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Abstract: Management of pod borer, Helicoverpa armigera in pigeonpea (Cajanus cajan L.), an important
legume crop, has been a pertinent endeavor globally. As with other crops, wild relatives of pigeonpea
are bestowed with various resistance traits that include the ability to deter the H. armigera. Under-
standing the molecular basis of pod borer resistance could provide useful leads for the management
of this notorious herbivore. Earlier studies by our group in deciphering the resistance response to her-
bivory through multiomics approaches in the pigeonpea wild relative, Cajanus platycarpus, divulged
the involvement of the flavonoid biosynthesis pathway, speculating an active chemical response of the
wild relative to herbivory. The present study is a deeper understanding of the chemical basis of pod
borer (H. armigera) resistance in, C. platycarpus, with focus on the flavonoid biosynthesis pathway. To
substantiate, quantification of transcripts in H. armigera-challenged C. platycarpus (8 h, 24 h, 48 h, 96 h)
showed dynamic upregulation (up to 11-fold) of pivotal pathway genes such as chalcone synthase,
dihydroflavonol-4-reductase, flavonoid-3'5'-hydroxylase, flavonol synthase, leucoanthocyanidin
reductase, and anthocyanidin synthase. Targeted LC-MS analyses demonstrated a concomitant
increase (up to 4-fold) in naringenin, kaempferol, quercetin, delphinidin, cyanidin, epigallocatechin,
and epicatechin-3-gallate. Interestingly, H. armigera diet overlaid with the over-produced flavonoids
(100 ppm) showed deleterious effects on growth leading to a prolonged larval period demonstrating
noteworthy coherence between over-accumulation of pathway transcripts/metabolites. The study de-
picts novel evidence for the directed metabolic reprogramming of the flavonoid biosynthesis pathway
in the wild relative to pod borer; plant metabolic potential is worth exploiting for pest management.

Keywords: anthocyanins; pigeonpea; flavonoids; herbivory; wild relatives

Key Contribution: (1) The study demonstrates understanding the metabolic basis of resistance to
Helicoverpa armigera in the pigeon pea wild relative, Cajanus platycarpus; (2) Gene expression and
targeted metabolite profiling of the flavonoid biosynthesis pathway in the wild relative showed a
dynamic response tightly linked during herbivory; (3) Over accumulating metabolites when assessed
by a diet-overlay assay interfered in insect feeding, growth and development.

1. Introduction

Pigeonpea (C. cajan (L.) Millisp.), is one of the major legume crops belonging to the
family Fabaceae and is sown in the semi-arid tropics [1]. Pigeonpea seeds are a major source
of proteins for the African and Asian population. Globally, India is the major producer of
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pigeonpea which accounts for 70% of production followed by Myanmar, Malawi, Kenya,
and Tanzania. Besides its economic and medicinal significance, the crop can grow in vast
climatic conditions all over the year. The crop has been highly profitable to farmers due
to its growing capacity, adaptability, and decreased cultivation costs. Owing to this, the
demand for pigeonpea has augmented with the increase in population [2,3]. Despite its
amplified cultivation, stagnated productivity due to biotic and abiotic stresses has been a
continued concern. One of the chief threatening factors for the stagnated productivity in
pigeonpea has been the pod borer, H. armigera which causes serious economic losses [1].

To meet the demand and bridge the yield gap, realization of the potential yield and
mitigation of pests as notorious as the polyphagous H. armigera is the need of the hour.
Considering transgenic technology as one of the options for stress mitigation and in lieu of
the concerns pertaining to the technology, alternate strategies are required to be in place.
Hence, the use of biological molecules as bio pesticides and/or the proteins producing
these can form lucrative options for pest management. In this regard, interpreting robust
chemical-based pod borer resistance mechanisms that are ought to keep the insect at bay
assumes importance.

Crop wild relatives are known to harbor agronomically important traits [4,5] which
form an efficient and ecofriendly approach for pest management. The genus Cajanus
consists of a single cultivated C. cajan (pigeonpea) with the rest being wild relatives in
different gene pools [6,7]. C. platycarpus is a wild relative of pigeonpea from the tertiary
gene pool that possesses a plethora of resistance traits [8-10], including towards the pod
borer [11]. While trying to decipher the mechanism of pod borer resistance in this species
through a multiomics approach, we stumbled upon a tightly regulated phenylpropanoid
pathway that was linked with the antibiosis in the pod borer [12]. This implicated the wild
relative to have evolved an insect-specific chemical defense to encounter the herbivore.

The phenylpropanoid metabolic pathway produces >8000 metabolites involved in
plant development, as well as in environmental interactions [13]. The pathway branches out
into the production of lignins and flavonoid biosynthesis that produces secondary metabo-
lites such as flavanones, flavonols, flavanols, and anthocyanins. It has also been established
that the pathway undergoes modulation due to various factors including environmental
stresses [14]. Normally, the chief components of the chemical barrier constituted by plants
to fight herbivory include flavonoids, which are the secondary metabolites that are well
connected to plant defense systems [15,16]. These metabolites often are anti-digestive, anti-
feedants, and can also lead to toxic effects on the insect’s feeding, growth, development,
and reproduction [17,18].

It would hence be worthwhile to understand the pattern of genes/metabolites of the
flavonoid pathway reinforcing the chemical basis of pod borer resistance in C. platycarpus.
The present study was therefore envisaged to assess holistically, the correlation in the
expression of pivotal herbivore-responsive genes of the flavonoid pathway as well as the
accumulation of concomitant metabolites during the continued herbivory on C. platycarpus.
Furthermore, the question was to assess any further link to their dynamic accumulation
and their effect on H. armigera. Such an understanding of intricate plant biology is neces-
sary prior to metabolic/genomic engineering for pest resistance. The analyses revealed
that the expression of genes in the flavonoid pathway were tightly linked to the dynamic
accumulation of the metabolites during the continued herbivory in C. platycarpus. Informa-
tion emanating from this study can be strategically incorporated into crop improvement
programs and used to engineer pod borer resistance in the cultivated pigeonpea.

2. Materials and Methods
Plant Material and Herbivore Challenge by H. armigera

Seeds of the pigeonpea wild relative, C. platycarpus (ICPW 068) were procured from
ICRISAT, Hyderabad, India, and used for experimental work in the present study. Seeds
were sown in plastic pots (35 cm diameter x 40 cm height) containing approximately 15 kg
of soil (3:1 soil and manure mix). The pots were maintained at 100% field capacity (FC)
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along with 24% water holding capacity. The experimental plants were maintained under
greenhouse conditions and ensured that the plants were not stressed prior to herbivory.

H. armigera larvae collected from pigeonpea growing fields of the institute were main-
tained in the laboratory. The insects were reared on an artificial diet [19] and maintained
under controlled conditions of 25 + 5 °C, 70 & 10% RH, and 16 h/8 h day and light
photoperiod. The adults were retained in glass jars (50 x 50 cm) with paper sheets for
oviposition and fed with honey (10%) embedded in cotton and placed in Petri dishes at the
bottom of the jars. H. armigera egg masses were collected and further used for maintaining
the culture as well as for experimental purposes.

Forty-five days old plants of C. platycarpus were challenged with five 2nd instar
H. armigera larvae. The larvae were released onto the leaves of plants that were covered
with a transparent plastic sheet to avoid larval escape [20]. Based on earlier studies [21],
leaves of challenged plants were collected at different time intervals (8 h, 24 h, 48 h, 96 h)
along with control leaves which were collected prior to challenging (0 h). Four biological
replicates were maintained and challenged for each time point. The collected leaves were
frozen in liquid nitrogen and preserved at —80 °C until further studies.

3. Expression Analysis
3.1. Identification of Flavonoid Pathway Genes from C. platycarpus Transcriptome Data

Transcripts pertaining to flavonoid metabolism were selected based on the BLAST
annotation of in-house-generated C. platycarpus transcriptome data [21]. The 8 selected
flavonoid metabolism genes were chalcone isomerase (CHI-4 isoforms), chalcone
synthase (CHS-3 isoforms), dihydroflavonol 4-reductase (DFR-7 isoforms), flavonoid
3'5’-hydroxylase (F3'5'H-2 isoforms), flavonol synthase (FLS-3 isoforms), leucoanthocyani-
din reductase (LAR-2 isoforms), anthocyanidin synthase (LDOX/ANS-2 isoforms) and
UDP flavonoid glycosyltransferase (UFGT—4 isoforms). Further, the selected transcripts
were cross-checked with the pigeonpea genome, and the presence of possible domains was
confirmed with NCBI CD (conserved domain) database.

3.2. Total RNA Isolation and cDNA Synthesis

Approximately 100 mg of leaf tissue was crushed in liquid nitrogen to a fine powder
using a mortar and pestle. Total RNA was extracted from different samples by Spec-
trum ™ total RNA isolation kit (Sigma-Aldrich, St. Louis, MO, USA) as per the man-
ufacturer’s instructions. The DNA contamination was removed by on-column DNase I
(Sigma-Aldrich, St. Louis, MO, USA) treatment. The extracted RNA was quantified using
NanoDrop 2000 spectrophotometer (Wilmington, DE, USA) and verified by 0.8% agarose
gel electrophoresis for quantity, quality as well as purity of RNA. cDNA synthesis was car-
ried out using 2.5 pg of total RNA following the manufacturer’s instructions (SuperScript®
VILO™; Invitrogen, Carlsbad, CA, USA).

3.3. Real-Time PCR

The selected 8 genes and their respective isoforms identified from the in-house gener-
ated transcriptome data of C. platycapus under continued herbivory were used for expres-
sion analysis using qRT-PCR (AriaMx Real-Time PCR system; Agilent, Santa Clara, CA,
USA). Different gene-specific primers (Table S1) along with the reference gene, Initiation
factor 4a (IF4w) [22] were used for the reaction. The qRT-PCR conditions were as follows:
initial denaturation at 95 °C for 5 min, followed by 40 cycles each of 95 °C for 10's, 15 s at
60 °C and 15 s at 72 °C. Four independent biological and two technical replicates along with
a non-template control were used in this study. Data analysis was executed by considering
0 h as the baseline along with 8 h, 24 h, 48 h, and 96 h as test timepoints. The internal
reference gene was used for data normalization followed by fold change calculation [23].
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4. Copy Number Assessment of the Selected Flavonoid Biosynthesis Genes in
C. platycarpus

4.1. Probe Designing

Complete coding sequences of selected genes were subjected to BLAST alignment
with the available pigeonpea genome using NCBI genome BLAST. The longest exon region
was selected for primer design (Table S2). The desired gene fragments were amplified
from 100 ng cDNA from C. platycarpus. The eluted and purified PCR products were further
used for the Digoxigenin (DIG)-labeled probe synthesis and as positive controls in genomic
Southern analysis.

4.2. Genomic Southern Analysis

To identify the gene copy number of the flavonoid biosynthesis pathway genes in
C. platycarpus, genomic DNA from young and tender leaves was isolated following the
CTAB method [24]. For each gene, around 15 pg high-quality DNA was separately digested
overnight with any two restriction enzymes (HindIll, Kpnl, and BamHI; New England
Biolabs, Ipswich, MA, USA). The restricted DNA samples were separated by gel elec-
trophoresis using 0.8% agarose gel in TAE buffer (Tris-acetate EDTA; Millipore Sigma,
Burlington, MA, USA). The electrophoretically separated DNA fragments were further
transferred onto a positively charged nylon membrane (Millipore Sigma, Burlington, MA,
USA) by capillary action for 18 h in 20X SSC. The respective dig-labeled probes were used
for hybridization. Hybridization, washing, blocking, antibody binding, and detection were
carried out according to the manufacturer’s instructions (Roche Holding AG, Basel, CH).

4.3. Targeted Quantitative Estimation of Flavonoids and Phenylpropanoids in C. platycarpus
during H. armigera Infestation

The frozen leaf tissues of challenged plants (0 h, 8 h, 24 h, 48 h, 96 h) were used to
study altered metabolites during the insect invasion. Flavonoids and phenylpropanoids
were extracted with 80% methanol overnight at room temperature under brief agitation.
The resulting extracts were subjected to centrifugation at 6010 rcf for 10 min at 4 °C; su-
pernatants were transferred to a fresh reaction tube and then vacuum-dried at 65 °Cin a
SpeedVac. The dried form of extracts was later resuspended in 80% methanol. Analyses of
target flavonoids (quercetin, myricetin, kaempferol, delphinidin, pelargonidin, naringenin,
cyanidin, malvidin, rutin, catechin, epicatechin-3-gallate, and epigallocatechin) and phenyl-
propanoids (cinnamic acid, t-ferulic acid, p-coumaric acid, and caffeic acid) were performed
as described in previous studies [25]. Methanolic extracts were used for the quantification of
individual flavonoids. LC-MS analysis of samples was carried out in a UPLC system (Exion
LC, Sciex, Framingham, MA, USA) coupled to a triple quadrupole system (QTRAP6500+;
ABSciex, Framingham, MA, USA) using electrospray ionization. For positive ionization,
the voltage was set at 5500 V. The values of gas 1 and gas 2 (70 psi), curtain gas (40 psi),
collision-assisted dissociation (medium), and temperature of the source (650 °C) were
used. The mass spectrometer was used in multiple reaction monitoring modes (MRM)
for qualitative and quantitative analysis using analytical standards of flavonoids (Merck,
Hunterdon County, NJ, USA). Analyst software (version 1.5.2) (Sciex, Framingham, MA,
USA) was used for the identification and quantitative analysis. Each targeted metabolite
was profiled in 3 biological replicates.

4.4. Assessment of the Biological Activities of Selected Flavonoids on the Growth and Development
of H. armigera

The effect of flavonoids on the growth and development of H. armigera was studied
by feeding the 2nd instar larvae (7 days old) on a flavonoid-incorporated artificial diet.
Seven flavonoids: delphinidin, pelargonidin, naringenin, cyanidin, malvidin, epicatechin-
3-gallate, and epigallocatechin (Sigma-Aldrich, St. Louis, MO, USA) were assessed using
diet incorporation assay [26] with slight modifications. Based on the solubility, epicatechin-
3-gallate and epigallocatechin were dissolved in water; cyanidin and malvidin in 1%
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DMSO; naringenin in 1.5% DMSO; delphinidin, pelargonidin were dissolved in 2% DMSO.
The different flavonoids were weighed, dissolved, and mixed with the diet just after its
preparation. Larvae of H. armigera (~0.5 cm in length) were released on the diet containing
two concentrations of each flavonoid (10 and 100 ppm). These doses of flavonoids are
within the physiological range (20-1600 ppm) of their natural production from various plant
sources [27]. A single larva was released in an individual 30 mm plastic Petri plate. Ten
replications were maintained for each treatment with ten (seven days old) individual larvae
in each replication. Larvae fed on an untreated diet were maintained as a control. Eight days
after treatment (DAT), larval weight, length, and duration of the larval stage were recorded.
The whole experiment was maintained at a constant temperature of 25 4= 5°C with a relative
humidity of 70 & 10% and 16 h/8 h light and dark photoperiod 4.5 Statistical analyses.

All statistical analyses were performed in Microsoft Excel using the “data analysis”
package. For all analyses, the standard deviation between the biological replicates were
calculated and error bars were made. The student #-test was performed to determine
significant (p < 0.05, p < 0.001) difference between time points.

5. Results and Discussion

Plants being sessile are exposed to a multitude of abiotic and biotic stresses during their
growth period. In response, plants have devised highly strategic and intricate molecular
responses [12,28-30] that result either in stress mitigation or death of plants. Insect pests
have always been a menace in agriculture as their infestation results in enormous crop
losses globally. In this regard, host plant resistance involving both morphological and
biochemical traits has been found to be effective at minimizing damage from pests such as
the notorious H. armigera [21,31-33].

Herbivore-associated molecular patterns (HAMPs) activate the early signaling events
in plants leading to specific responses determined by physical barriers, secondary metabo-
lites, or defense proteins that interact with feeding, digestion, and development in insects.
In the recent past, the development of genomics and molecular biology tools has instigated
scientists to unravel the molecular mechanisms supporting these interactions.

In order to maintain nutritional quality as well as crop productivity, various im-
provement programs have been adopted. In this regard, crop wild relatives have gained
importance due to them harboring useful traits and are projected as potential candidates for
the development of insect-resistant plants [34,35]. In our laboratory, we have been making
focused efforts to decipher the molecular mechanism underlying pod borer resistance in
one of the pigeonpea wild relatives, C. platycarpus using multiomics approaches [21,33,36].
While studying the dynamic transcriptome and proteome data during continued herbivory,
we observed that a strong chemical-based resistance response prevailed in the wild rela-
tive compared to the cultivated counterpart. This was because, skewed upregulation of
the phenylpropanoid (PP)-flavonoid biosynthesis pathway genes were found in the wild
relative on a dynamic basis (Figure 1A). Differential proteomic analysis of the wild relative
vis a vis the cultivated pigeonpea demonstrated a 2-5-fold increase in the production of
pivotal proteins in the phenylpropanoid pathway (Figure 1A) [33]. This prompted us to dig
deeper into the involvement of the PP-flavonoid pathway in the resistance response and
understand their dynamics at the transcriptome and metabolite level (Figure 1B), as this
would specifically divulge clues about the intricate metabolic reprogramming if present
in the resistance response of the wild relative. Since our earlier findings depicted differen-
tial upregulation of the flavonoid pathway genes in the wild relative vis a vis cultivated
pigeonpea, the present study only focused on the wild relative.
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Figure 1. Dynamic response of flavonoid biosynthesis pathway genes in C. platycarpus under con-
tinued herbivory: (A) Pathway map depicting key genes (green color) upregulated in C. platycarpus
compared to Cajanus cajan assessed earlier in the comparative proteome profiling during herbivory
(obtained from proteome data; Rathinam et al., 2020 [33]. C4H: Cinnamate-4-hydroxylase, CHS:
Chalcone synthase, CHI: Chalcone flavanone isomerase, F3H: Flavanone 3-hydroxylase involved
in the anti-herbivore response of C. platycarpus; Log2FC in parenthesis indicates the upregulation
of the respective genes in the wild relative based on differential proteomic analysis vis a vis cul-
tivated pigeonpea (B) Experimental setup used to understand the dynamic changes in flavonoid
pathway genes and metabolites under continued herbivory in the wild relative; (C) gRT-PCR analyses
of the herbivore- challenged samples depicting the response of flavonoid biosynthesis genes in
C. platycarpus.

6. Dynamic Expression of Flavonoid Pathway Genes in C. platycarpus in Response to
H. armigera

The focus of this study was therefore to assess the extent of involvement of flavonoid
biosynthesis pathway genes of C. platycarpus in their response to H. armigera. In this
regard, 45 days old plants of the wild relative were challenged with H. armigera, and
leaves were sampled at four time points (8 h, 24 h, 48 h, 96 h). Based on our previous
findings [21,33], a total of 8 genes and their isoforms as listed previously were selected from
the transcriptome data to assess their dynamic expression. Since we had earlier assessed
the dynamic response of C4H and F3H (Figure 1A) [33], in the comparative proteomic
analysis of C. platycarpus and C. cajan during herbivory, we selected other pivotal genes of
the pathway. qRT-PCR analysis demonstrated that higher expression (4-11-fold increase)
was seen in CHS_1, CHS_3, DFR_3, DFR_5, F3'5'H_1, FLS_3, LAR_2, LDOX_1, LDOX_2
followed by moderate expression (1-2-fold increase) in CHI_3, CHI_4, LAR_1 and low/no
change in expression (<1-fold increase) in CHI_1, CHI_2, CHS_2, DFR_1, DFR_2, DFR 4,
DFR_6, DFR_7, FLS_1, FLS_2, UFGT_1, UFGT_2, UFGT_3, UFGT_5 (Figure 1C). Genes
showing >4-fold up-regulation at any two time points were considered as significantly
regulated. Based on the expression analyses, it was observed that isoforms of CHS, DFR,
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F3'5'H, FLS, and LDOX were upregulated to as high as 11-fold with continued herbivory
(Figure 1C). Therefore, these genes were seemingly involved in the resistance response
of the wild relative to herbivory. It was also interesting to find that specific isoforms of
these genes were responding to herbivore infestation suggesting their participation in
the resistance response. Several studies have demonstrated the involvement of flavonoid
biosynthesis genes in the response to insect attacks [37-40] and have also established their
role in the resistance response. However, a comprehension of their involvement in the
host plant resistance to pod borer, especially in the legumes, has not yet been deciphered.
Furthermore, it was important to assess whether the dynamic gene expression also extended
to the accumulation of metabolites in response to herbivory. This information not only is a
revelation of the molecular pattern of expression of pivotal genes during herbivory but also
can form a basis for metabolic engineering for insect resistance in the cultivated pigeonpea.

7. Flavonoids and Phenylpropanoids Are Differentially Accumulated during the
Dynamic Response of C. platycarpus to H. armigera

Metabolite profiling of plant tissues under various stresses has resulted in a better
understanding of the plant-stress interactions. Plants are seen to produce a plethora of
specialized metabolites, presumably to manage the attacking pests. Of the very many
metabolites, are flavonoids which are a set of secondary metabolites with roles in core plant
processes such as nodulation and attracting pollinators as well as in mitigation of various
biotic and abiotic stresses [41-43].

In order to assess the accumulation of secondary metabolites and their correlation with
gene expression in the wild relative, we focused on the targeted profiling of flavonoids and
phenylpropanoids in C. platycarpus. Among the targeted phenylpropanoids i.e., cinnamic
acid, t-ferulic acid, p-coumaric acid, and caffeic acid, it was found that t-ferulic acid
showed gradual and higher accumulation (5.7 times; p < 0.05) at 48 h compared to other
metabolites (Figure 2). Another very interesting finding of our study demonstrated that
while p-coumaric acid did not show any detectable accumulation at 0 h (without herbivory),
the metabolite showed increased accumulation by 24 h (p < 0.05) vis a vis 48 and 96 h
of continued herbivory. However, it was observed that cinnamic acid and caffeic acid
were below the standard concentration and were hence not detected. This indicated that
t-ferulic acid and p-coumaric acid could play an important role in the resistance response
as they are important components that continue into the pathway for the production of
secondary metabolites (Figure 2). The overproduction of metabolites from the general
phenylpropanoid pathway that act as branch points to lignin/flavonoid pathways asserted
the metabolic flux in the wild relative to the over-production of flavonoids.

Further, the accumulation of various flavonoids varied with the time of herbivory
(Figure 2). While some of the flavonoids showed maximum accumulation at earlier time
points, some showed a progressive increase. Naringenin, myricetin, and pelargonidin
showed higher accumulation (4, 2, 2 times respectively; p < 0.05) at 24 h of herbivory,
whereas quercetin and kaempferol accumulated (2.5 and 2 times; p < 0.05) by 48 h (Figure 3).
This implicated that these metabolites could be involved in early defense response to
H. armigera. Additionally, epicatechin-3-gallate and epigallocatechin also showed higher
accumulation (3.3 times; p < 0.05) at 24 h suggesting early response. However, a basal
level of accumulation was seen with cyanidin and malvidin. Delphinidin showed higher
accumulation (p < 0.05) at 96 h compared to other time points depicting its role in the
continued herbivory. Irrespective of all the metabolites, rutin and catechin were constantly
less accumulated or not detected.
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Figure 2. Targeted LC-MS profiling of phenylpropanoids and flavonoids under continued herbivory
in C. platycarpus. The compounds were quantified by developing calibration and multiple reaction
monitoring (MRM) of authentic standards. The graph shows values £SD of three biological replicates
from each sample. * depicts the significant difference between each time interval at p < 0.05, from the
student’s ¢-test.

It is known that, as a response to herbivory, plants initiate the de novo synthesis of
defense compounds to deter the attacker. Independent studies have elaborated on the
production and accumulation of flavonoids during various stresses [44-46]. However, our
study delineated the specific pattern of metabolic reprogramming in the pigeonpea wild
relative when the plant was under the continued attack by H. armigera. This emphasized
the role played by flavonoids in the resistance response.
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Figure 3. Pathway mapping of herbivore-induced flavonoid pathway genes and metabolites in
C. platycarpus. Heat maps indicate the dynamic expression of respective genes at different time
points (8 h, 24 h, 48 h, 96 h) of herbivory. The red-colored font denotes the genes assessed for
expression analyses in the present study. The blue-colored font denotes over-accumulated metabolites
during herbivory.

Our findings demonstrated that the expression of flavonoid pathway genes and ac-
cumulation of metabolites were tightly regulated in C. platycarpus during its encounter
with H. armigera. Upon integration of both the gene expression as well as the metabolome
data, an explicit correlation was seen in the upregulated expression of the genes and
their corresponding metabolites establishing an agile and stereotypical response of the
wild relative to the herbivore (Figure 3). Fascinatingly, pivotal branch point enzymes in
the flavonoid biosynthesis pathway, initially CHS, a pertinent player in the production
of flavonones such as naringenin and later flavonols such as quercetin and kaempferol
was seen to be upregulated coordinating with the over-accumulation of the metabolites.
The wild relative also depicted reallocation of resources for the overexpression of specific
isoforms of F3'H, FLS, F3’5'H, and DFR that compete with dihydrokaempferol for the initi-
ation of the production of anthocyanins (Figure 3) [47-49]. Fine orchestration of molecular
events was seen in the pigeonpea wild relative with strategic channeling of resources for
the significant (p < 0.05) accumulation of epicatechin-3-gallate and epigallocatechin to the
maximum extent through the induced expression of LDOX and F3'5'H (Figure 3). Studies
emerging from the literature have provided evidence for the role of these flavonoids in the
mitigation of pathogens and insects [50]. Generally, kaempferol and quercetin among the
flavonones; delphinidin and cyanidin in the anthocyanins have emerged as powerful pest
repellants along with potent antioxidant abilities [50]. Our study demonstrated a specific
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yet clear reconfiguration of the metabolites as part of the successful antibiosis and antixeno-
sis response by utilizing cyanidin and delphinidin to produce more epicatechin-3-gallate
and epigallocatechin. The high concentration of these flavonoids in infested plants, as
compared to controls, suggested their induced accumulation in response to H. armigera.
Why the plant is overproducing these epicatechins is an exciting question to answer.

8. Assessment of the Copy Number of Flavonoid Biosynthesis Genes in C. platycarpus

There is a consensus in molecular biology that there is a relationship between copy
number and expression of genes. It is expected that higher the gene copy number, higher
could be the expression. In this study, we envisaged assessment of the number of copies
of the isoforms of the selected flavonoid pathway genes that were upregulated during
herbivory as we wanted to know whether the increased gene expression corroborated
with their gene copy number. Based on the metabolite accumulation and dynamic gene
expression, 9 genes- 2 isoforms of CHS, DFR, and LDOX and one isoform each of FLS, LAR
and F3'5'H were selected for gene copy number analyses in C. platycarpus (Figure 4). It was
observed that the genes coding for critical players in the flavonoid pathway were present in
multiple copies. The results obtained from the study revealed that CHS_1, DFR_3, DFR_5,
FLS_3, and LDOX_1 genes possessed a single copy, whereas CHS_3, F3/5'H_1, LAR 2,
LDOX_2 genes were present in multiple copies. Besides this, being gatekeepers, CHS_3
and F3/5'H_1 genes showed higher expression (Figure 3) and the presence of multiple
copies supported their role in defending herbivory. LAR_2 and LDOX_2 were also present
in multiple copies because the expression of these genes was higher, and they are widely
distributed among flavonoid pathways to produce different metabolites (Figure 4). These
results authenticated a highly structured metabolic reprogramming to be happening in the
wild relative to deter the herbivore.

—282 bp

—592 bp

DFR_3 DFR_5 LDOX_1 LDOX_2 FLS_3 LAR_2 F3'5H_1

Figure 4. Gene copy number assessment of selected flavonoid pathway genes in C. platycarpus.
Genomic Southern analysis of 9 genes digested with HindIll, Kpnl, and BamHI and probed with
DIG-labelled gene-specific probes; P: positive control.

9. Validation of Differentially Produced Flavonoids on the Growth and Development
of H. armigera

H. armigera, has a highly evolving detoxification system prevalent that allows it to de-
velop resistance against insecticides. Moreover, this herbivore being a polyphagous/generalist
pest is exposed to a variety of chemicals from different hosts. Hence, antibiosis/antixenosis
to H. armigera existing in the wild relatives is worth exploring so that it can be extrapolated
to the cultivated germplasm. Studies emanating from the literature have demonstrated the
presence of an active chemical barrier and identified the major players in wild chickpea [51]
as well as wild pigeonpea [32]. Additionally, several secondary metabolites were indepen-
dently tested on the herbivore to assess the antibiosis mechanism. Studies have reported
that flavonoids such as chlorogenic acid, caffeic acid, quercetin, and protocatechuic acid
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were seen to be toxic to H. armigera larvae [52-54]. Some evidence for insect control also
exists with kaempferol and naringenin [55,56]. Since there have been reports that have
divulged the antibiosis role of flavonols such as kaempferol, rutin, and quercetin, [57] in
the present study, we assessed the effect of anthocyanins and flavanols considering their
increased accumulation in the wild relative. There has been no study thus far depicting
such a validation on H. armigera.

The analyses focused mainly on the effect of two different concentrations of the
selected flavonoids (10 ppm and 100 ppm) on larval growth and larval period. Since the
selected flavonoids were both soluble in water as well as DMSO, the respective solvents
were used as controls to compare their effects. It was observed that 10 ppm concentration
did not have any negative effect on the feeding larvae of H. armigera, albeit the compounds
and solvents (Figures 5 and 6). However, drastic effects on the larval parameters were
observed as the concentration of flavonoids increased to 100 ppm. The larval lengths across
the metabolites varied between 1.58 cm (epicatechin-3-gallate -100 ppm) and 2.25 cm in
malvidin (100 ppm). Further, the larval weight was lowest in those treated with 100 ppm
epicatechin-3-gallate (49.8 mg; p < 0.05), while the larvae that fed on the diet incorporated
with 100 ppm malvidin were the heaviest (133.4 mg). Nonetheless, the effect on larval
length and weight was also observed in the larvae that fed on 100 ppm cyanidin, 100 ppm
Naringenin and 100 ppm epigallocatechin depicting their role in the resistance response. A
captivating observation made in the study was that feeding of the larvae on anthocyanins
and flavan-3-ols resulted in a prolonged larval stage. The major contributors to this were
epicatechin-3-gallate, epigallocatechin, and cyanidin 100 ppm. It was observed that the
larval stage was delayed to an extent of 7.1 days (epicatechin-3-gallate) following the
consumption of the metabolite-incorporated diet (Figure 5D).
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Figure 5. Diet overlay assay for the validation of selected flavonoids on H. armigera. Response of
H. armigera larvae to artificial diet feeding assay incorporated with water-soluble flavonoids in
10 and 100 ppm concentrations. (A) Representative image of larvae that fed on flavonoids-
incorporated artificial diet (B) Average length of larvae in cm; mean + SE, n = 10 (C) Average
larval weight in mg; mean + SE, n = 10 (D) Average larval period in days; mean + SE, n = 10.
The larval length, weight, and duration were compared between control and respective treat-
ments by student’s t-test; * p < 0.05; ** p < 0.001. WC: Water control; EC3G: Epicatechin-3-gallate;
EGC: Epigallocatechin.
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Figure 6. Performance of H. armigera larvae in artificial diet feeding assay incorporated with DMSO-
soluble flavonoids (dissolved in WC, 1% DMSO, 1.5% DMSO, and 2% DMSO) in 10 and 100 ppm
concentrations. (A) Representative image of larvae that fed on the selected flavonoids -incorporated
artificial diet along with their respective controls (B) Average length of larvae in cm; mean + SE, n =10
(C) Average larval weight in mg; mean =+ SE, n = 10 (D) Average larval period in days; mean + SE,
n = 10. The larval length, weight, and duration are compared between controls and respective
treatments by student’s t-test; * p < 0.05; ** p < 0.001. WC: Water control; DMSO: Dimethylsulfoxide;

Nar: Naringenin; Cya: Cyanidin; Mal: Malvidin; Del: Delphinidin; Pel: Pelargonidin.

Hence, it was clear that the wild relative methodically produced those metabolites
in higher amounts that acted as anti-feedants as well as interfered in growth and devel-
opment. In the present study, we categorically selected those metabolites for validation
that accumulated in a dynamic manner during herbivory. However, we assessed the effect
of malvidin which was present at a basal level in the plants through the herbivore attack
(Figure 2). It was seen by the diet assay that both lower and higher amounts of malvidin
seemed to benefit the larval growth and development and hence the wild relative chose to
not increase its accumulation.

There have been varying reports on the putative role of anthocyanins in herbivore
protection [58,59]. Additionally, studies on the effect of cyanidin, delphinidin, and cyanidin-
3-glucoside from cotton demonstrated a reduction in the growth of tobacco budworm [60,61].
Further, petunia anthocyanins such as malvidin 3-cistrans-p-coumaroyl-rutinoside-5-glucoside
resulted in growth retardation of corn earworm and cabbage looper [62]. This reinstates
the novelty of the present study in deciphering the metabolites involved in the resistance
response in the pigeonpea wild relative.
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Plants respond to herbivory through strategic yet complicated mechanisms involving
signal perception and transduction leading to transcriptional and metabolic reconfiguration.
Further, it is also known that crop domestication resulted in the modification of secondary
metabolites, thereby resulting in the loss of their ability to resist herbivores as compared to
their wild counterparts. The present study comprehensively demonstrates the meticulous
metabolic reprogramming occurring in the wild relative, C. platycarpus, and the combination
of flavonoids portrayed in the antibiosis response to the attacking H. armigera. However,
further investigations into the cis elements of these genes in the wild relative as well as
their upstream regulators would divulge more fascinating cues that could be effectively
translated for pod borer resistance. The emanating information and further in-depth
characterization could henceforth pave the way for restoring the ability to manage this
notorious pest in the cultivated C. cajan.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxins14070455/s1, Table S1: List of primers used for gRT-PCR
analyses; Table S2: List of primers used in probe designing for Southern blotting.

Author Contributions: Conceptualization, M.R. and R.S.; Data curation, S.T.; Formal analysis, S.T.;
Funding acquisition, R.S.; Investigation, 5.T., M.R. and P.R.S.; Methodology, R.S. and A.K.S.; Project
administration, R.S.; Supervision, A.K.S. and R.S; Validation, S.T., M.R., PR.S.; Visualization, S.T.,
M.R,, PR.S., AKS. and R.S.; Writing—original draft, S.T.; Writing—review & editing, N.C., AK.S.
and R.S. All authors have read and agreed to the published version of the manuscript.

Funding: Research was supported by Science and Engineering Research Board (SERB), Government
of India (SERB File Number: CRG/2019/001261) and ICAR-National Institute for Plant Biotechnology.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: The authors acknowledge the Metabolome facility (BT/ INF/22/SP28268/2018)
at NIPGR for LC-MS analysis. The authors acknowledge Manoj Kumar and Vinod Kumar for the
maintenance of pigeonpea wild relative and rearing of Helicoverpa armigera respectively.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Negi, J.; Rathinam, M.; Sreevathsa, R.; Kumar, P.A. Transgenic Pigeonpea [Cajanus cajan (L.) Millsp.]. In Genetically Modified Crops;
Springer: Singapore, 2021; pp. 79-96.

2. Sharma, D.; Reddy, L.J.; Srivastava, R.K.; Saxena, K.B. A unique pigeonpea landrace with multiple properties. J. Food Leg. 2021,
34,132-135.

3. Sultana, R.; Saxena, K.B.; Kumar, R.R.; Kumar, D.; Kirti, M. Pigeonpea. In The Beans and the Peas; Woodhead Publishing:
Cambridge, UK, 2021; pp. 217-240.

4. Zhang, H.; Yasmin, E; Song, B.H. Neglected treasures in the wild—legume wild relatives in food security and human health.
Curr. Opin. Plant Biol. 2019, 49, 17-26. [CrossRef]

5. Pratap, A.; Das, A.; Kumar, S.; Gupta, S. Current perspectives on introgression breeding in food legumes. Front. Plant Sci. 2021,
11,2118. [CrossRef]

6. Jadhav, D.R.; Mallikarjuna, N.; Sharma, H.C.; Saxena, K.B. Introgression of Helicoverpa armigera resistance from Cajanus acutifolius-a
wild relative from secondary gene pool of pigeon pea (Cajanus cajan). Asian J. Agric. Sci. 2012, 4, 242-248.

7. Vanambathina, P,; Henry, R.J.; Rachaputi, R.C.; Furtado, A. Secondary genepool of Australian Cajanus species contains sources of
resistance to Helicoverpa armigera (Hiibner). Ann. Appl. Biol. 2021, 180, 259-272. [CrossRef]

8.  Mallikarjuna, N.; Senapathy, S.; Jadhav, D.R.; Saxena, K.; Sharma, H.C.; Upadhyaya, H.D.; Rathore, A.; Varshney, R. Progress in
the utilization of Cajanus platycarpus (Benth.) Maesen in pigeonpea improvement. Plant Breed. 2011, 130, 507-514. [CrossRef]

9.  Mallikarjuna, N.; Jadhav, D.; Reddy, P. Introgression of Cajanus platycarpus genome into cultivated pigeonpea, C. cajan. Euphytica
2006, 149, 161-167. [CrossRef]

10. Sharma, S.; Paul, PJ.; Kumar, C.V.S.; Nimje, C. Utilizing wild Cajanus platycarpus, a tertiary genepool species for enriching
variability in the primary genepool for pigeonpea improvement. Front. Plant Sci. 2020, 11, 1055. [CrossRef]

11.  Mallikarjuna, N.; Sharma, H.C.; Upadhyaya, H.D. Exploitation of wild relatives of pigeonpea and chickpea for resistance to

Helicoverpa armigera. ]. SAT Agric. Res. 2007, 3, 4.


https://www.mdpi.com/article/10.3390/toxins14070455/s1
https://www.mdpi.com/article/10.3390/toxins14070455/s1
http://doi.org/10.1016/j.pbi.2019.04.004
http://doi.org/10.3389/fpls.2020.589189
http://doi.org/10.1111/aab.12730
http://doi.org/10.1111/j.1439-0523.2011.01870.x
http://doi.org/10.1007/s10681-005-9063-6
http://doi.org/10.3389/fpls.2020.01055

Toxins 2022, 14, 455 14 of 16

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

War, A.R; Paulraj, M.G.; Ahmad, T.; Buhroo, A.A.; Hussain, B.; Ignacimuthu, S.; Sharma, H.C. Mechanisms of plant defense
against insect herbivores. Plant Signal. Behav. 2012, 7, 1306-1320. [CrossRef]

Dong, N.Q.; Lin, H.X. Contribution of phenylpropanoid metabolism to plant development and plant-environment interactions. J.
Integr. Plant Biol. 2021, 63, 180-209. [CrossRef]

Sharma, A.; Shahzad, B.; Rehman, A.; Bhardwaj, R.; Landi, M.; Zheng, B. Response of phenylpropanoid pathway and the role of
polyphenols in plants under abiotic stress. Molecules 2019, 24, 2452. [CrossRef]

Simmonds, M.S.; Stevenson, P.C. Effects of isoflavonoids from Cicer on larvae of Heliocoverpa armigera. J. Chem. Ecol. 2001, 27,
965-977. [CrossRef]

Gotawska, S.; Sprawka, I.; Lukasik, I.; Gotawski, A. Are naringenin and quercetin useful chemicals in pest-management strategies?
J. Pest Sci. 2014, 7, 173-180. [CrossRef]

Wittstock, U.; Gershenzon, J. Constitutive plant toxins and their role in defense against herbivores and pathogens. Curr. Opin.
Plant Biol. 2002, 5, 300-307. [CrossRef]

Erb, M.; Reymond, P. Molecular interactions between plants and insect herbivores. Annu. Rev. Plant Biol. 2019, 70, 527-557.
[CrossRef]

Babu, C.; Sharma, H.C.; Madhumati, T.; Raghavaiah, G.; Rao, V.S. A semi-synthetic chickpea flour based diet for long-term
maintenance of laboratory culture of Helicoverpa armigera. Indian J. Entomol. 2014, 76, 336-340.

Ramkumar, N.; Rathinam, M.; Singh, S.; Kesiraju, K.; Muniyandi, V.; Singh, N.K.; Dash, PK.; Sreevathsa, R. Assessment of
Pigeonpea (Cajanus cajan L.) transgenics expressing Bt ICPs, Cry2Aa and CrylAcF under nethouse containment implicated an
effective control against herbivory by Helicoverpa armigera (Hiibner). Pest Manag. Sci. 2020, 76, 1902-1911. [CrossRef]

Rathinam, M.; Mishra, P.; Mahato, A.K,; Singh, N.K.; Rao, U.; Sreevathsa, R. Comparative transcriptome analyses provide novel
insights into the differential response of Pigeonpea (Cajanus cajan L.) and its wild relative (Cajanus platycarpus (Benth.) Maesen) to
herbivory by Helicoverpa armigera (Hiibner). Plant Mol. Biol. 2019, 101, 163-182. [CrossRef]

Sinha, P; Singh, V.K,; Suryanarayana, V.; Krishnamurthy, L.; Saxena, R.K.; Varshney, R.K. Evaluation and validation of housekeep-
ing genes as reference for gene expression studies in pigeonpea (Cajanus cajan) under drought stress conditions. PLoS ONE 2015,
10, €0122847. [CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2~ 22T method.
Methods 2001, 5, 402—-408. [CrossRef]

Porebski, S.; Bailey, L.G.; Baum, B.R. Modification of a CTAB DNA extraction protocol for plants containing high polysaccharide
and polyphenol components. Plant Mol. Biol. Rep. 1997, 15, 8-15. [CrossRef]

Naik, J.; Rajput, R.; Pucker, B.; Stracke, R.; Pandey, A. The R2R3-MYB transcription factor MtMYB134 orchestrates flavonol
biosynthesis in Medicago truncatula. Plant Mol. Biol. 2021, 106, 157-172. [CrossRef]

Su, J.; Lai, T.; Li, J. Susceptibility of field populations of Spodoptera litura (Fabricius) (Lepidoptera: Noctuidae) in China to
chlorantranilip role and the activities of detoxification enzymes. Crop Prot. 2012, 42, 217-222. [CrossRef]

Rothwell, J.A.; Perez-Jimenez, J.; Neveu, V.; Medina-Remon, A.; M'hiri, N.; Garcia-Lobato, P.; Manach, C.; Knox, C.; Eisner, R.;
Wishart, D.S.; et al. Phenol-Explorer 3.0: A major update of the Phenol-Explorer database to incorporate data on the effects of
food processing on polyphenol content. Database 2013, 2013, bat070. [CrossRef]

Shah, A.; Tyagi, S.; Saratale, G.D.; Guzik, U.; Hu, A.; Sreevathsa, R.; Reddy, V.D.; Rai, V.; Mulla, S.I. A comprehensive review on
the influence of light on signaling cross-talk and molecular communication against phyto-microbiome interactions. Crit. Rev.
Biotechnol. 2021, 41, 370-393. [CrossRef]

Jan, R.; Asaf, S.; Numan, M.; Kim, K.M. Plant secondary metabolite biosynthesis and transcriptional regulation in response to
biotic and abiotic stress conditions. Agronomy 2021, 11, 968. [CrossRef]

Ahmad, M.A; Prakash, P; Singh, H.B. Role of secondary metabolites and biostimulants in conferring biotic and abiotic stress
tolerance in crop plants: An emerging application in sustainable agriculture. In New and Future Developments in Microbial
Biotechnology and Bioengineering; Elsevier: Amsterdam, The Netherlands, 2022; pp. 355-360.

Sharma, H.C.; Sujana, G.; Manohar Rao, D. Morphological and chemical components of resistance to pod borer, Helicoverpa
armigera in wild relatives of pigeonpea. Arthropod-Plant Interact. 2009, 3, 151-161. [CrossRef]

Sujana, G.; Sharma, H.C.; Rao, D.M. Antixenosis and antibiosis components of resistance to pod borer Helicoverpa armigera in wild
relatives of pigeonpea. Int. |. Trop. Insect Sci. 2008, 28, 191-200.

Rathinam, M.; Roschitzki, B.; Grossmann, J.; Mishra, P.; Kunz, L.; Wolski, W.; Panse, C.; Tyagi, S.; Rao, U.; Schlapbach, R.; et al.
Unraveling the proteomic changes involved in the resistance response of Cajanus platycarpus to herbivory by Helicoverpa armigera.
Appl. Microbiol. Biotechnol. 2020, 104, 7603-7618. [CrossRef]

Ngugi-Dawit, A.; Hoang, T.M.L.; Williams, B.; Higgins, T.J.; Mundree, S.G. A wild Cajanus scarabaeoides (L.), Thouars, IBS 3471,
for improved insect-resistance in cultivated pigeonpea. Agronomy 2020, 10, 517. [CrossRef]

Zhang, H.; Mittal, N.; Leamy, L.].; Barazani, O.; Song, B.H. Back into the wild—Apply untapped genetic diversity of wild relatives
for crop improvement. Evol. Appl. 2017, 10, 5-24. [CrossRef]

Rathinam, M.; Marimuthu, S.K.; Tyagi, S.; Kesiraju, K.; Alagiamanavalan, L.P.; Rao, U.; Sreevathsa, R. Characterization and
in planta validation of a CHI4 chitinase from Cajanus platycarpus (Benth.) Maesen for its efficacy against pod borer, Helicoverpa
armigera (Hiibner). Pest Manag. Sci. 2021, 77, 2337-2349. [CrossRef]


http://doi.org/10.4161/psb.21663
http://doi.org/10.1111/jipb.13054
http://doi.org/10.3390/molecules24132452
http://doi.org/10.1023/A:1010339104206
http://doi.org/10.1007/s10340-013-0535-5
http://doi.org/10.1016/S1369-5266(02)00264-9
http://doi.org/10.1146/annurev-arplant-050718-095910
http://doi.org/10.1002/ps.5722
http://doi.org/10.1007/s11103-019-00899-7
http://doi.org/10.1371/journal.pone.0122847
http://doi.org/10.1006/meth.2001.1262
http://doi.org/10.1007/BF02772108
http://doi.org/10.1007/s11103-021-01135-x
http://doi.org/10.1016/j.cropro.2012.06.012
http://doi.org/10.1093/database/bat070
http://doi.org/10.1080/07388551.2020.1869686
http://doi.org/10.3390/agronomy11050968
http://doi.org/10.1007/s11829-009-9068-5
http://doi.org/10.1007/s00253-020-10787-6
http://doi.org/10.3390/agronomy10040517
http://doi.org/10.1111/eva.12434
http://doi.org/10.1002/ps.6260

Toxins 2022, 14, 455 15 of 16

37.

38.

39.

40.

41.
42.
43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Lu, Y,; Chen, Q.; Bu, Y;; Luo, R.; Hao, S.; Zhang, J.; Tian, J.; Yao, Y. Flavonoid accumulation plays an important role in the rust
resistance of Malus plant leaves. Front. Plant Sci. 2017, 8, 1286. [CrossRef]

Dai, Z.; Tan, J.; Zhou, C.; Yang, X.; Yang, F; Zhang, S.; Sun, S.; Miao, X.; Shi, Z. The OsmiR396-Os GRF 8-OsF3H-flavonoid
pathway mediates resistance to the brown planthopper in rice (Oryza sativa). Plant Biotechnol. J. 2019, 17, 1657-1669. [CrossRef]
Trujillo-Pahua, V.; Vargas-Ponce, O.; Rodriguez-Zaragoza, FA.; Ordaz-Ortiz, ].J.; Délano-Frier, J.P.; Winkler, R.; Sanchez-
Hernandez, C.V. Metabolic response to larval herbivory in three Physalis species. Plant Signal. Behav. 2021, 16, 1962050.
[CrossRef]

Wang, Y.R,; Zhang, ].S.; Wang, R.; Hou, Y.M,; Fu, H.A,; Xie, Y.; Gao, S.J.; Wang, ].D. Unveiling sugarcane defense response to
Mythimna separata herbivory by a combination of transcriptome and metabolic analyses. Pest Manag. Sci. 2021, 77, 4799-4809.
[CrossRef]

Simmonds, M.S. Flavonoid—insect interactions: Recent advances in our knowledge. Phytochemistry 2003, 64, 21-30. [CrossRef]
Mithofer, A.; Boland, W. Plant defense against herbivores: Chemical aspects. Annu. Rev. Plant Biol. 2012, 63, 431-450. [CrossRef]
Shah, A.; Smith, D.L. Flavonoids in agriculture: Chemistry and roles in, biotic and abiotic stress responses, and microbial
associations. Agronomy 2020, 10, 1209. [CrossRef]

Alamgir, KM.; Hojo, Y.; Christeller, ].T.; Fukumoto, K,; Isshiki, R.; Shinya, T.; Baldwin, I.T.; Galis, I. Systematic analysis of rice
(Oryza sativa) metabolic responses to herbivory. Plant Cell Environ. 2016, 39, 453—466. [CrossRef]

Khizar, M.; Shi, J.; Saleem, S.; Liaquat, F; Ashraf, M.; Latif, S.; Haroon, U.; Hassan, S.W.; Rehman, S.U.; Chaudhary, H.J.; et al.
Resistance associated metabolite profiling of Aspergillus leaf spot in cotton through non-targeted metabolomics. PLoS ONE 2020,
15, €0228675. [CrossRef]

Baozhu, L.; Ruonan, F; Yanting, F.; Runan, L.; Hui, Z.; Tingting, C.; Jiong, L.; Han, L.; Xiang, Z.; Chunpeng, S. The flavonoid
biosynthesis regulator PFG3 confers drought stress tolerance in plants by promoting flavonoid accumulation. Environ. Exp. Bot.
2022, 196, 104792. [CrossRef]

Johnson, E.T.; Berhow, M.A.; Dowd, PF. Constitutive expression of the maize genes BI and C1 in transgenic Hi II maize results in
differential tissue pigmentation and generates resistance to Helicoverpa zea. |. Agric. Food Chem. 2010, 58, 2403-2409. [CrossRef]
Luo, P; Ning, G.; Wang, Z.; Shen, Y,; Jin, H.; Li, P.; Huang, S.; Zhao, J.; Bao, M. Disequilibrium of flavonol synthase and
dihydroflavonol-4-reductase expression associated tightly to white vs. red color flower formation in plants. Front. Plant Sci. 2016,
6,1257. [CrossRef]

Jan, R.; Aaqil Khan, M.; Asaf, S.; Park, J.R.; Lee, L.].; Kim, K.M. Flavonone 3-hydroxylase Relieves Bacterial Leaf Blight Stress in
Rice via Over accumulation of Antioxidant Flavonoids and Induction of Defense Genes and Hormones. Int. . Mol. Sci. 2021,
22,6152. [CrossRef]

Goémez, ].D,; Vital, C.E.; Oliveira, M.G.; Ramos, H.]. Broad range flavonoid profiling by LC/MS of soybean genotypes contrasting
for resistance to Anticarsia gemmatalis (Lepidoptera: Noctuidae). PLoS ONE 2018, 13, e0205010. [CrossRef]

Golla, S.K.; Rajasekhar, P.; Sharma, S.P.; Hari Prasad, K.V.; Sharma, H.C. Antixenosis and antibiosis mechanisms of resistance to
pod borer, Helicoverpa armigera in wild relatives of chickpea, Cicer arietinum. Euphytica 2018, 214, 88. [CrossRef]

Onkokesung, N.; Reichelt, M.; van Doorn, A.; Schuurink, R.C.; van Loon, ].J.; Dicke, M. Modulation of flavonoid metabolites
in Arabidopsis thaliana through overexpression of the MYB75 transcription factor: Role of kaempferol-3, 7-dirhamnoside in
resistance to the specialist insect herbivore Pieris brassicae. ]. Exp. Bot. 2014, 65, 2203-2217. [CrossRef]

Chacén-Fuentes, M.; Parra, L.; Rodriguez-Saona, C.; Seguel, I.; Ceballos, R.; Quiroz, A. Domestication in murtilla (LUgni molinae)
reduced defensive flavonol levels but increased resistance against a native herbivorous insect. Environ. Entomol. 2015, 44, 627-637.
[CrossRef]

Su, Q.; Zhou, Z.; Zhang, J.; Shi, C.; Zhang, G.; Jin, Z.; Wang, W.; Li, C. Effect of plant secondary metabolites on common cutworm,
Spodoptera litura (Lepidoptera: Noctuidae). Entomol. Res. 2018, 48, 8-26. [CrossRef]

Mikani, A. Effect of kaempferol on ecdysteroid titer and oocyte size via tachykinin-4 in cotton bollworm, Helicoverpa armigera
(Lepidoptera: Noctuidae). J. Crop Prot. 2019, 8, 153-162.

Hu, Q.; Min, L,; Yang, X; Jin, S.; Zhang, L.; Li, Y.; Ma, Y.; Qi, X,; Li, D.; Liu, H.; et al. Laccase GhLacl modulates broad-spectrum
biotic stress tolerance via manipulating phenylpropano, d pathway and jasmonic acid synthesis. Plant Physiol. 2018, 176,
1808-1823. [CrossRef] [PubMed]

Ngugi-Dawit, A.; Njaci, I.; Higgins, T.J.; Williams, B.; Ghimire, S.R.; Mundree, S.G.; Hoang, L.T.M. Comparative TMT Proteomic
Analysis Unveils Unique Insights into Helicoverpa armigera (Hiibner) Resistance in Cajanus scarabaeoides (L.) Thouars. Int. J. Mol.
Sci. 2021, 22, 5941. [CrossRef]

Karageorgou, P.; Manetas, Y. The importance of being red when young: Anthocyanins and the protection of young leaves of
Quercus coccifera from insect herbivory and excess light. Tree Physiol. 2006, 26, 613—621. [CrossRef]

Schlindwein, C.C.D.; Feet-Neto, A.G.; Dillenburg, L.R. Chemical and mechanical changes during leaf expansion of four woody
species of a dry Restinga woodland. Plant Biol. 2006, 8, 430—-438. [CrossRef]

Hedin, PA,; Jenkin, ].N.; Collum, D.H.; White, W.H.; Parrott, W.L.; MacGown, M.W. Cyanidin-3-f3-glucoside, a newly recognized
basis for resistance in cotton to the tobacco budworm Heliothis virescens (Fab.) (Lepidoptera: Noctuidae). Experientia 1983, 39,
799-801. [CrossRef]


http://doi.org/10.3389/fpls.2017.01286
http://doi.org/10.1111/pbi.13091
http://doi.org/10.1080/15592324.2021.1962050
http://doi.org/10.1002/ps.6526
http://doi.org/10.1016/S0031-9422(03)00293-0
http://doi.org/10.1146/annurev-arplant-042110-103854
http://doi.org/10.3390/agronomy10081209
http://doi.org/10.1111/pce.12640
http://doi.org/10.1371/journal.pone.0228675
http://doi.org/10.1016/j.envexpbot.2022.104792
http://doi.org/10.1021/jf903423g
http://doi.org/10.3389/fpls.2015.01257
http://doi.org/10.3390/ijms22116152
http://doi.org/10.1371/journal.pone.0205010
http://doi.org/10.1007/s10681-018-2168-5
http://doi.org/10.1093/jxb/eru096
http://doi.org/10.1093/ee/nvv040
http://doi.org/10.1111/1748-5967.12238
http://doi.org/10.1104/pp.17.01628
http://www.ncbi.nlm.nih.gov/pubmed/29229698
http://doi.org/10.3390/ijms22115941
http://doi.org/10.1093/treephys/26.5.613
http://doi.org/10.1055/s-2005-873042
http://doi.org/10.1007/BF01990335

Toxins 2022, 14, 455 16 of 16

61. Jenkins, ].N.; Hedin, P.A.; Parrott, W.L.; McCarty, J.C.; White, W.H. Cotton allelochemics and growth of tobacco budworm larvae.
Crop Sci. 1983, 23, 1195-1198. [CrossRef]

62. Johnson, E.T.; Berhow, M.A.; Dowd, P.E. Colored and white sectors from star-patterned petunia flowers display differential
resistance to corn earworm and cabbage looper larvae. J. Chem. Ecol. 2008, 34, 757-765. [CrossRef]


http://doi.org/10.2135/cropsci1983.0011183X002300060039x
http://doi.org/10.1007/s10886-008-9444-0

	Introduction 
	Materials and Methods 
	Expression Analysis 
	Identification of Flavonoid Pathway Genes from C. platycarpus Transcriptome Data 
	Total RNA Isolation and cDNA Synthesis 
	Real-Time PCR 

	Copy Number Assessment of the Selected Flavonoid Biosynthesis Genes in C. platycarpus 
	Probe Designing 
	Genomic Southern Analysis 
	Targeted Quantitative Estimation of Flavonoids and Phenylpropanoids in C. platycarpus during H. armigera Infestation 
	Assessment of the Biological Activities of Selected Flavonoids on the Growth and Development of H. armigera 

	Results and Discussion 
	Dynamic Expression of Flavonoid Pathway Genes in C. platycarpus in Response to H. armigera 
	Flavonoids and Phenylpropanoids Are Differentially Accumulated during the Dynamic Response of C. platycarpus to H. armigera 
	Assessment of the Copy Number of Flavonoid Biosynthesis Genes in C. platycarpus 
	Validation of Differentially Produced Flavonoids on the Growth and Development of H. armigera 
	References

