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Abstract: Cotton, Gossypium hirsutum L., is a plant fibre of significant economic importance, with seeds
providing an additional source of protein in human and animal nutrition. Flavonoids play a vital role
in maintaining plant health and function and much research has investigated the role of flavonoids
in plant defence and plant vigour and the influence these have on cotton production. As part
of ongoing research into host plant/invertebrate pest interactions, we investigated the flavonoid
profile of cotton reported in published, peer-reviewed literature. Here we report 52 flavonoids
representing seven classes and their reported distribution within the cotton plant. We briefly discuss
the historical research of flavonoids in cotton production and propose research areas that warrant
further investigation.
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1. Introduction

Cotton, Gossypium hirsutum L., (Malvaceae) is a natural plant fibre of great economic importance
grown in more than 50 countries [1,2]. Eighty-seven percent of the world’s cotton growing area occurs
in developing countries. In addition to the fibre, cotton seeds offer a supplemental income and a source
of protein for human and animal nutrition [1,3]. Almost 97% of world’s cotton production is from
upland cotton, G. hirsutum, with the remaining production made up by, G. arboreum, G. herbaceum,
and G. barbadense [1]. Since the 1950s, the cotton growing area has remained relatively constant between
30 and 36 million hectares. However, global cotton production has increased by 400% from 6.67 million
metric tons in 1950/1951 to 26.84 million metric tons in 2012/2013 [1,4].

Flavonoids are one the most important groups of secondary metabolites produced by plants.
Once considered waste products stored in vacuoles, flavonoids play important roles in various organs,
helping to maintain plant health and function [5]. Flavonoids primarily function as phytoalexins and
photoprotectors and modulate the transport of the phytohormone auxin, influencing plant structure [6].
They exhibit a range of biological activities including antioxidant and antifungal properties [7].
Additionally, flavonoids have been demonstrated to affect feeding behaviour of invertebrate pest
species [8]. Flavonoid profiles have also been used in chemotaxonomy to identify phylogenetic
relationships between plant species [9–14].

Early investigations of flavonoids in Gossypium hirsutum focussed on the flavonoids from flowers.
These studies aimed to identify those compounds responsible for floral colouration [15], determine
phylogenetic relationships within Gossypium [11–13], and investigate the compounds responsible
for suppressing larval growth of the tobacco budworm Heliothis virescens [16]. Improvements and
innovations to maximise cotton production have included research investigating the role of flavonoids
in plant defence and fibre production [16,17]. More recently, the focus has shifted to the flavonoids
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responsible for specific biological activities, the flavonoids involved in leaf reddening, and the role
of flavonoids in plant stress response [18]. These have included compounds present in dried flowers
(known as Flos gossypii) used in traditional Chinese medicine (TCM) [19] and the flavonoids involved
in fibre development and colour [17,20].

The purpose of this review is to synthesise published reports on the occurrence and distribution
of flavonoids in G. hirsutum and to discuss the historical research of flavonoids in cotton and possible
avenues for future work. A previous review on the flavonoids from plants of the family Malvaceae
identified 23 flavonoids from Gossypium hirsutum [21]. Increased interest in the biological activities
of flavonoids coupled with improvements in separation and identification techniques over the last
20 years has increased the number of known flavonoids from the cotton plant. Here, we present
52 flavonoids found in cotton representing seven different classes.

2. Review General Flavonoid Structure and Biosynthesis

The general flavonoid structure is a 2-phenylbenzopyranone where the three-carbon bridge
between the phenyl groups is commonly cyclised with oxygen [22] (Figure 1). It is the degree
of unsaturation and oxidation of the three-carbon segment that distinguishes the major classes of
flavonoids based on a C6-C3-C6 flavone skeleton (Figure 1).

Plants 2017, 6, 43 2 of 14 

shifted to the flavonoids responsible for specific biological activities, the flavonoids involved in leaf 
reddening, and the role of flavonoids in plant stress response [18]. These have included compounds 
present in dried flowers (known as Flos gossypii) used in traditional Chinese medicine (TCM) [19] and 
the flavonoids involved in fibre development and colour [17,20].  

The purpose of this review is to synthesise published reports on the occurrence and distribution 
of flavonoids in G. hirsutum and to discuss the historical research of flavonoids in cotton and possible 
avenues for future work. A previous review on the flavonoids from plants of the family Malvaceae 
identified 23 flavonoids from Gossypium hirsutum [21]. Increased interest in the biological activities of 
flavonoids coupled with improvements in separation and identification techniques over the last 20 
years has increased the number of known flavonoids from the cotton plant. Here, we present 52 
flavonoids found in cotton representing seven different classes. 

2. Review General Flavonoid Structure and Biosynthesis 

The general flavonoid structure is a 2-phenylbenzopyranone where the three-carbon bridge 
between the phenyl groups is commonly cyclised with oxygen [22] (Figure 1). It is the degree of 
unsaturation and oxidation of the three-carbon segment that distinguishes the major classes of 
flavonoids based on a C6-C3-C6 flavone skeleton (Figure 1).  

 
Figure 1. The generalised structure and numbering of flavonoid compounds based on the flavone 
skeleton (top left) and the generalised structure of various classes of flavonoids. 

There are several classes of flavonoids consisting of flavones, isoflavones, flavonols, 
anthocyanidins, flavanones, flavanols, chalcones, and aurones, with derivatives found in each class. 
Glycosidic conjugates are found in relatively high concentrations in plant tissue [23]. Conjugation 
allows flavonoids to be stored in the cell vacuole while preventing cytoplasmic damage by increasing 
polarity, rendering the flavonoid less reactive and more water soluble [22].  

Figure 1. The generalised structure and numbering of flavonoid compounds based on the flavone
skeleton (top left) and the generalised structure of various classes of flavonoids.
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Glycosidic conjugates are found in relatively high concentrations in plant tissue [23]. Conjugation
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allows flavonoids to be stored in the cell vacuole while preventing cytoplasmic damage by increasing
polarity, rendering the flavonoid less reactive and more water soluble [22].

Flavonoid biosynthesis occurs in the endoplasmic reticulum of vascular and non-vascular
plants following the phenylpropanoid metabolic pathway [24,25]. Chalcones important in flavonoid
biosynthesis are formed from 4-coumaroyl-CoA and malonyl-CoA in sequential enzymatic reactions
with chalcone synthase. Further enzymatic modifications are required throughout the metabolic
pathway to produce the other classes of flavonoids with the conjugate ring closure of chalcones
resulting in the typical three-ringed flavonoid structure. For a comprehensive description of
enzymes and genes involved in the formation of flavonoids in the biosynthetic pathway see [26].
Genetic modification of the flavonoid biosynthetic pathway has been used in various plant species to
achieve desirable traits such as increased production of plant-defence flavonoids and to extend floral
pigmentation [26].

Manipulating the expression of flavonoids can directly affect plant growth and development,
but also indirectly alter auxin transport [27]. Flavonoids, particularly flavonols and isoflavones,
are auxin transport inhibitors. These affect plant height, apical dominance, the number of
inflorescences, and root development [27–29]. The ability to manipulate the expression of flavonoids
within plants presents an opportunity to modify natural defence and development, and may provide a
novel approach to enhance specific traits from cotton to further increase production.

Investigations on the role of flavonoids in various plant species have focussed on the defensive
activity against abiotic stresses and their interactions with other organisms such as herbivores,
pathogens, and beneficial bacteria (e.g., Rhizobium). Early investigations of Gossypium hirsutum were
primarily focussed on the flavonoids from flowers, with studies aiming to identify those responsible
for pigmentation [15] and to determine the phylogenetic relationship within Gossypium [11–13].
Subsequent research shifted focus to the biological activities of flavonoids—the role of flavonoids in
cotton production and resistance against abiotic and biotic stresses [18,30]. Research in this area aims
to identify avenues for increasing fibre yield and reducing losses associated with lepidopteran pests
and wilt pathogens.

2.1. Flavonoids: Defensive Role in Cotton

Cotton utilises flavonoids as part of a defence mechanism against herbivores by increasing
production of toxic flavonoids, inhibiting the larval growth of lepidopteran pests [16]. Phenolic
compounds play an important role in providing cotton plants with defences against herbivorous
insects [31]. Flavonoids and condensed tannins (proanthocyanidins) act as inhibitors of the larval
growth of the tobacco budworm, Heliothis virescens [32,33]. The anthocyanin, cyanidin 3-glucoside
(chrysanthemin), acts as a feeding deterrent for Helicoverpa zea and inhibited the larval growth of H. zea
and H. virescens by 50% over five days of feeding [34]. The chrysanthemin concentration in cotton has
been shown to be negatively correlated with larval weights in tobacco budworm larvae, with an median
effective dose (ED50) incorporation at 0.07% of the diet [35]. Toxic to 1-day old larvae, isoquercitrin
(quercetin 3-glucoside) incorparated at 0.06% of larval diet also reduced the larval growth of 5-day old
tobacco budworm larvae [36]. The larval toxicity of the prevalent flavonoids from G. arboreum and
G. hirsutum were compared. Gossypetin 8-rhamnoside and gossypetin 8-glucoside (gossypin) from
G. arboreum were found to be more toxic to tobacco budworm larvae than any other flavonoid tested
(quercetin and its glycosides), with ED50 values of 0.007% and 0.024%, respectively [37]. It should
be noted that although these authors did not directly identify gossypin from G. hirsutum, it has been
reported previously [12,14,16].

The total phenol content (including the concentration of flavonoids) in cotton increases in response
to herbivory by Spodoptera litura, the Oriental leafworm moth [2]. HPLC analyses revealed distinct
elevation in the flavan-3-ol catechin along with the phenolic acids, gallic and caffeic acids, suggesting
their role in plant defence mechanisms [2]. Assays have demonstrated varying levels of anti-feedant
activity of these compounds toward S. litura, with catechin showing low levels of activity. However,
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significant increases in the production of detoxifying enzymes were observed in the gut of S. litura fed
on cotton leaves treated with enhanced levels of catechin. This provides further evidence of its role in
plant defence mechanisms [2].

Flavonoids aid in resistance to fungal pathogens. Increased resistance to infection from
Rhizoctonia solani observed in older seedlings of cotton was due to an increase in polyphenols, namely
catechin [38]. The higher concentrations of catechin and gallocatechin in wilt-resistant cultivars of
G. hirsutum were responsible for resistance against the fungal plant pathogen Verticillium dahlia [39].
Furthermore, higher concentrations of catechin and gallocatechin, along with isoquercitrin found in
young cotton leaves (one to three nodes from the apex) increased inhibition mycelia growth [40].

2.2. Leaf Reddening

Leaf reddening and colouration of the leaves in cotton can be due to a physiological response
to abiotic stresses, such as Na+ accumulation in the soil [41]. Leaf reddening results from a dramatic
increase in red pigments and a sharp decline in chlorophyll content, reportedly leading to yield losses of
30–60% [42]. Investigation of the polyphenol complex of cotton leaves showed leaf reddening coincided
with an increase in anthocyanin pigments, while other flavonoids and cinnamic acid derivatives were
not significantly changed [18]. This increase in anthocyanin pigments was due to a rise in cyanidin
glycosides resulting from the transition of malvidin glycoside in green leaves to cyanidin glycosides
in leaves exhibiting reddening [18]. This change from malvidin to cyanidin glycosides (O-dihydroxy
substitution in the B-ring) (Figure 2) increases the antioxidant and antiradical activity [43], thereby
increasing the protective capacity against oxidative stresses [18].
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Other research has demonstrated the protective function of cyanidin glycosides in cotton.
In response to infection by the bacterial pathogen Xanthomonas campestris pv. malvacearum, G. hirsutum
has been shown to produce the sesquiterpenoid phytoalexins 2,7-dihydroxycadalene and lacinilene
C [30]. However, these phytoalexins display light-dependent toxicity toward the host plants cells.
Cotton produces a dark red flush at the site of infection, and the intensity of this flush is correlated
with the level of bacterial blight resistance in isogenic lines [44]. The red pigmentation, caused by
anthocyanins at infections sites, plays a protective role in healthy tissues against infection-related
reactive oxygen species and light-activated phytoalexins [44]. Further research confirmed the role
of epidermal pigments in protecting healthy cells from the plants own light-activated phytoalexins,
with red cells exhibiting a 3–4 fold higher absorption of photo-activating wavelengths of light [30].
Analysis revealed the red anthocyanin, cyanidin-3-glucoside (chrysanthemin), and a yellow flavonol,
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quercetin-3-glucoside (isoquercitrin), as the compounds responsible for the increased absorption
capacity [30].

Leaf reddening has also been hypothesised to be a response to insect herbivory signalling high
defensive commitment, however, this has not been experimentally verified [45]. Given the role of
cyanidin 3-glucoside in defence against Helicoverpa species and the role in leaf reddening in response
to abiotic stresses, it is not unreasonable to assume that this defensive mechanism against herbivory
may exist in cotton.

2.3. Role of Flavonoids in Cotton Production

Flavonoids play a role in cotton fibre quality and colour. Brown and green coloured fibres naturally
occur in cotton, G. hirsutum. Flavonoid accumulation and flavonoid structural gene expression
is significantly higher in brown cotton fibre than white cotton fibre, indicating that the flavonoid
biosynthetic pathway affects the pigmentation of fibre [20]. Flavonoid metabolism also plays a role in
fibre development, particularly during the elongation stage, affecting the quality of fibre produced
(both fibre length and micronaire) [17]. The flavanone naringenin is negatively associated with fibre
development, with shorter fibres occurring in the presence of elevated levels of naringenin. Mediating
the gene responsible for the metabolism of naringenin in order to reduce its levels during fibre
development may provide a novel approach for improving cotton fibre development [17].

3. Flavonoids of Gossypium hirsutum and Their Distribution

Flavonoids are found throughout a variety of plant organs in Gossypium hirsutum, from the roots
through to the bolls, with the flowers and leaves being richest in diversity (Table 1).

Table 1. Distribution of flavonoid classes and number of representatives from plant organs throughout
Gossypium hirsutum.

Flavonoid Class
Plant Organ

Fibre Total
Leaves Roots/Root Bark Stem/Stem Bark Seed Boll Flower

Isoflavones 1 1
Flavonols 11 2 1 10 2 29 2 36

Flavanones 2 2 1 2 2 2
Anthocyanidins 3 2 2 3 5

Flavanols 1 4 4 1 4 4 4
Flavanonol 2 2 2 2 2

Leucoanthocyanidins 2 2 2 2 2
Total 19 12 11 11 10 42 6 52

Fifty-two flavonoids have been reported, including the identification of 36 flavonols (Table 2)
and five anthocyanidins (Table 3). The remaining known flavonoids include four flavanols
(catechins/flavan-3-ols), two flavanones, two flavanonols, two leucoanthocyanidins, and one
isoflavone (Table 4). There are no reports of flavones, chalcones, or aurones from G. hirsutum.
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Table 2. Distribution of flavonols in Gossypium hirsutum.

Name Structure Organ Isolated Reference

Gossypetin 3,5,7,8,3′,4′-Hexahydroxyflavone Flower petals [14]

Gossypetin 3′,7-diglucosidoglucoside Anthers [16]

Gossypetin 3-glucoside Anthers [16]

Gossypetin glycoside (C7-linked unknown sugar) Flower petals [11]

Gossypin Gossypetin 8-glucoside Flower petals, anthers [11,14,16]

Gossypitrin Gossypetin 7-glucoside Flower petals, anthers [11,14,16]

Kaempferol 3,5,7,4′-Tetrahydroxyflavone Ovules, Fibre, Roots, Cotyledons, Leaves, Flower
buds/petals, Bolls, Seed [14,17,20,46,47]

Astragalin Kaempferol 3-O-β-D-glucopyranoside Flowers [14,19]

Isoastragalin Kaempferol 3-α-D-glucofuranoside Flowers [48]

Kaempferide 4′-O-Methylkaempferol Flower petals [47]

Kaempferol C3-linked glycoside (unknown sugar) Flower petals [11]

Kaempferol 3-diglucoside Seed [49]

Kaempferol-3-O-b-D-(6”-O-p-coumaroyl)-glycoside Flowers [19]

Kaempferol-3-O-neohesperidoside Seed [49]

Nicotiflorin Kaempferol 3-rutinoside Flower petals, leaves, and seed [11,14,18,46]

Tiliroside Kaempferol 3-O-β-D-(6”-O-(E)-p-coumaroyl)
glucopyranoside Flowers [19]

Trifolin Kaempferol-3-O-galactoside Flower petals [11,13]

Myricetin 3,5,7,3′,4′,5′-Hexahydroxyflavone Ovules and fibres from flower buds and bolls [20]

Quercetin 3,5,7,3’,4’-Pentahydroxyflavone Flowers/petals, leaves, ovules, fibre, roots, and cotyledons [14,17–20,47]

Hirsutrin Quercetin 3-O-β-D-glucopyranoside Flower and Leaves [48]

Hybridin Quercetin 3-O-[O-β-D-galactofuranosyl-(l→3)-O-β-D-
glucopyranosyl-(l→3)-xylopyranoside] Leaf [50]

Hyperoside Quercetin-3-galactoside Flowers [19]
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Table 2. Cont.

Name Structure Organ Isolated Reference

Isoquercitrin Quercetin 3-β-D-glucoside Flowers, leaves, cotyledons, and seed [11,13,14,16,18,19,30,49,51,52]

Quercetin 3′-glucoside Flowers, anthers [16,19,53]

Quercetin 3-diglucoside Anthers and seed [16,46,49]

Quercetin 7-rhamnoglucoside Anthers [16]

Quercetin C7-linked glycoside (unknown sugar) Flower petals [11]

Quercetin-3-O-neohesperidoside Seed [49]

Quercetin-3-O-robinoside Seed [49]

Quercimeritrin Quercetin 7-glucoside Flowers/petals [11,13–15,53]

Quercitrin Quercetin 3-rhamnoside Leaves [18]

Rutin Quercetin 3-rutinoside Flower petals, anthers, leaves, hypocotyls, seed, and calli [4,11,13,14,16,18,49,51,54]

Sexangularetin 3-glucoside-7-rhamnoside Immature flower buds [55]

Spiraeoside Quercetin 4′-O-glucoside Flower petals, and seed [14,55]

Tamarixetin Quercetin 4′-methyl ether Flower petals [47]

Tamarixetin 7-glucoside Quercetin-4′-O-methyl-7-glucoside Flower petals [14]

Table 3. Distribution of anthocyanidins and anthocyanins in Gossypium hirsutum.

Name Structure Organ Isolated from Reference

Cyanidin 3,5,7,3′,4′-Pentahydroxyflavylium Flower petals and leaves [11,18,56]

Chrysanthemin Cyanidin 3-glucoside Flower/buds, leaves, cotyledons, anther tissue culture,
boll valves, and stem bark [15,16,30,57,58]

Gossypicyanin Cyanidin 3-O-[O-β-D-xylopyranosyl-(1→4)-β-D-glucopyranoside Anther tissue culture, boll valves, stem bark, flowers [57]

Ilicicyanin Cyanidin 3-xylosylglucoside [21]

Malvidin 3′,5′-Dimethoxy-3,4′,5,7-tetrahydroxyflavylium Leaves [18]
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Table 4. Other flavonoids reported from Gossypium hirsutum.

Class Name Structure Organ Isolated from Reference

Isoflavone

Genistein 5,7,4′-trihydroxyisoflavone Hypocotyls [3]

Flavanones

Eriodictyol (2S)-2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-4-chromanone Ovules, fibre, roots, cotyledons, and leaves [17]

Naringenin 5,7-dihydroxy-2-(4-hydroxyphenyl)chroman-4-one Hypocotyls, ovules, fibre, roots, cotyledons & leaves [3,17,20]

Flavanols

Catechin (2R,3S)-2-(3,4-dihydroxyphenyl)-3,4-dihydro-2H-chromene-3,5,7-triol Leaves, hypocotyls, stem, calli, anther, boll valves, stem bark, root
bark, and cotton oil cake [2,3,39,54,57,59]

(−)-Epicatechin (−)-cis-3,3′,4′,5,7-Pentahydroxyflavane Anther, boll valves, stem bark and root bark [57]

(−)-Epigallocatechin (−)-cis-3,3′,4′,5,5′,7-Hexahydroxyflavane Anther, boll valves, stem bark, root bark [57]

Gallocatechin (2S,3R)-2-(3,4,5-Trihydroxyphenyl)-3,4-dihydro-1(2H)-benzopyran-3,5,7-triol Hypocotyls/stem steles, anther, boll valves, stem bark, root bark [39,57]

Flavanonol

Aromadendrin (2R,3R)-3,5,7-trihydroxy-2-(4-hydroxyphenyl)-2,3-dihydrochromen-4-one Ovules, fibre, roots, cotyledons, and leaves [17]

Taxifolin (2R,3R)-2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-2, 3-dihydrochromen-4-one Ovules, fibre, roots, cotyledons, and leaves [17]

Leucoanthocyanidins

Leucocyanidin (2R,3S,4S)-2-(3,4-dihydroxyphenyl)-3,4-dihydro-2H-chromene-3,4,5,7-tetrol Anther, boll valves, stem bark, root bark [57]

Leucodelphinidin (2R,3S,4S)-2-(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-chromene-3,4,5,7-tetrol Anther, boll valves, stem bark, root bark [57]
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The flowers of G. hirsutum are the plant organ richest in their number of flavonoids, containing 42
of the 52 reported flavonoids. Flavonols are the most represented class of flavonoid within flowers,
comprised of quercetin, kaempferol, gossypetin, myricetin, and their conjugates (Figure 3).
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The leaves of G. hirsutum contain 19 flavonoids spanning five different classes. In contrast,
few flavonoids (6–12) are reported from the roots, stem, seed, boll, and fibre of cotton (Table 1).

4. Future Research

Although previous research has identified many flavonoids from cotton, there is little information
available about their application, or the mechanisms underpinning their biological activity and their
interactions, especially in relation to plant = pathogen interactions and pollination events. Here we
discuss potential opportunities which support the need for further research regarding flavonoids
from cotton, especially in relation to insect pest management. Since the widespread adoption of
Bacillus thuringiensis (Bt) cotton, there has only been a single report on the role of flavonoids in the
plant defence against lepidopteran pest [2] and only a single report on flavonoids from Bt cotton [60].

Genetically modified Bt cotton has contributed to increased yields and minimised use of pesticides
and is an important component of integrated pest management [1]. However, there is a constant risk
of pest species developing resistance [61]. For example, Bt resistant strains of Helicoverpa armigera have
been generated under laboratory conditions [62] and genes have been identified from field populations
that confer resistance to toxins [63]. Further research to determine the flavonoids that can increase
plant pest resistance through moderating feeding behaviour, reducing larval growth, and increasing
toxicity toward grazing insects, combined with an ability to manipulate expression levels of these
target flavonoids, would provide an additional tool to the cotton industry aiming to stay ahead of
rapidly evolving pests.
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Flavonoids could be utilised and/or contribute to resistant management strategies in Bt
cotton/refuge cropping systems by reducing the fitness of lepidopteran pests. Select flavonoids inhibit
larval growth, although further research is required to identify those specific to each lepidopteran pest
in cotton. Elliger et al. [64] conducted a comprehensive study identifying flavonoids that inhibit growth
in the polyphagous crop pest Helicoverpa zea. This study examined the effect of 42 flavonoids fed to
H. zea through an artificially spiked diet, identifying 20 that reduced larval growth 50%. These authors
noted a structural commonality between all but one of these inhibitory compounds: each exhibits
adjacent (ortho) substitution of phenolic hydroxyl groups. Indeed, seven of these inhibitory compounds
are found in cotton (eriodictyol, quercetin, taxifolin, quercitrin, rutin, catechin, and myricetin).
Furthermore, several flavonoids previously discussed as exhibiting larval growth inhibition or toxicity
toward various lepidopterans (chrysanthemin, isoquercitrin, and gossypin) share this structural trait.
Reducing pest fitness through reduced larval growth increases the opportunity for predation or
parasitism from beneficial insects, whilst reducing adult size (weight). Again, increasing the fitness
(e.g., vitexin) of Bt susceptible moths from refuge crops would further improve resistance strategies.

Flavonoids play a role in oviposition for some lepidopterans, either stimulating or deterring,
with recognition requiring direct contact with plant material [34]. For example, luteolin
7-malonylglucoside and rutin (and other flavonol glycosides) are stimulants in the black swallowtail,
Papilo polyxenes, and the monarch butterfly, Danaus plexipuss, respectively [34]. Papilo xuthus is
stimulated to oviposit by the presence of rutin (quercetin 3-rutinoside) on citrus plants, however,
it is deterred from ovipositing on the non-host plant Orixa japonica by the presence of quercetin
3-(2-β-D-xylopyranosylrutinoside) [65]. Therefore, in this lepidopteran, the switch from oviposition
stimulant to deterrent occurs by the simple addition of the sugar xylose to the flavonoid compound [65].
Identifying the flavonoids responsible for deterring and encouraging oviposition in lepidopteran
pests in cotton cropping systems could discourage egg lay on cotton while encouraging egg lay on
refuge crops.

Selecting cultivars of cotton with elevated levels of defensive flavonoids to incorporate Bt genes in,
or, manipulating the expression of flavonoids involved in plant defence to higher levels, may provide
a novel tool for enhancing the plant defence mechanism. Similarly, determining flavonoids involved in
oviposition for lepidopteran pests of cotton could also help in selecting cultivars for Bt incorporation
that are less attractive to these pests. Furthermore, knowledge on flavonoids that could improve the
fitness of Bt susceptible moths from refuges, or those which may increase the attractiveness of refuges,
could be used to increase susceptible populations, further delaying resistance.

Flavonoids may offer potential as a novel biomarker for identifying natal host crops of cotton
invertebrate pests, such as Helicoverpa species. Currently in Australia, mandated refuge crops are grown
in conjunction with Bt cotton. Refuge crops reduce the risk of Helicoverpa species developing resistance
by increasing the likelihood of resistant moths mating with susceptible individuals [66]. Previous tools
employed to identify natal host plants are blunt, relying on the ability to distinguish between C3 and
C4 plants groups using stable carbon isotopes. Australian cotton cropping regions grow a range of
other crops including the C4 plants maize (Zea mays) and sorghum (Sorghum bicolor) and the C3 plants
cotton, pigeonpea (Cajanus cajan), sunflower (Helianthus annus), wheat (Triticum aestivum), and soybean
(Glycine max). Pigeonpea is the prefered refuge, as it produces many Helicoverpa and therefore requires
less area to be grown relative to other refuge crops [66]. Further investigation of the use of stable
nitrogen isotope to help distinguish between moths developed on a legume (i.e., pigeonpea) or
non-legume (i.e., cotton) C3 plants have been unsuccessful [66]. Combining stable isotope analysis
with detection of secondary metabolites such as gossypol has been successful in distinguishing moths
developed on cotton with those from non-cotton C3 plants [67,68]. These methods lack the specificity
required to identify the natal host crop for these highly mobile pests. It has previously been shown
that flavonoid profiles can be used for discriminating phylogenetic relationships and identifying
species within genera [9–14]. Additionally, invertebrates, including lepidopterans, have been shown
to sequester flavonoids from the natal host plant consumed during their development [69–75].
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Despite the potential flavonoids may provide as novel markers with high specificity to host plants,
there are no published reports on the application of flavonoids as biomarkers in Helicoverpa-cotton
cropping systems.

Research into gene expression and the genes responsible for the biosynthesis of flavonoids in
cotton were not discussed in detail here. However, they may provide a novel avenue for improving
cotton production given the role many flavonoids play in maintaining plant health and function,
development, and plant defence mechanisms. Furthermore, research on the sequestration of flavonoids
or the flavonoid profiles of cotton and regionally related cropping plants may demonstrate the ability
of flavonoids to act as novel biomarkers for natal host plants of cotton lepidopteran pests.

5. Conclusions

Here we report a total of 52 flavonoids from cotton, Gossypium hirsutum, more than doubling
those previously reported [21]. Despite this increase in knowledge on the occurrence of flavonoids
within this economic crop, research into the utilisation of this group of endogenous plant compounds
is mostly undeveloped. Ongoing research in this area may provide a long-term sustainable technology
to support existing approaches for cotton production improvement.

Acknowledgments: The authors thank the two anonymous referees for their helpful suggestions and comments
about the manuscript. We would like to thank CSIRO Agricultural and Food for funding this review.

Author Contributions: A.N. is the key author, who reviewed previous literature and wrote the manuscript;
C.P. and M.C. proposed the topic, supervised the work, provided ideas, and contributed with writing and
reviewing the manuscript.

Conflicts of Interest: The authors declare that they have no competing interests.

References

1. Chaudhry, M.R. Cotton Production and Processing, Industrial Applications of Natural Fibres; John Wiley & Sons,
Ltd.: Hoboken, NJ, USA, 2010; pp. 219–234.

2. Rani, P.U.; Pratyusha, S. Defensive role of Gossypium hirsutum L. anti-oxidative enzymes and phenolic acids
in response to Spodoptera litura F. feeding. J. Asia-Pac. Entomol. 2013, 16, 131–136. [CrossRef]

3. Kouakou, T.H.; Waffo-Teguo, P.; Kouadio, Y.J.; Valls, J.; Richard, T.; Decendit, A.; Merillon, J.M. Phenolic
compounds and somatic embryogenesis in cotton (Gossypium hirsutum L.). Plant Cell Tissue Organ Cult. 2007,
90, 25–29. [CrossRef]

4. International Cotton Advisory Committee (ICAC). Cotton: World Statistics; ICAC: Washington,
DC, USA, 2014.

5. Andersen, O.M.; Markham, K.R. Flavonoids Chemistry, Biochemistry and Applications; Taylor and Francis:
Hoboken, NJ, USA, 2006.

6. Peer, W.A.; Murphy, A.S. Flavonoids and auxin transport: modulators or regulators? Trends Plant Sci. 2007,
12, 556–563. [CrossRef] [PubMed]

7. Aoki, T.; Akashi, T.; Ayabe, S. Flavonoids of leguminous plants: Structure, biological activity,
and biosynthesis. J. Plant Res. 2000, 113, 475–488. [CrossRef]

8. Green, P.W.C.; Stevenson, P.C.; Simmonds, M.S.J.; Sharma, H.C. Phenolic compounds on the pod-surface of
pigeonpea, Cajanus cajan, mediate feeding behavior of Helicoverpa armigera larvae. J. Chem. Ecol. 2003, 29,
811–821. [CrossRef] [PubMed]

9. Almaraz-Abarca, N.; Gonzalez-Elizondo, M.S.; Tena-Flores, J.A.; Avila-Reyes, J.A.; Herrera-Corral, J.;
Naranjo-Jimenez, N. Foliar flavonoids distinguish Pinus leiophylla and Pinus chihuanuana
(Coniferales: Pinaceae). Proc. Biol. Soc. Wash. 2006, 119, 426–436. [CrossRef]

10. Emerenciano, V.P.; Militao, J.; Campos, C.C.; Romoff, P.; Kaplan, M.A.C.; Zambon, M.; Brant, A.J.C.
Flavonoids as chemotaxonomic markers for Asteraceae. Biochem. Syst. Ecol. 2001, 29, 947–957. [CrossRef]

11. Parks, C.R. Floral pigmentation studies in genus Gossypium. 1. Species specific pigmentation patterns.
Am. J. Bot. 1965, 52, 309–316. [CrossRef]

12. Parks, C.R. Floral pigmentation studies in genus Gossypium. 2. Chemotaxonomic analysis of diploid
Gossypium species. Am. J. Bot. 1965, 52, 849–856. [CrossRef]

http://dx.doi.org/10.1016/j.aspen.2013.01.001
http://dx.doi.org/10.1007/s11240-007-9243-2
http://dx.doi.org/10.1016/j.tplants.2007.10.003
http://www.ncbi.nlm.nih.gov/pubmed/18198522
http://dx.doi.org/10.1007/PL00013958
http://dx.doi.org/10.1023/A:1022971430463
http://www.ncbi.nlm.nih.gov/pubmed/12775145
http://dx.doi.org/10.2988/0006-324X(2006)119[426:FFDPLA]2.0.CO;2
http://dx.doi.org/10.1016/S0305-1978(01)00033-3
http://dx.doi.org/10.2307/2439946
http://dx.doi.org/10.2307/2439767


Plants 2017, 6, 43 12 of 14

13. Parks, C.R. Floral pigmentation studies in genus Gossypium. 3. Qualitative analysis of total flavonol content
for taxonomic studies. Am. J. Bot. 1967, 54, 306–315. [CrossRef]

14. Parks, C.R.; Ezell, W.L.; Williams, D.E.; Dreyer, D.L. Symposium on biochemical sytematics, genetics and
origin of cultivated plants. 7. Application of flavonoid distribution to taxonomic problems in genus
Gossypium. Bull. Torrey Bot. Club 1975, 102, 350–361. [CrossRef]

15. Hedin, P.A.; Minyard, J.P.; Thompson, A.C. Constituents of Cotton Bud. 7. Identification of Anthocyanin as
Chrysanthemin. Phytochemistry 1967, 6, 1165–1167. [CrossRef]

16. Hanny, B.W. Gossypol, flavonoid, and condensed tannin content of cream and yellow anthers of five cotton
(Gossypium hirsutum L.) cultivars. J. Agric. Food Chem. 1980, 28, 504–506. [CrossRef]

17. Tan, J.F.; Tu, L.L.; Deng, F.L.; Hu, H.Y.; Nie, Y.C.; Zhang, X.L. A genetic and metabolic analysis revealed
that cotton fiber cell development was retarded by flavonoid Naringenin. Plant Physiol. 2013, 162, 86–95.
[CrossRef] [PubMed]

18. Edreva, A.; Dagnon, S.; Gurel, A.; Gesheva, E.; Hakerlerler, H. Reddening of cotton (Gossypium hirsutum L.)
leaves: Analysis of the polyphenol complex. Agrochimica 2006, 50, 54–61.

19. Wu, T.; Abdulla, R.; Yang, Y.; Aisa, H.A. Flavonoids from Gossypium hirsutum flowers. Chem. Nat. Compd.
2008, 44, 370–371. [CrossRef]

20. Feng, H.J.; Tian, X.H.; Liu, Y.C.; Li, Y.J.; Zhang, X.Y.; Jones, B.J.; Sun, Y.Q.; Sun, J. Analysis of flavonoids
and the flavonoid structural genes in brown fiber of Upland Cotton. PLoS ONE 2013, 8, e58820. [CrossRef]
[PubMed]

21. Ismailov, A.I.; Karimdzhanov, A.K.; Islambekov, S.Y.; Rakhimkhanov, Z.B. Flavonoids of the cotton plant
and plants close to it. Chem. Nat. Compd. 1994, 30, 1–14. [CrossRef]

22. Corradini, E.; Foglia, P.; Giansanti, P.; Gubbiotti, R.; Samperi, R.; Lagana, A. Flavonoids: Chemical properties
and analytical methodologies of identification and quantitation in foods and plants. Nat. Prod. Res. 2011, 25,
469–495. [CrossRef] [PubMed]

23. Harborne, J.B.E. The Flavonoids: Advances in Research Since 1986; Chapman & Hall: London, UK, 1994.
24. Brunetti, C.; Di Ferdinando, M.; Fini, A.; Pollastri, S.; Tattini, M. Flavonoids as antioxidants and

developmental regulators: Relative significance in plants and humans. Int. J. Mol. Sci. 2013, 14, 3540–3555.
[CrossRef] [PubMed]

25. Taylor, L.P.; Grotewold, E. Flavonoids as developmental regulators. Curr. Opin. Plant Biol. 2005, 8, 317–323.
[CrossRef] [PubMed]

26. Davies, K.M.; Schwinn, K.E. Molecular biology and biotechnology of flavonoid biosynthesis. In Flavonoids
Chemistry, Biochemistry and Applications; Andersen, O.M., Markham, K.R., Eds.; Taylor and Francis: Hoboken,
NJ, USA, 2006; pp. 143–218.

27. Brown, D.E.; Rashotte, A.M.; Murphy, A.S.; Normanly, J.; Tague, B.W.; Peer, W.A.; Taiz, L.; Muday, G.K.
Flavonoids act as negative regulators of auxin transport in vivo in Arabidopsis. Plant Physiol. 2001, 126,
524–535. [CrossRef] [PubMed]

28. Murphy, A.; Peer, W.A.; Taiz, L. Regulation of auxin transport by aminopeptidases and endogenous
flavonoids. Planta 2000, 211, 315–324. [CrossRef] [PubMed]

29. Peer, W.A.; Bandyopadhyay, A.; Blakeslee, J.J.; Makam, S.I.; Chen, R.J.; Masson, P.H.; Murphy, A.S. Variation
in expression and protein localization of the PIN family of auxin efflux facilitator proteins in flavonoid
mutants with altered auxin transport in Arabidopsis thaliana. Plant Cell 2004, 16, 1898–1911. [CrossRef]
[PubMed]

30. Edwards, W.R.; Hall, J.A.; Rowlan, A.R.; Schneider-Barfield, T.; Sun, T.J.; Patil, M.A.; Pierce, M.L.;
Fulcher, R.G.; Bell, A.A.; Essenberg, M. Light filtering by epidermal flavonoids during the resistant response
of cotton to Xanthomonas protects leaf tissue from light-dependent phytoalexin toxicity. Phytochemistry 2008,
69, 2320–2328. [CrossRef] [PubMed]

31. Chan, B.G.; Waiss, A.C.; Binder, R.G.; Elliger, C.A. Inhibition of Lepidopterous larval growth by cotton
constituents. Entomol. Exp. Appl. 1978, 24, 294–300. [CrossRef]

32. Chan, B.G.; Waiss, A.C.; Lukefahr, M. Condensed tannin, an antibiotic chemical from Gossypium hirsutum.
J. Insect Physiol. 1978, 24, 113–118. [CrossRef]

33. Shaver, T.N.; Lukefahr, M.J. Effect of flavonoid pigments and Gossypol on growth and development of
bollworm, tobacco budworm and pink bollworm. J. Econ. Entomol. 1969, 62, 643–646. [CrossRef]

34. Harborne, J.B. Twenty-five years of chemical ecology. Nat. Prod. Rep. 2001, 18, 361–379. [CrossRef] [PubMed]

http://dx.doi.org/10.2307/2440759
http://dx.doi.org/10.2307/2484761
http://dx.doi.org/10.1016/S0031-9422(00)86079-3
http://dx.doi.org/10.1021/jf60229a021
http://dx.doi.org/10.1104/pp.112.212142
http://www.ncbi.nlm.nih.gov/pubmed/23535943
http://dx.doi.org/10.1007/s10600-008-9067-2
http://dx.doi.org/10.1371/journal.pone.0058820
http://www.ncbi.nlm.nih.gov/pubmed/23527031
http://dx.doi.org/10.1007/BF00638411
http://dx.doi.org/10.1080/14786419.2010.482054
http://www.ncbi.nlm.nih.gov/pubmed/21391112
http://dx.doi.org/10.3390/ijms14023540
http://www.ncbi.nlm.nih.gov/pubmed/23434657
http://dx.doi.org/10.1016/j.pbi.2005.03.005
http://www.ncbi.nlm.nih.gov/pubmed/15860429
http://dx.doi.org/10.1104/pp.126.2.524
http://www.ncbi.nlm.nih.gov/pubmed/11402184
http://dx.doi.org/10.1007/s004250000300
http://www.ncbi.nlm.nih.gov/pubmed/10987549
http://dx.doi.org/10.1105/tpc.021501
http://www.ncbi.nlm.nih.gov/pubmed/15208397
http://dx.doi.org/10.1016/j.phytochem.2008.05.021
http://www.ncbi.nlm.nih.gov/pubmed/18617197
http://dx.doi.org/10.1111/j.1570-7458.1978.tb02785.x
http://dx.doi.org/10.1016/0022-1910(78)90106-3
http://dx.doi.org/10.1093/jee/62.3.643
http://dx.doi.org/10.1039/b005311m
http://www.ncbi.nlm.nih.gov/pubmed/11548048


Plants 2017, 6, 43 13 of 14

35. Hedin, P.A.; Jenkins, J.N.; Collum, D.H.; White, W.H.; Parrott, W.L. Multiple Factors in Cotton Contributing
to Resistance to the Tobacco Budworm, Heliothis-Virescens F. Acs Symp. Ser. 1983, 208, 347–365. [CrossRef]

36. Hedin, P.A.; Parrott, W.L.; Jenkins, J.N.; Mulrooney, J.E.; Menn, J.J. Elucidating mechanisms of tobacco
budworm resistance to allelochemicals by dietary tests with insecticide synergists. Pestic. Biochem. Physiol.
1988, 32, 55–61. [CrossRef]

37. Hedin, P.A.; Jenkins, J.N.; Parrott, W.L. Evaluation of flavonoids in Gossypium arboreum (L.) cottons as
potential source of resistance to tobacco budworm. J. Chem. Ecol. 1992, 18, 105–114. [CrossRef] [PubMed]

38. Hunter, R.E. Inactivation of pectic enzymes by polyphenols in cotton seedlings of different ages infected
with Rhizoctonia solani. Physiol. Plant Pathol. 1974, 4, 151–159. [CrossRef]

39. Mace, M.E.; Bell, A.A.; Stipanovic, R.D. Histochemistry and identification of flavanols in Verticillium
wilt-resistant and -susceptible cottons. Physiol. Plant Pathol. 1978, 13, 143–146. [CrossRef]

40. Howell, C.R.; Bell, A.A.; Stipanovic, R.D. Effect of aging on flavonoid content and resistance of cotton leaves
to verticillium wilt. Physiol. Plant Pathol. 1976, 8, 181–188. [CrossRef]

41. Edreva, A.; Gurel, A.; Gesheva, E.; Hakerlerler, H. Reddening of cotton (Gossypium hirsutum L.) leaves.
Biol. Plant 2002, 45, 303–306. [CrossRef]

42. Pagare, G.A.; Durge, D.V. Pigment analysis with reference to leaf reddening in Bt cotton. Ann. Plant Physiol.
2010, 24, 102–103.

43. Aaby, K.; Hvattum, E.; Skrede, G. Analysis of flavonoids and other phenolic compounds using
high-performance liquid chromatography with coulometric array detection: Relationship to antioxidant
activity. J. Agric. Food Chem. 2004, 52, 4595–4603. [CrossRef] [PubMed]

44. Kangatharalingam, N.; Pierce, M.L.; Bayles, M.B.; Essenberg, M. Epidermal anthocyanin production as an
indicator of bacterial blight resistance in cotton. Physiol. Mol. Plant Pathol. 2002, 61, 189–195. [CrossRef]

45. Manetas, Y. Why some leaves are anthocyanic and why most anthocyanic leaves are red? Flora 2006, 201,
163–177. [CrossRef]

46. Pratt, C.; Wender, S.H. Identification of Kaempferol-3-rhamnoglucoside and Quercetin-3-glucoglucoside in
cottonseed. J. Am. Oil Chem. Soc. 1961, 38, 403–405. [CrossRef]

47. Struck, R.F.; Kirk, M.C. Methylated flavonols in Genus Gossypium. J. Agric. Food Chem. 1970, 18, 548–549.
[CrossRef]

48. Pakudina, Z.P.; Sadykov, A.S. Isoastragalin—A flavonol glycoside from the flowers of Gossypium hirsutum.
Chem. Nat. Compd. 1970, 6, 24–25. [CrossRef]

49. Blouin, F.A.; Zarins, Z.M. High-perfomance liquid chromatography of cottonseed flavonoids. J. Chromatogr.
1988, 441, 443–447. [CrossRef]

50. Makhsudova, B.; Pakudina, Z.P.; Sadykov, A.S. The structure of hybridin. Chem. Nat. Compd. 1969, 5, 273.
[CrossRef]

51. Pratt, C.; Wender, S. Identification of rutin and isoquercitrin in cottonseed. J. Am. Oil Chem. Soc. 1959, 36,
392–394. [CrossRef]

52. Pakudina, Z.P.; Leont’ev, V.B.; Kamaev, F.G.; Sadykov, A.S. Structure and PMR spectra of isoquercitrin and
hirsutrin. Chem. Nat. Compd. 1970, 6, 572–574. [CrossRef]

53. Pakudina, Z.P.; Sadykov, A.S.; Denliev, P.K. The flavonols of the flowers of Gossypium hirsutum L.
(cotton variety 108-F). Chem. Nat. Compd. 1965, 1, 52–54. [CrossRef]

54. Kouakou, T.H.; Kouadio, Y.J.; Teguo, P.W.; Valls, J.; Badoc, A.; Merillon, J.M.; Decendit, A. Polyphenol levels
in two cotton (Gossypium hirsutum L.) callus cultures. Acta Bot. Gall. 2009, 156, 223–231. [CrossRef]

55. Elliger, C.A. Sexangularetin 3-glucoside-7-rhamnoside from Gossypium hirsutum. Phytochemistry 1984, 23,
1199–1201. [CrossRef]

56. Ghosh, D.; Joham, H.E. Leaf anthocyanin content of Gossypium hirsutum as influenced by magnesium and
nitrogen deficiencies. Plant Physiol. 1964, 39, 15501.

57. Karimdzhanov, A.K.; Kuznetsova, N.N.; Dzhataev, S.A. Phenolic compounds of the plant Gossypium hirsutum
and of callus tissue from its anthers. Chem. Nat. Compd. 1997, 33, 187–189. [CrossRef]

58. Rakhimkhanov, Z.B.; Karimdzhanov, A.K.; Ismailov, A.I.; Sadykov, A.S. A study of the anthocyanins of the
cotton plant. Chem. Nat. Compd. 1968, 4, 190–191. [CrossRef]

59. Zhang, H.L.; Nagatsu, A.; Okuyama, H.; Mizukami, H.; Sakakibara, J. Sesquiterpene glycosides from cotton
oil cake. Phytochemistry 1998, 48, 665–668. [CrossRef]

http://dx.doi.org/10.1021/bk-1983-0208.ch020
http://dx.doi.org/10.1016/0048-3575(88)90121-6
http://dx.doi.org/10.1007/BF00993746
http://www.ncbi.nlm.nih.gov/pubmed/24254902
http://dx.doi.org/10.1016/0048-4059(74)90002-2
http://dx.doi.org/10.1016/0048-4059(78)90027-9
http://dx.doi.org/10.1016/0048-4059(76)90051-5
http://dx.doi.org/10.1023/A:1015121428714
http://dx.doi.org/10.1021/jf0352879
http://www.ncbi.nlm.nih.gov/pubmed/15264888
http://dx.doi.org/10.1006/pmpp.2002.0434
http://dx.doi.org/10.1016/j.flora.2005.06.010
http://dx.doi.org/10.1007/BF02637973
http://dx.doi.org/10.1021/jf60169a045
http://dx.doi.org/10.1007/BF00564150
http://dx.doi.org/10.1016/S0021-9673(01)83892-9
http://dx.doi.org/10.1007/BF00683858
http://dx.doi.org/10.1007/BF02639613
http://dx.doi.org/10.1007/BF00563443
http://dx.doi.org/10.1007/BF00571581
http://dx.doi.org/10.1080/12538078.2009.10516153
http://dx.doi.org/10.1016/S0031-9422(00)82647-3
http://dx.doi.org/10.1007/BF02291539
http://dx.doi.org/10.1007/BF00565755
http://dx.doi.org/10.1016/S0031-9422(98)00075-2


Plants 2017, 6, 43 14 of 14

60. Zhang, Y.; Guo, Y.; Wu, K.; Wang, W. HPLC analysis of main flavonoid chemicals and their spatio-temporal
dynamics in Bt transgenic cotton. Chin. J. Appl. Ecol. 2003, 14, 246–248.

61. Baker, G.H.; Tann, C.R.; Fitt, G.P. Production of Helicoverpa spp. (Lepidoptera, Noctuidae) from different
refuge crops to accompany transgenic cotton plantings in eastern Australia. Aust. J. Agric. Res. 2008, 59,
723–732. [CrossRef]

62. Akhurst, R.J.; James, W.; Bird, L.J.; Beard, C. Resistance to the Cry1Ac delta-endotoxin of Bacillus thuringiensis
in the cotton bollworm, Helicoverpa armigera (Lepidoptera: Noctuidae). J. Econ. Entomol. 2003, 96, 1290–1299.
[CrossRef] [PubMed]

63. Mahon, R.J.; Olsen, K.M.; Garsia, K.A.; Young, S.R. Resistance to Bacillus thuringiensis toxin Cry2Ab in a
strain of Helicoverpa armigera (Lepidoptera: Noctuidae) in Australia. J. Econ. Entomol. 2007, 100, 894–902.
[CrossRef] [PubMed]

64. Elliger, C.A.; Chan, B.C.; Waiss, A.C. Flavonoids as larval growth-Inhibitors-Structural factors governing
toxicity. Naturwissenschaften 1980, 67, 358–360. [CrossRef]

65. Nishida, R.; Ohsugi, T.; Fukami, H.; Nakajima, S. Oviposition deterrent of a Rutaceae-feeding swallowtail
butterfly, Papilio xuthus, from a non-host rutaceous plant. Orixa japonica. Agric. Biol. Chem. 1990, 54,
1265–1270.

66. Baker, G.H.; Tann, C.R. Mating of Helicoverpa armigera (Lepidoptera: Noctuidae) moths and their host plant
origins as larvae within Australian cotton farming systems. Bull. Entomol. Res. 2013, 103, 171–181. [CrossRef]
[PubMed]

67. Brevault, T.; Nibouche, S.; Achaleke, J.; Carriere, Y. Assessing the role of non-cotton refuges in delaying
Helicoverpa armigera resistance to Bt cotton in West Africa. Evol. Appl. 2012, 5, 53–65. [CrossRef] [PubMed]

68. Orth, R.G.; Head, G.; Mierkowski, M. Determining larval host plant use by a polyphagous lepidopteran
through analysis of adult moths for plant secondary metabolites. J. Chem. Ecol. 2007, 33, 1131–1148.
[CrossRef] [PubMed]

69. Burghardt, F.; Proksch, P.; Fiedler, K. Flavonoid sequestration by the common blue butterfly
Polyommatus icarus: Quantitative intraspecific variation in relation to larval hostplant, sex and body size.
Biochem. Syst. Ecol. 2001, 29, 875–889. [CrossRef]

70. Ford, E.B. Studies on the chemistry of pigments in the Lepidoptera, with reference to their bearing on
systematics. I. The anthoxanthins. Proc. R. Entomol. Soc. Lond. Ser. A 1941, 16, 65–90. [CrossRef]

71. Wiesen, B.; Krug, E.; Fiedler, K.; Wray, V.; Proksch, P. Sequestration of host-plant-derived flavonoids by
lycaenid butterfly Polyommatus icarus. J. Chem. Ecol. 1994, 20, 2523–2538. [CrossRef] [PubMed]

72. Wilson, A. Flavonoid pigments in marbled white butterfly (Melanargia galathea) are dependent on flavonoid
content of larval diet. J. Chem. Ecol. 1985, 11, 1161–1179. [CrossRef] [PubMed]

73. Wilson, A. Flavonoid pigments of butterflies in the genus Melanargia. Phytochemistry 1985, 24, 1685–1691.
[CrossRef]

74. Wilson, A. Flavonoid Pigments in Swallowtail Butterflies. Phytochemistry 1986, 25, 1309–1313. [CrossRef]
75. Wilson, A. Flavonoid pigments in chalkhill blue (Lysandra coridon Poda) and other lycaenid butterflies.

J. Chem. Ecol. 1987, 13, 473–493. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1071/AR07421
http://dx.doi.org/10.1093/jee/96.4.1290
http://www.ncbi.nlm.nih.gov/pubmed/14503603
http://dx.doi.org/10.1093/jee/100.3.894
http://www.ncbi.nlm.nih.gov/pubmed/17598553
http://dx.doi.org/10.1007/BF01106595
http://dx.doi.org/10.1017/S0007485312000508
http://www.ncbi.nlm.nih.gov/pubmed/22999440
http://dx.doi.org/10.1111/j.1752-4571.2011.00207.x
http://www.ncbi.nlm.nih.gov/pubmed/25568029
http://dx.doi.org/10.1007/s10886-007-9284-3
http://www.ncbi.nlm.nih.gov/pubmed/17492366
http://dx.doi.org/10.1016/S0305-1978(01)00036-9
http://dx.doi.org/10.1111/j.1365-3032.1941.tb00982.x
http://dx.doi.org/10.1007/BF02036189
http://www.ncbi.nlm.nih.gov/pubmed/24241829
http://dx.doi.org/10.1007/BF01024106
http://www.ncbi.nlm.nih.gov/pubmed/24310380
http://dx.doi.org/10.1016/S0031-9422(00)82535-2
http://dx.doi.org/10.1016/S0031-9422(00)81279-0
http://dx.doi.org/10.1007/BF01880094
http://www.ncbi.nlm.nih.gov/pubmed/24301889
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Review General Flavonoid Structure and Biosynthesis 
	Flavonoids: Defensive Role in Cotton 
	Leaf Reddening 
	Role of Flavonoids in Cotton Production 

	Flavonoids of Gossypium hirsutum and Their Distribution 
	Future Research 
	Conclusions 

