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Abstract: White flowers are an important element of natural beauty, although they are thought of colorless. Anthocyanins are the major
compounds responsible for a variety of pigments in flowers. White flowers surely lack pigmented anthocyanins and other compounds,
but there are regulatory mechanisms that hinder the deposition of color pigments in white flowers. Moreover, there are also some
compounds that deposit to instigate white appearance and the genetic regulators control the biosynthesis and deposition of such
compounds. Experts have shown that fluctuation in the equilibrium of FLS and DFR genes determines the degree of accumulation
of anthocyanins and flavonols in the flowers, leading to different color patterns. The gene suppression techniques to suppress certain
flavonoid pathway genes, such as CHS, or the insertion of DNA transposable elements into CHS produce white flower color in a number
of species. Although pigments find wide application in the everyday life, white color does possess special importance in nature. Land
plants use white flowers for reproductive viability during cold early spring to conserve energy and reduce nutrient costs, particularly
in low density pollinations. Moreover, white fruit skins deposit specific amounts of anthocyanins and phenols with significant health
benefits. This review, thus, deciphers the regulatory mechanisms for the absence of pigments in the white flowers and the deposition of
special compounds causing white appearance and the benefits of white color in nature.
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1. Introduction

Visual floral traits, especially flower color, are the crucial
elements of plants to shape their interaction with the
environment (Roguz et al, 2020). An enormous flower
color variation exists in plants and a diverse range of factors
are involved in flower color polymorphism. However, the
diversity of flower color among modern lineages has only
been studied in a few plant groups. Flower color plays
a role in plant—environment interaction, affects plant-
pollination interaction patterns, and drives species viability
in extreme conditions (Roguz et al., 2020). White flower
color possesses significant reproductive, environmental,
and nutritional value. White flowers have been used in
ceremonial occasions as a symbol of purity and innocence.
White flowers also make a fine blend with pigmented
flowers in floral arrangements. Therefore, there is a huge
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commercial demand for white beauty, especially in Japan
the white chrysanthemum and carnations are in demand
throughout the year for ceremonial purposes (Totsuka et
al.,, 2018).

Flower color is regulated by three main groups of
pigments, including carotenoids, betalains, and flavonoids.
Flavonoids are among the widely distributed metabolites
in plants; especially, flavonols and anthocyanins are the
most important flavonoids that determine flower colors,
including white, red, yellow, and purple (Morita etal.,2014;
Tanaka et al., 2008). Therefore, the flavonoid biosynthesis
pathway is the most studied pathway in color regulation in
plants (Quattrocchio et al., 2006). The genetic regulators
of pigmented-anthocyanin biosynthesis have been
studied well in a number of species, such as Arabidopsis
thaliana, petunia (Petunia hybrida), grape (Vitis vinifera),
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snapdragon (Antirrhinum majus), and maize (Zea mays),
thereby becoming important targets of molecular breeding
(Dixonet al., 2013; Dixon and Pasinetti 2010; Petroni and
Tonelli 2011; Quattrocchioet al., 2006). However, not
all flavonoids cause vibrant flower colors. At least 400
flavonoids are not anthocyanins, most of which are pale
yellow, white or colorless.

Variations in flavonoid biosynthesis pathway genes,
either natural or induced, cause differential accumulation
of phytochemicals in the petals, leading to color
polymorphism. Therefore, appearance of light or white
color may result from individual gene activity in the
flavonoid biosynthesis pathway. For example, chalcone
synthase (CHS) is a pivotal enzyme responsible for the
biosynthesis of flavonoids. It catalyzes the naringenin
chalcone formation (Martin, 1993). The expression of CHS
gene was drastically decreased in the white flowers buds
of morning glories (Ipomoea purpurea) (Fukada-Tanaka
et al., 1997). Moreover, fluctuation in the equilibrium
of DFR and FLS genes determines the accumulation of
anthocyanins and flavonols in the white and red flower
species (Luo et al., 2016). Heterologous FLS expression
in transgenic tobacco promotes flavonol biosynthesis
and blocks anthocyanin accumulation, leading to white
flowers (Luoet al, 2016). Analysis of flavonol and
anthocyanin in 7 species with red and white flowers
(rose (Rosa indica), peach (Prunus persica), carnation,
azalea (Rhododendron), camellia (Camellia japonica) and
petunia) showed a significantly higher anthocyanin levels
in red flowers as compared to white ones. Overexpression
of DFR gene in tobacco (Nicotiana tabacum) causes the
predominant flavonol accumulation that produces pure
white flowers. Linkage of anthocyanidins to one or more
sugars, provides different colors in living cells. These
pigments can take many forms in the solution based
on the solvent and the pH. A solution pH range of 3-6
supports the linkage of colored pigments with copigments,
such as carotenoids, colorless flavonols or metals. The
anthocyanins can also attach to aromatic acyl groups or
organic acids. In fact, most of the flavonoids are altered by
the linkage of covalent bonds to glycosyl, acyl or methyl
groups. These modifications stabilize the molecules, add
pigments and finally change hue. Acylation is considered
to be helpful in the stacking of these pigments (Miller et
al., 2011). Therefore, anthocyanin accumulation is key to
flower appearance in light and deep colors.

White flowers also affect pollination success of
plants and express environmental adaptations to allow
successful reproduction. This review summarizes the
molecular framework of white flower color formation
and the impact of white flowers on the reproductive
success of plants.
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2. Anthocyanin biosynthesis-step-breakdown causes
white flowers

Anthocyanin biosynthesis can be divided into two steps:
an early biosynthesis and a late biosynthesis step (Figure
1). While many color morphs are generated through
early biosynthesis steps (Tanaka and Ohmiya, 2008), the
diversions are also observed leading to while phenotypes.
White P. hybrida line W43 flowers accumulate glucosides
of caffeic acid and 4-coumaric acid and are able to make
anthocyanins from exogenous supply of naringenin
(Mol et al., 1983). This suggests that W43 has a blockage
in the biosynthesis step preceding the formation of
naringenin. Contrarily, the red W43 cultivar allows the
anthocyanin production in certain parts of flower. In
the white sectors of flower, CHS activity does not occur
(Mol et al., 1983). The white flowers of D. caryophyllus
contain kaempferol as a major pigment, while the red
flowers contain pelargonidin (Forkmann and Dangelmayr,
1980). After the administration of dihydroquercetin to red
petals, the naturally formed pelargonidin is augmented
by enough amount of cyanidin. However, naringenin
and dihydroquercetin did not affect white petals and
anthocyanin production was not observed, showing
a genetic block after the formation of dihydroflavonol
(Forkmann and Dangelmayr, 1980).

Studies on the genetic regulation of anthocyanin
pathway in some plants showed that the lack of anthocyanin
was caused by the absence of chalcone synthase activity
(Hrazdina and Weeden, 1986). Mutants with white flowers
show an altered structural gene encoding CHS, resulting
in a reduced level or absence of CHS (Rall and Hemleben,
1984). White mutant of P. hybrida showed the blockage of
anthocyanin synthesis at the CHS step (Molet al., 1983).
However, in some other species, the lack of anthocyanin
expression was caused by the deficiency in the activity of
glucosyltransferase, phenylalanine lyase (PAL), and CHS
(Dooner, 1985).

Flower color variations are generally resulted from
the differences in either regulatory or structural genes
involving flavonoid biosynthesis pathway (Nakatsuka et al.,
2005). For example, blockage in the early steps of flavonoid
biosynthesis due to mutation causes the white flower
formation due to accumulation of colorless pigments;
while the mutation blocking the late steps instigates the
formation of colored flowers due to accumulation of
particular anthocyanins. Moreover, the white flower
phenotypes vary from white to ivory depending upon the
blockage of respective steps of flavonoid biosynthesis. For
instance, the accumulation of colorless flavonoids in the
ivory flowers of D. caryophyllus (Mato et al., 2000; Stich
et al,, 1992), A. majus (Martin et al., 1985; Martin et al.,
1991), E. grandiflorum (Davieset al., 1993), and Pharbitis
nil (Hoshinoet al., 1997; Saitoet al., 1994) is caused by
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Figure 1. The modified anthocyanin pathway leading to white flower color (PAL, phenylalanine ammonialyase; C4H, cinnamate
4-hydroxylase; 4CL, 4-coumarate CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase;
F3’H, flavonoid 3’-hydroxylase; FLS, Flavonol synthase; DFR, dihydroflavonol 4-reductase; LAR, leucoanthocyanidin reductase; ANS,
anthocyanidin synthase; LDOX, leucoanthocyanidin dioxygenase; ANR, Anthocyanidin reductase; UGFT, UDP-glucoside: flavonoid

glucosyltransferase; F3’5’H, flavonoid 3',5"-hydroxylase).

mutations in the genes encoding DFR, ANS, or F3H
during late steps of flavonoid biosynthesis. Contrarily,
the pure white flowers accumulate organic acids instead
of flavonoids (Mulder-Krieger and Verpoorte, 2012),
which occurs due to an f mutation in Matthiola incana
(Hemleben et al., 2004; Rall and Hemleben, 1984) and
a niv mutation in A. majus (Spribille and Forkmann,
1982). Both mutations affect CHS. Mutants of flavonoid
biosynthesis regulatory factors also trigger white flower
phenotypes. For example, the ¢ mutant in M. incana
and anl (Spelt et al., 2002) and an2 (Quattrocchio et al.,
1999) mutants in P. hybrida (Ramsayet al., 2003). A defect
in the A gene of carnation causes white color phenotype
(Geissman and Mehlquist 1947; Mehlquist and Geissman
1947). The A gene involves anthocyanin synthesis pathway,
regulating chalcone isomerase (CHI) (Itoh et al., 2002;
Stichet al., 1992). Defective F3H (flavonone 3-hydroxylase)
expression also causes white phenotype. F3H plays a
role in catalysis of naringenin to dihydroflavonol before
the DFR step (Mato et al., 2000). Therefore, mutation in
carnation F3H and DFR can generate white phenotype.
Four kaempferol glycosides accumulate in white carnation

petals (Iwashina et al., 2010), suggesting the production
of kaempferol instead of anthocyanins. Therefore, the
genes encoding early biosynthesis enzymes of upstream
flavonoid biosynthesis pathway up to F3H shall be active,
but the genes downstream of DFR might be repressed.
Transcription factors, such as MYB, bHLH and WD40
regulate the expression of late genes (Hichri et al.,
2011). Transient expression of two bHLH genes (MYC-
146 and GL3) in the white petals of M. incana mutants
complemented the anthocyanin deficiency by activating
the biosynthesis of anthocyanins (Ramsay et al., 2003).
MYB genes controlling the downstream pathway elements
are exclusively linked to the convergent evolutionary
transitions leading to white flowers (Larter et al., 2018).
In the white Iochroma loxense flowers, the pigment loss
involves R3MYB repressor that restricts the downstream
gene expression (Gates et al., 2018).

3. Mutations causing white phenotype

Mutations either natural or spontaneous drive the process
of evolution in the living organisms. Flower color mutation
widely occurs in nature and a number of plants with
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beautiful flowers have been produced through natural
variability. Flower color mutations have been studied in
species like, morning glory (Hoshino et al., 1997; Iida et
al., 2004), petunia (Clegg and Durbin, 2000; Gerats et al.,
1990), and snapdragon (Hudson et al., 2008; Martinet al.,
1991). The flower color can be genetically modified by
transforming chimeric or endogenous chs constructs into
plants. The scientists have tried to produce white flowers
in medicinal plants, such as E. purpurea (Wang and To,
2004) and ornamental plants, such as E. grandiflorum
(Deroles et al., 1998), D. grandiflora (Courtney-Gutterson
et al., 1994), Torenia fournieri (Aida et al., 2000), and T.
hybrida (Suzuki et al., 2000) by using chs constructs. The
resultant white transformants have been successfully
achieved in T. hybrida, E. grandiflorum, and D. grandiflora.
Use of petunia CHS construct to cosuppress tobacco CHS
results in white flowers (Wang et al., 2006). Introducing
additional chs genes into Arabidopsis and petunia causes
the cosuppression or posttranscriptional gene silencing
(PTGS) of chs (Depicker and Van Montagu, 1997; Metzlaft
et al.,, 2000). CHS is the key enzyme in the biosynthetic
pathway of anthocyanin and, therefore, its silencing can
be easily observed by the loss of pigmentation in petals.
Posttranscriptional silencing of two different CHS genes
simultaneously causes pure while flowers in the octoploid
dahlia (Dahlia variabilis) (Ohno et al., 2011).

Genetic engineering techniques have been used to
modify flower color. Mostly, the flower color changes are
successfully achieved by suppression technology, including
RNAi (RNA interference), antisense and cosuppression
(Davies 2008; Tanaka et al., 2005). The suppression of CHS
gene, that encodes a key enzyme catalyzing the first step
of flavonoid biosynthesis pathway, induces white flowers
in petunia and torenia (Nakamura et al., 2006; Napoli et
al., 1990; Suzuki et al., 2000; Tsuda et al., 2004; Van der
Krol et al., 1990). Using antisense method, the CHS gene
was suppressed in gentian plants to produce white flowers
(Nishihara et al., 2006). By RNAi, the suppression of
ANS or CHS was made to produce white gentian flowers
(Nakatsuka et al., 2008). An F3H knockdown by RNAi in
blue-flowered torenia produces white flowers (Ono et al.,
2006). In addition, mutations were also observed in F3’H
and F3’5°H genes.

Transposable elements have been shown to affect gene
expression in different organisms (Huang et al, 2012;
Rebollo et al., 2010). These elements have an established
role in plant diversity and evolution (Oliver et al., 2013).
Insertion of transposable elements often causes epigenetic
changes, like DNA methylation that leads to strong gene
silencing (Rebollo et al., 2010; Uchiyama et al., 2009).
Retrotransposons are ubiquitous components of plant
genomes (Grandbastien and Casacuberta, 2012) and the
transposon insertions have been documented both in
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coding and noncoding regions. Insertion of an En/Spm-
like transposon (TtfI) into the TfMYBI caused mutated
torenia phenotype due to suppression of flavonoid
biosynthesis pathway genes, such as ANS, CHS, DFR, F3H,
and UGFT (Nishijima et al, 2013). TOREI is a typical
LTR-type retrotransposon, called 560-bp LTR bearing a
target site duplication (TSD) of 5 bps, a PPT (polypurine
tract), and PBS (primer binding site), encoding a partial
gag-pol protein (Nishihara et al., 2014). It may be an
autonomously derived nonautonomous element. In torenia
(Torenia fournieri Lind.), the TOREI insertion completely
suppressed the expression of F3H (Nishihara et al., 2014),
causing white coloration. The expression analysis showed
that the absence of F3H (flavanone 3-hydroxylase) in the
petals was possibly caused by the insertion of TORE! (a
novel LTR-type (long terminal repeat) retrotransposable
element) into the 5-upstream region of F3H gene in
white torenia (Nishihara et al., 2014). This insertion
significantly suppressed the promoter activity of F3H,
causing its absence in the white petals. For cross-checking,
insertion of GtF3H, a foreign F3H cDNA, restored the
pink-pigmentation, justifying the F3H deficiency as the
sole cause of white color appearance in torenia flowers
due to reduced anthocyanin levels in the petals. Hind III-
aided partial digestion induced by de novo methylation
has been documented in the transgenic pea, showing very
strong transgene cosuppression after the viral infection
(Jones et al., 1998). Such an epigenetic change not only
disrupts F3H promoter but also reduces its activity. The
white morning glory flowers are produced by inserting
a DNA transposable element, related to Tpnl, into CHS
intron (Hoshino et al,, 2009). The variegated morning
glory flower is obtained by inserting DFR (dihydroflavonol
4-reductase) with Tpnl transposable element (Inagaki et
al,, 1994). Red petunia flower is the result of a mutation of
F3’5°H caused by a transposon insertion (Matsubara et al.,
2005). Mutation driven pigment variations have also been
studied in carnations (D. caryophyllus) (Itoh et al., 2002;
Momose et al., 2013; Nishizaki et al., 2011).

The insertion of solo, partial or full transposable
elements affects the color shift. Deep examination of F3H
promoter’s 5 -upstream region of white torenia genome
showed the insertion of a solo-LTR in place of full length
TORE1, suggesting that TOREI- and solo LTR-inserted
F3H are nonallelic. The inter-LTR recombination within
TOREI may constitute solo LTR in certain cells (Vitte and
Panaud, 2003). White torenia flowers sometimes show faint
pink-recovered sections in the petals. However, insertion
of a solo-LTR is comparatively less effective to reduce the
promoter activity as compared to the full insertion of
TORE1 (Nishihara et al., 2014). Therefore, solo LTR can
contribute partial recovery of phenotypes.
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The mutations mainly restricted the activities of
flavonoid B-ring hydroxylation, revealed by the presence
of epigenin as the only flavone and accumulation of
pelargonidin derivatives rather than delphinidin ones.
Such mutations have also been observed in some crops.
A deletion of single-base in F3’H and FLS causes grey
pubescence color and magenta flower color, respectively,
in soybean (Takahashi et al., 2007). Insertion of a 4-bp
mutation in 3GGT (3-O-glucoside-O-glucosyltransferase)
causes dusky colored flowers in morning glory (Morita
et al, 2005). In three species of morning glory, the
insertion of a single T, and transposable element Tip201
in F3’H causes reddish flowers (Hoshino et al., 2003). In
the white torenia, a deletion of 12-bp in exon 3 of F3’H
did not drive a frameshift, rather caused the absence of 4
amino acid residues. The deleted amino acid residues can
partially overlap with a binding pocket (A/G-G-X-D/E-
T-T/S) containing threonine, which is an oxygen-binding
motif contained by cytochrome P450 monooxygenase,
used in catalysis (Durst and Nelson, 1995). The absence
of this motif is supposed to inhibit the enzymatic activity
of F3’H. Moreover, the white torenia also shows a shorter
maximum absorption peak (333 nm) of UV as compared
with 346 nm of violet torenia.

4. White color affects mating system

Flower color may cause difference in the mating system
due to differential visitation rates and pollinator species
(Mu et al.,, 2011). Moreover, flower color also affects
the time of visitation. A study explores that in the early
spring, when few pollinators are available, white gentian
(Gentiana leucomelaena) flowers always bloom earlier than
blue gentian flowers (Muet al., 2011). The polymorphism
of flower color is associated with the diversity of pollinator
species (Figure 2a). For example, birds mainly prefer
pink and red flowers; bees prefer yellow, purple, and
blue flowers; while moths nocturnally like white flowers
(Rausher, 2008; Wilson et al., 2004). This specification
justifies that flower color polymorphism can be linked
with different pollinators as well as different mating
systems (Figure 2b). Pale and white flowers of Delphinium
nelsonii receive less natural pollinators as compared to
blue flowers, although the flowers of both colors give equal
seed production after artificial pollination (Waser and
Price, 1981). In the southern California, the populations of
Camissonia cheiranthifolia produce large colorful flowers
with enough amount of nectar, making them strongly self-
incompatible. Contrarily, the small and plain flowers are
mostly self-compatible and possess contrasting rates of
pollinator visitation (Raven, 1969). Such studies suggest
that colorful flowers are more capable of cross-fertilization
as compared to colorless and plain flowers. The species
visited by bees often possess purple or blue flowers with

short and wide corolla tubes, wide limbs, inserted stigmas,
and concentrated nectar in small amounts. However, the
flowers pollinated by moths are usually white and fragrant,
bearing long tubes that are often open at night (Rausher,
2008). Therefore, flower color can also be correlated with
rewarding/attractive traits, such as pollen productivity,
flower size, life span, nectar volume and concentration,
and diurnal cycles.

Light spectrum is another factor the flower visitors
use to differentiate flower color. Bees have good color
vision, especially the yellow, blue and ultraviolet spectra;
whereas flies prefer yellow or white flowers (Briscoe and
Chittka, 2001). Therefore, bees prefer to visit blue flowers
compared to white flowers (Ackermann and Weigend,
2006; Thomson and Wilson, 2008). Because honeybees
possess higher pollination efficiency compared to flies,
blue flowers show greater reproductive success than white
flowers. Similarly, white D. nelsonii flowers produce less
seeds than blue flowers because bumblebees visit blue
flowers more frequently than white ones (Waser and
Price, 1981). Moreover, bumblebees and hummingbirds
also prefer blue flowers due to their high quality nectar
as compared to white flowers (Waser and Price, 1981), as
some flies or bees distinguish flowers based on pollen or
the quality/quantity of nectar (Nepi et al., 2009; Smith and
Cobey, 1994). Flowers pollinated by beetles are usually
white or dull color, possibly because the visual sense of
beetles is poor. Moth-pollinated flowers are also white
or yellow, distinguishing the flowers to attract the active
moths in dwindling light.

The difference in the mating systems for white and
blue flowers have ecological significance. At an extremely
low pollinator density, the production of white flowers
could be advantageous. Plants that flower in early spring
face extreme temperature and low pollination rate at
alpine areas (Kudo, 1993), thus favoring self-pollination.
Similarly, emergence of white flowers is an effective
strategy for reproductive viability that not only conserves
energy but also reduces nutrient costs, particularly in cold
early spring with low density of pollination (Charlesworth,
2006). Contrarily, cross-pollinated colorful flowers
maintain a high genetic diversity (Mu et al., 2011).

Seed dispersal has an effect on flower color. The
wind-pollinated flowers are rarely colorful (Friedman
and Barrett, 2008). Fruits with wind-dispersed seeds
are rarely brightly colored. Pollinating animals visit the
flowers based on colors. Colors are helpful in plant species
selection, ripeness, flower location, nectar and pollen
location inside the flower (Miller et al., 2011). Therefore,
flower pigmentation plays a significant role in the success
of pollination.

For specific color morphs, the variation in flower color
is often related to pollinator selection (Gigord et al., 2001;
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Meléndez-Ackerman et al., 1997; Stanton 1987; Waser and
Price, 1981). Parrya nudicaulis is self-compatible, but in
the Russian Far-East, it mostly depends on pollinators for
reproduction (Tikhmenev 1981). This species produces
white to deep violet flowers (Dick et al., 2011). However,
this species was not detected with any significant visitation
preference for flower color (Fulkerson et al., 2012). The
authors further specified that the sample size was not
enough to confirm the absence of flower color preference
in this species. Indirect color selection may be a stronger
selective pressure in conditions where visitation rates are
extremely low (Whittall and Carlson, 2009).

Flower-color polymorphism is common in insect-
pollinated temperate herbs, bearing blue, pink or purple
anthocyanin pigments (Warren and Mackenzie, 2001).
Variation in anthocyanin contents is more common than
changes in other pigments, and in many cases, single
mutations may give rise to anthocyanin-less (white)

d

A
\ A

Characteristics White Flowers

Early blooming

Blooming

Pollinatorspecies Moths, flies, beetles

Pollination types

Nectar Small amount of nectar
Reproductive Long tubes, usually nocturnal
structures

Seeds Less seeds

Mostly self pollinated

morphs (Richards, 1997). Several studies have shown that
pollinators discriminate between color morphs (Levin,
1969; Mogford, 1974). However, some wind-pollinated
grasses such as Poa trivialis and Holcus lonatus possess
pink/white-color morphs (Hubbard 1968), suggesting that
pollinator preference cannot be fully explained.

Diversity of flower colors affect pollinator attraction
and is supposed to be molded through pollinator-
mediated selection (Trunschke et al., 2021). Pollinators
apply significant selective pressure on flower color and
determine the evolution of color signaling through
pollination efficiency and preferential visitation (Chittka
and Menzel, 1992; Chittka and Raine, 2006; MENZEL
and Shmida, 1993). Fluctuation in flower perception and
preferences by pollinators likely causes variable pollination
success and visitation among color phenotypes (Campbell
et al., 1997; Waser and Price, 1981).

ki)

Colored Flowers

Late blooming

Birds, bees

Mostly cross pollinated
Large amount of nectar

Short and wide corolla
tubes, wide limbs, inserted
stigmas, usually diurnal

More seeds

Figure 2. Effect of flower color on plant-pollinator interaction. a) comparison of white and colored
morphs on pollinator visitation preference and b) comparison of pollination and reproduction
related characteristics affected by white and colored flowers.
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5. The ornamental and food crops with white flowers

White phenotypes have been observed in a number of
ornamental and food crops (Table 1), such as dahlia (Ohno
et al,, 2013; Ohno et al,, 2011), gentian flowers (Nakatsuka
et al., 2008), petunia (Zenoni et al., 2011), arctic mustard
flowers (Parrya nudicaulis) (Dick et al., 2011), M. incana
(Dressel and Hemleben 2009), mock strawberry (Duchesnea
indica) (Debes etal., 2011), strawberry (Fragaria x ananassa)
(Li et al., 2013; Salvatierra et al., 2013; Saud et al., 2009), and
pomegranate (Punica granatum) (Ben-Simhon et al., 2015).

The ornamental plants with white flowers make a
beautiful arrangement along with colored flowers. The white
tissues of Dendrobium sonia orchid showed the repressed
expression of dihydroflavonol 4-reductase (DFR) (Piluk
and Ratanasut, 2012). Downregulation of F3'5'H gene
causes strong activity of FLS and a weak activity of F3'H,
resulting in white flowers in Nierembergia sp. (Ueyama et
al., 2006). The white chrysanthemum flowers accumulate
colorless flavonols and flavones (Chen et al., 2012). In
chrysanthemum petals, the degradation of carotenoids by
CCD4 (carotenoid cleavage dioxygenase) results in white
flower; while the suppression of CCD4 can turn petals from
white to yellow (Ohmiya et al, 2006). In carnation, the
downregulation of flavonone 3-hydroxylase results in pale
or white flowers, while the suppression of anthocyanidin
synthase gene of blue torenia through RNAi results in
white flowers (Tanaka and Ohmiya, 2008). Glycosylation
determines the presence of noncolor or color phenotype in
white-centered petunia. The white parts contain quercetin
with 7-O and 3’-O glucosides, while colored parts do not
have these molecules (Saito et al., 2007).

The Japanese gentian flowers are of naturally blue color,
but the breeding of white flowers is achieved by using
spontaneous mutants. Nakatsuka et al. compared white
flower cultivar to a blue one (Nakatsuka et al., 2005). They
found that the levels of flavone in white cultivar were one-
half the levels in blue cultivars, and the anthocyanins were
absent in the white cultivar. They further found that out of 10
flavonoid biosynthesis pathway genes, white flower cultivars
either lacked or showed a decreased expression of ANS,
CHS, F3H (flavanone 3-hydroxylase), (F3',5'H) flavonoid
37,5-hydroxylase, DFR (dihydroflavonol 4-reductase), 3GT
(UDP-glucose: flavonoid 3-glucosyltransferase), and 5AT
(anthocyanin 5-aromatic acyltransferase).

The white soybeans contain a DNA rearrangement
bringing small tandem repeats in a gene as compared to
purple soybeans. This W1 gene locus is required to form
delphinidin-3-glucoside (Zabala and Vodkin, 2007). In
pink-flowered strawberry, cyanidin 3-O-glucoside is the
primary anthocyanin for pink color (Xue et al., 2016).
In Prunus mume, cyanidin 3,5-O-diglucoside, peonidin
3-O-glucoside, and cyanidin 3-O-glucoside were detected
in pink flowers, but no such secondary metabolites were

observed in white petals (Ma et al., 2018). Similarly, red,
purple, and orange flowers of Lycoris longitude contained
anthocyanins, which were absent in white flowers (He et al.,
2011). Moreover, specific anthocyanins, such as petunidin
3- O-glucoside, O-syringic acid and pelargonidin 3- O-3-
p-glucoside, accumulate in pink tea (Camellia sinensis L.)
flowers, but absent in white flowers (Zhou et al., 2020). A
significantly high FLS level and a significantly low DFR level
were observed in the white tea flowers (Zhou et al., 2020).

White phenotype can also be caused by the accumulation
of flavonoid intermediated upstream of LDOX gene. For
instance, in white pomegranate fruit tissues, flavonoids
were accumulated in considerable amounts corresponding
to the upstream stages of LDOX function. The accumulated
flavonoids included kaempferol derivatives, quercetin
derivatives, catechin and its derivatives, suggesting the
blockage of flavonoid pathway at LDOX stage in white
pomegranate (Ben-Simhon et al., 2015).

Studies indicate that white Nicotiana sylvestris flowers
lack anthocyanin regulators which activate ANS and DFR in
the flavonoid biosynthesis pathway, causing lower contents
of pelargonidin and cyanidin (McCarthy et al., 2017).
Introducing apple ANR genes into tobacco causes the loss of
anthocyanins through the inhibition of DFR and CHI genes
(Han et al., 2012). Overexpression of MAANR2b produces
pale pink or white flowers in the transgenic lines and the
lines with overexpressing MdANR2b-4 produce pure white
flowers which contain the increased level of epicatechin
(Han et al,, 2012). ANR affects the anthocyanin synthesis by
competing with the activity of UGFT (UDP-glucose:flavonoid
3-O-glucosyltransferase) which converts anthocyanidin to
anthocyanin (Bogs et al., 2005). BANYULS (BAN) gene
encodes ANR, and the ectopic BAN expression in tobacco
can significantly inhibit anthocyanin biosynthesis, causing
the production of white flowers (Xie et al., 2003). Wild
Nicotiana tabacum produces pink petals; however, a white
flower mutant was deficient of DFR (Kazama et al., 2013).

6. Economic values of white flowers

White flowers have long-range environmental and health
benefits with their significant effects on plant-pollinator
interaction, environmental-reproductive interaction, and
deposition of phytochemicals, besides ceremonial efficacy.
People prefer white paper flowers with medium diameter and
small numbers (1-13 buds) (Pongoh and Paat, 2022). White
and yellow chrysanthemums are the most loved flowers
by the consumers as they believe that light colors create a
sense of hope and social energy as well as stimulate mental
activities (Wijayani et al., 2017). According to an estimate,
the plants with white flowers receive higher amounts of
herbivory than do pigmented flowers (Vaidya et al., 2018).
Herbivores show reduced performance on anthocyanin-
dominant pigmented morphs than white anthocyanin-
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Table 1. Overview of the white color induction using anthocyanin pathway genes in different crops.

anthocyanin biosynthesis, causing the production
of white flowers

Species Name Candidate Gene | Function References
Ipomoea purpurea | CHS ﬁle expression of CHS gene is drastically decreased (Fukada-Tanaka et al,, 1997)
in the white flowers buds of I. purpurea
DNA transposable The white flowers are produced by 1nse.rt1ng a DNA .
Ipomoea purpurea clement transposable element, related to Tpnl, into CHS (Hoshino et al., 2009)
intron
Gentiana CHS/ANS By BNAl, ANS, or CHS is suppressed to produce (Nakatsuka et al,, 2008)
leucomelaena white flowers
. . The suppression of CHS gene, that encodes a (Nakamura et al., 2006; Napoli et al.,
Torenia fournieri . . )
Lind CHS key enzyme catalyzing the first step of flavonoid 1990; Suzuki et al., 2000; Tsuda et
’ biosynthesis pathway, induces white flowers al., 2004; Van der Krol et al., 1990)
Torenia fournieri Absence of F3H is caused by the insertion of a -
Lind. F3H retrotransposable element TOREI (Nishihara et al, 2014)
Tf)rema fournieri F3H An F3‘H ‘kr%ockdown by RNI.M in blue-flowered T. (Ono et al., 2006)
Lind. fournieri Lind. produces white flowers
. . Use of petunia CHS construct to cosuppress tobacco
Petunia hybrida CHS CHS results in white flowers (Wang et al., 2006)
Posttranscriptional silencing of two different CHS
Dahlia variabilis CHS genes s1mul.taneously causes pure while flowers in (Ohno et al., 2011)
the octoploid
D. variabilis
Dianthus F3H/DFR Mu'tanon in carnation F3H and DFR can generate (Iwashina et al., 2010)
caryophyllus white phenotype
In the white I. loxense flowers, the pigment loss
Tochroma loxense R3MYB involves R3MYB repressor that restricts the (Gates et al., 2018)
downstream gene expression
Dendrobium sonia | DFR The white tissues o £D. sonia orchid show the (Piluk and Ratanasut, 2012)
repressed expression of DFR
Chr)fsur.tthemum cCD4 The:‘ degradation of carotenoids by CCD4 results in (Chenet al., 2012)
morifolium white flower
Heterologous FLS expression in transgenic tobacco
Nicotiana tabacum | FLS promotes flavonol biosynthesis and the blocks (Luoet al., 2016)
anthocyanin accumulation
Overexpression of DFR gene in tobacco causes the
Nicotiana tabacum | DFR predominant flavonol accumulation that produces | (Luo et al., 2016)
pure white flowers
Introducing apple ANR genes into tobacco causes
Nicotiana tabacum | ANR the loss of anthocyanins through the inhibition of | (Han et al.,, 2012)
DFR and CHI genes
BAN gene encodes ANR, and the ectopic BAN
Nicotiana tabacum | BAN expression in tobacco can significantly inhibit (Xie et al,, 2003)
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recessive morphs of radish (Irwin et al., 2003). The white
flesh peach genotypes in southern Italy are characterized by
an excellent flavor and a persistent aroma, which is highly
appreciated by consumers (Sortino et al., 2020).The white
eggplant is an effective source of lowering hyperglycemia
and it also contains high levels of mineral contents, such as
sodium and potassium (Samir El-Dashlouty et al., 2016).
Studies on berries show that the anthocyanin percentage
varies from 92% to 95% for colored berries to 31% for white
berries; while the red guava has more phenolic contents
and antioxidant activity than white one (Gonzélez-Aguilar
et al., 2008). This suggests that white color imparts a clear
difference in the deposition of phytochemicals in food or
ornamental crops.

7. Conclusions and future prospects

Flower and fruit color has always been an important
commercial and aesthetic indicator of a crops value.
Pigments, such as anthocyanins impart multiple colors to
fruits and flowers with great health benefits. Modifications
in the flavonoid biosynthesis pathways induce white
color phenotype. Flavonoids constitute major pigmented
compounds in the flowering plants. In pomegranate and
mock strawberry, the white color is supposed to be due to
low expression of LDOX/ANX gene. Different flavonoid
pathway genes and TFs are involved in the regulation of
white phenotype, such as CHS (arctic mustard flowers and
dahlia), TTGl-like (M. incana), MYB (strawberry and
gentian flowers), or bHLH (dahlia).

White flower color has a significant role in the plant-
pollinator interaction, and affects seed dispersal and self-
and cross-pollination capabilities. Plants flowering in the
early spring with extreme low temperature usually have
low pollination density. Under such situations white flowers
are the best choice to promote self-pollination, allowing
reproductive viability that not only conserves energy but
also reduces nutrient costs. Moreover, white color is also
a commercial indicator affecting outer surface of fruits
under environmental and storage conditions. White
anthocyanins do possess their own health benefits, different
from colored ones. White fruits contain health-promoting
phytochemicals, such as allicin with antibacterial and
antiviral properties. Moreover, white color vegetable and
fruits possess nutrients that can lower cholesterol level and
cure high blood pressure. The deposition of phytochemicals,
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