
2016). Carotenoids also attract interest as promoters of cognitive functions (Hammond,

2015), as well as skin photo-protectants and providers of cosmetic benefits (Meléndez-

Martinez et al., 2018).
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Benefits of betalains

Betalains are not well studied compared to other pigments due to their scarcity in nature.
In addition to their relevance as colorants, betalains have various effects that promote health
benefits, such as antioxidant activity, anti-inflammatory activity, antimicrobial activity,
hepatoprotective effects, and chemopreventive and anticancer properties. However,
betalains are quite sensitive to heat, pH, light and oxygen (Gengatharan ez al., 2015). There
are reports that betalains are precursors of vitamins B and C (Rahimi ¢t al., 2019; W.S.,
2018). The B vitamins comprise a group of eight water-soluble vitamins that play essential
and closely related roles in cellular functioning, acting as coenzymes in a wide range of
catabolic and anabolic enzymatic reactions. It is important for the metabolism of proteins,
because it helps in the formation of red blood cells in the blood and in the maintenance
of the central nervous system. Their effects are particularly prevalent in numerous aspects
of brain function, including energy production, DNA/RNA synthesis/repair, genomic and
non-genomic methylation, and the synthesis of numerous neurochemicals and signaling
molecules (Kennedy, 2016; Fratoni and Brandi, 2015). Vitamin C was firstidentified in citrus
fruits. It is an important vitamin in human health; it is water soluble, necessary for normal
growth and development, and it also cannot be synthesized by humans. Its importance lies
in the essential factor in the synthesis of collagen, carnitine and norepinephrine (Pacier and
Martirosyan, 2015).

Benefits of flavonoids and anthocyanins

Many flavonoids have been reported to have antioxidant activity, free radical scavenging
capacity, coronary heart disease prevention, hepatoprotective, anti-inflammatory and
anticancer activities, while some flavonoids exhibit potential antiviral activities (Martin et
al.,2017). In plants, flavonoids help combat oxidative stress and act as growth regulators. For
pharmaceutical purposes, the production of different types of flavonoids has been possible
with the help of microbial biotechnology (Pandey, 2013). Anthocyanins are bioactive
components of nutraceutical and traditional medicine. They have been used as phyto-
pharmaceuticals, appetite stimulants and for the treatment of many other diseases. The
potential health benefits of anthocyanins are antioxidant, anti-angiogenesis, anticancer,
antidiabetic, visual health improvement, anti-obesity, antimicrobial and neuroprotective
effects (Khoo et al., 2017). The vitamins associated with flavonoids and anthocyanins are
vitamins C and E.

Vitamin E is a fat-soluble vitamin found in many foods. In the body it acts as an
antioxidant, helping to protect cells from damage caused by free radicals. Free radicals are
compounds that are formed when the body converts the food we eat into energy. The body
also needs vitamin E to boost its immune system so it can fight off invading bacteria and
viruses. It is also important in the formation of red blood cells and helps to dilate blood
vessels and to prevent blood from clotting within them (Lee and Han, 2018). Therefore,
the consumption of fruits containing these pigments is of utmost importance in the human
diet and health, since they are a rich source of vitamin precursors that have a positive

impact on human health and nutrition.



Agro productividad 2022. https://doi.org/10.32854/agrop.v1512.2094 121

Benefits of chlorophylls

Chlorophylls are a fat-soluble pigment that gives plants and algae their green
color and, together with light, is essential for the photosynthesis process to take place.
Chlorophylls have been reported to have antioxidant activity, like anthocyanins, helping
to protect cells from free radical damage; they also have anti-inflammatory, anti-cancer,
anti-mutagenic and other properties. Positive effects on wound healing have also been
reported, and the vitamins associated with chlorophylls are vitamin A, G and E (Zepka
et al., 2019; Levent, 2017).

CONCLUSIONS

Morphological, biochemical and genetic studies of pigment diversity establish the basis
of scientific knowledge that allows the identification of genes leading to the formation of
important compounds with potential benefits for human health. This knowledge represents
the basis for future decisions on the agronomic use of mango germplasm in Mexico.
However, there is still scarce information in terms of knowledge about the genes and
gene families that control all the metabolic pathways involved in the type of pigmentation
that mangoes (M. indica) express. Therefore, it is necessary to develop research aimed at
understanding the elucidation, expression, structure and specific function of these genes,
as this could help to understand the possible levels of accumulation and concentration
of pigments there are among the different red, yellow, green and other color varieties in
the Mexican mango germplasm. Finally, exploring the richness of mango germplasm at
the molecular level could be of great benefit to human health; this would allow initiating
conservation and propagation programs for the different types of mangoes in the country
that could be attractive in national and international markets.
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