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Lepidopteran pests are the major crop devastators. Farmers have to resort to heavy
synthetic pesticide application for their control. It increases the pesticide residue
contamination on produce and causes health hazards. Synthetic pesticides also endanger
beneficial insects and pollute the environment. Therefore, the use of safe and eco-friendly
botanicals as biopesticides is rapidly increasing. Despite their high demand, only a few
botanicals are commercially available. Consequently, biopesticide discovery research has

boomed in the last decade.

Spodoptera litura Fabricius (armyworm) is a polyphagous multi-insecticide-resistant
lepidopteran pest. It is a serious concern for several commercially important crops. In this
study, we employed a chemical ecology approach to discover a biopesticide against it. As
a biopesticide source, we explored secondary metabolite-rich Solanum melongena L.
(eggplant), one of the armyworm’s hosts. We found that the armyworm larvae show
differential occurrence on seven eggplant varieties; the Himalayan eggplant variety RC-
RL-22 (RL22) showed no armyworm infestation. When reared in a no-choice condition
on RL22, larval mortality was two-fold higher, and mass was three-fold lower than the
varieties showing high infestation. We tested whether RL22’s secondary metabolite(s)
were associated with this hampered larval performance. Using LC-ESI-QTOF-based non-
targeted metabolomics of eggplant varieties, we identified candidate metabolites. 5-O-
caffeoylquinic acid (chlorogenic acid; CGA) showed a strong negative correlation (r= -
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0.88; p= 0.008) with the larval performance. CGA-spiked (average physiological
concentration) synthetic diet (CGA-SD)-fed larvae showed a three-fold mass reduction
and two-fold mortality increase than the control synthetic diet (SD)-fed larvae; pupation
and eclosion also significantly reduced (1.3-fold and 1.4-fold, respectively) in the CGA-
ingested larvae. We used a reverse genetics approach to assess the in planta insecticidal
potential of CGA. When RL22’s CGA biosynthesis gene hydroxycinnamoyl-CoA quinate
transferase (SmHQT) was silenced using virus-induced gene silencing (VIGS), CGA
levels decreased by three-fold. This CGA depletion rendered RL22 two-fold armyworm-

susceptible than controls. Foliar CGA application restored RL22’s armyworm resistance.

Frass metabolomics performed to understand armyworms’ counter-adaptation revealed
that the larvae hydrolyzed CGA into caffeic acid (CFA) and quinic acid (QNA). Moreover,
a novel peak was observed in the frass LCMS profile. It was identified as 3-O-
caffeoylquinic acid (neochlorogenic acid; neoCGA) using MS/MS analysis. CFA and
QNA ingestion also hampered larval performance. However, neoCGA ingestion did not
affect the larval performance, suggesting that CGA’s ester-hydrolysis followed by CFA-
QNA conjugation to form neoCGA was a two-step detoxification mechanism. Nine
midgut-expressed carboxylesterase genes (SICEs) were screened to find the candidate
associated with CGA hydrolysis. RT-PCR-based larval midgut transcript analysis showed
seven- and five-fold upregulation of SICE4 and SICE15, respectively.

Further, VIGS-based plant-mediated RNAI (PMRi) caused >85% silencing of these genes
in larval midguts. The SICE4- and SICE15-silenced larvae failed to hydrolyze CGA. These
larvae showed a three-fold mass reduction and a four-fold mortality increase compared to
the control. Lastly, preying upon the CGA ingested-armyworm larvae showed no off-
target effects on the biocontrol agents like predatory spiders, ants, and mantids.

Together, CGA exhibits larvicidal properties against the armyworm. Its two-step
detoxification incurs high physiological and developmental costs to the armyworm. It is
also safe for beneficial organisms. Thus, CGA is a promising biopesticide candidate for
the field trial phase against lepidopteran pests, especially armyworms. A combination of
CGA and CE-silencing dsRNA to target the pests’ defense can be integrated into

integrated pest management (IPM).
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Chapter 1. Introduction

1.1. Plant-insect herbivore interaction

Plant and insect herbivores’ interactions are complex and often chemically-based ®. Since
insect herbivores heavily depend on plants for food and shelter, they pose a major threat
to plants 2°. Continuous feeding by the insect herbivores causes severe damage to plant
productivity and fitness®. The co-evolution of plants and insects has led to the development
of various defense mechanisms in the plant to deter herbivores and reduce their attack’.
To reduce and sometimes to restrict the herbivores, plants have evolved physical barriers
like cell wall thickening, thorns, prickles, and wax deposition, mainly which have limited
deterring effects on insects. Plants have also evolved to produce secondary defense
metabolites such as phytotoxins, which can deter even all those herbivores which can
escape the physical barriers developed by plants®°. Alkaloids, phenolics, terpenoids, and

glycosylated phytoanticipins are the common plant defense metabolite classest*2.

Over the past 470 million years, since they are always associated with each other, the co-
evolution of both plants and insects has led to the development of various defense
mechanisms in the plant to deter herbivores and reduce their attack’. This includes specific
strategies to produce secondary metabolites such as xenobiotics (phytotoxin), which
directly target the insect’s metabolism and alter their physiological and physical aspects
(Figure 1)*4 The broad range of secondary metabolites, including alkaloids and
terpenoids that are toxic to herbivores and pathogens and are believed to act as defense
compounds, are produced by plants®®. Ultimate examples are poisonous plants (to
humans), such as poison Digitalis purpurea L. (foxglove), Tsuga canadensis (L.) Carr.
(hemlock), and Aconitum napellus L. (aconite); explain how well natural products can
defend plants, at least against mammalian herbivores. All the compounds produced by
plants that negatively affect the growth, development, or survival of another organism can
be considered xenobiotics®®. Tri-trophic interactions between plants, herbivores, and their
natural enemies are integral to all terrestrial ecosystems®®. Plants are often supported by a
third trophic level when under attack by herbivores, in which mainly predators, parasitoids,
and parasites (sometimes recruited by plants) control the herbivory, which in turn benefits
the plant as well as its natural enemies'®. On the other side, insects have co-evolved with
several counter-adaptation mechanisms to reduce and overcome the defenses established

by plants against them to feed, grow and reproduce freely?.
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In the agriculture, insect pests cause heavy crop losses. These pests cause global annual
agricultural loses over $100 billion!’. To control pests, farmers often resort to the heavy
use of synthetic pesticides (one or more in combination). The injudicious use of synthetic
pesticides is hazardous to beneficial insects like pollinators and biocontrol agents. They
are also hazardous to humans. Worldwide, ~385 million unintentional severe pesticide
poisoning cases including around 11,000 fatalities are reported®. Approximately 0.4
million tons of insecticides produced annually increase the produce pesticide residue
contamination and cause health hazards, which endangers beneficial insects and pollutes
the environment (Figure 1)!%-2%, Several strategies are used for pest management in crop
fields, including cultural, physical, biological, and chemical control. Cultural control
involves farming techniques that make it difficult for pests to survive, such as crop
rotation, companion planting, and proper field sanitation??. Physical control involves using
physical barriers or traps to prevent pests from reaching the crop. For example, using row
covers to protect plants from insects or to use sticky traps to monitor and control

populations of flying insects?®.

Biocontrol agents

b
|

——] Pollinators
3
/ Humans
Environmental
pollution m
Figure 1 | A schematic showing the hazardous effect of synthetic pesticides on the

environment, biocontrol insects, pollinators, and humans that necessitate the non-
hazardous and environment-friendly biopesticides’ discoveries.

Pests | ——

Biological control involves using natural predators, parasites, or diseases to control pest
populations, for example, using ladybugs to control aphids or Pseudomonas spp.,
Penicillium spp., and Bacillus spp. [Bacillus thuringiensis (Bt)] to control caterpillar
pests?426, Chemical control involves using pesticides to control pests. This is a common
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practice but should be used with caution as the overuse of pesticides can lead to pest
resistance and damage to non-target organisms. It is important always to follow the label
instructions when applying pesticides?’. Integrated pest management (IPM) is a
comprehensive approach that combines several of the above strategies and emphasizes

using less toxic and more sustainable methods.

Owing to the hazards of synthetic pesticides, the demand for biopesticides, the pest
management agents based on living organisms or natural products, is increasing.
Biopesticides promise pest control with much lesser hazards than synthetic pesticides.
Therefore, research on biopesticides to reduce the synthetic pesticide load is being
promoted. Plants being a rich source of secondary metabolites, plant-based biopesticide
discovery became a prime focus area. Nicotine, one of the earliest known botanicals, was
widely used as an insecticide?®. Some commercially successful botanical insecticides are
Tetranortriterpenoid azadirachtin from Azadirachta indica A.Juss (Neem)?, a
polyhydroxylic diterpene ryanodine from Ryania speciosa Vahl (Ryania)®, oleoresin
pyrethrum from Tanacetum cinerariaefolium Sch.Bip. (Dalmatian chrysanthemum)3!, and
isoflavone rotenone from Derris, Lonchocarpus, and Tephrosia species®?. Several other
secondary metabolites are likely to possess insecticidal properties; however, they have not

been identified and commercialized.

1.2.  Anevolutionary arms race between plants and insect herbivores

As plants are sessile in nature, they have to deal with all kinds of abiotic (like temperature,
light, humidity, etc.) and biotic (like parasites, pathogens, insect herbivores, and grazing
animals) stresses while remaining in the same position throughout their life>833, The most
frequent biotic stresses are insect herbivores. Since insect herbivores primarily depend on
plants for food and shelter, they are a major threat to plants and affect the overall growth
and development of the plant?®. To reduce and sometimes to restrict, plants have evolved
physical barriers like cell wall thickening, thorns, prickles, and wax deposition, mainly
which have limited deterring effects on insects. Plants have also evolved to recruit
chemical defense mechanisms by producing secondary defense metabolites such as
phytotoxins, which can deter even all those herbivores which are able to escape the

physical barriers developed by plants®°,
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On the other hand, insect herbivores are exposed to a wide range of plant defense
chemicals and synthetic insecticides used for pest management?34-3, Consequently, they
have evolved counter-adaptations like behavioral avoidance, rapid excretion,
sequestration, detoxification, target-site mutation, etc., against these chemicals (Figure
2)%. They detoxify the xenobiotics mainly using oxidative, hydrolytic, de-esterification,
de-sulfatization, glycosylation, glutathione conjugation, etc. reactions 3¥2°. Genes
involved in these processes have been identified in some lepidopteran insects. For
example, glucosinolate sulfatase (GSS) of Plutella xylostella Linnaeus (diamondback
moth) circumvents the formation of toxic isothiocyanates to enable it to feed on
cruciferous plants containing the glucosinolate-myrosinase defense system*%4!, Midgut
cytochrome P450 (CYP450) of the Papilio polyxenes Fabricius (black swallowtail)
detoxifies xanthotoxin, a defense compound of many Rutaceae and Apiaceae plants*,
UDP-glycosyltransferases (UGTs) in Helicoverpa armigera Hubner (cotton bollworm)
detoxify capsaicin by converting it to capsaicin B-glucoside and gossypol to gossypol
glycoside 34, CYP450s and UGTs are also reported to be involved in the resistance
development against synthetic insecticides such as imidacloprid-, cypermethrin-, and
phenobarbital-based compounds**“¢. Glutathione S-transferases (GSTs) are involved in
the resistance development against organophosphate, chlorine, and pyrethroid
insecticides*’. Carboxylesterases (CEs) constitute another major detoxification enzymes
class involved in insecticide resistance *¢. They detoxify the ester-containing xenobiotics
by their ester hydrolysis. Carboxylesterases provide indoxacarb resistance to the
Spodoptera litura Fabricius (armyworm)®. They are found to be the basis of the multi-
insecticide resistance development, especially against carbamate, organophosphate, and
synthetic pyrethroid insecticides®®®!. Moreover, they are also involved in insecticide

sequestration?8°2,
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[ Plant’s chemical defense } Insect’s counter-adaptation J

Plant secondary metabolites:
* Alkaloids
* Phenolics

* Flavonoids \, D

* Cyanogenic glycosides Modified phytotoxin %
* Glutathiones
* Steroids
* Terpenoids

. 1. Behavioral avoidance
© Fatty acids, etc. 2. Rapid excretion
mETTTTIITIN 3. Sequestration
: BIOpEStICIde : 4, Detoxification
| sources | 5. Target mutation
Ve —————— !

Figure 2 | A schematic showing the plant defenses and insect herbivore counter-
adaptations. Plants’ toxic secondary metabolites produced as a defense against insect
herbivores are potential biopesticide sources. Insects’ counter-adaptations can be the
additional pesticide targets.

1.3.  Plant phenolics: a source of potential biopesticides

Plants produce a tremendous diversity of secondary metabolites to defend themselves
against biotic stresses (majorly insect herbivores)®. alkaloids, phenolics, terpenoids, and
glycosylated phytoanticipins are the common plant defense metabolite classes. Among
these, phenolics play important roles in protecting plants from ultraviolet radiation,
herbivores, and pathogens®. Phenolic ingestion exerts oxidative stress in insects with
alkaline gut pH®. Phenolics ingestion causes high levels of hydroperoxides in the midgut,
reduced growth, pupal deformities, and higher mortality in the Orygia leucostigma J. E.
Smith (white-marked tussock moth ) caterpillar®. 5-O-caffeoylquinic acid (chlorogenic
acid; CGA)®’, a simple phenolic acid, causes oxidative bursts in the insects®®. Three
positional isomers of CGA have been reported in the literature: 5-, 4-, and 3-O-
caffeoylquinic acid; the latter two are referred to as cryptochlorogenic acid (cryptoCGA)
and neochlorogenic acid (neoCGA), respectively®” ¢l Among plants, the most

commonly produced isomer is 5-O-caffeoylquinic acid (CGA)%%¢3,

1.4.  Chlorogenic acid biosynthesis

CGA is a major phenolic found in the leaves of several plant species®*%. It is
biosynthesized from phenylalanine. Three CGA biosynthesis pathways have been reported
in plants (Figure 3)%46768 The first step of the core phenylpropanoid pathway is the
conversion of an amino acid phenylalanine (a primary metabolite) to p-coumaroyl-CoA
by the consecutive actions of phenylalanine-ammonia-lyase (PAL), cinnamate 4-
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hydroxylase (C4H), and 4-coumarate-CoA ligase (4CL). p-Coumaroyl-CoA is a precursor
of lignin biosynthesis, and flavonoid metabolism, two different routes of CGA
production®. Route I requires four steps: esterification of p-coumaroyl-CoA with shikimic
acid, hydroxylation of p- coumaroyl shikimate to form caffeoyl shikimic acid, and then
de-esterification to produce caffeoyl-CoA, which in turn is re-esterified with quinic acid
(QNA) to form CGA’® (Figure 3). Route Il involves the esterification of p-coumaroyl-CoA
with QNA, followed by hydroxylation of p-coumaroy! quinic acid to form CGA®® (Figure
3). Route 111 was identified in Populus trichocarpa Torr & A. Grey (black cottonwood); it
consists of a heteromeric C3’H/C4’H enzyme complex that converts p-coumaric acid into

caffeic acid, which is further conjugated with the quinate group to form CGA™ (Figure 3).
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precursor for the CGA biosynthesis is phenylpropanoid, and hydroxycinnamoyl-CoA
quinate transferase (HQT) is the terminal enzyme that conjugates quinic acid to the
immediate precursor caffeoyl CoA. This pathway is modified from the KEGG PATHWAY
database. [Abbreviations: PAL, phenylalanine-ammonia-lyase; C4H, cinnamate 4-
hydroxylase; 4CL, 4-coumarate-CoA ligase; C3H, p-coumarate 3-hydroxilase; HCT,
hydroxycinnamoyl-CoA  shikimate/quinate hydroxycinnamoyl transferase; HQT,
hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transferase].

The most accepted pathway commonly found in Solanaceae is the shikimate pathway in
which the terminal enzyme hydroxycinnamoyl-CoA quinate transferase (HQT) conjugates
QNA to caffeoyl-CoA to form CGA (Figure 3)%772, However, there is no detailed
information available in the literature about the role of HQT in the biosynthesis of CGA

and other derivative compounds in eggplant®* 73,

1.5.  RNA interference (RNAI) in pest management and control

RNA interference (RNAI)-mediated gene silencing is a recent biotechnological strategy in
insect pest management with many advantages. Double-stranded RNA (dsRNA)-mediated
interference (RNAI) is a rapid and established method for down-regulating gene
expression in many organisms, including insects’®. In the RNAI pathway, 21 to 24
nucleotides long dSRNAs are cleaved into small-interfering RNAs (siRNAs) by the Dicer,
an RNase Il type enzyme’™ '8, These siRNAs then degrade complementary mRNAs,
leading to the suppression of specific gene expression in a sequence-specific manner’”8,
Also, provided siRNA fragment numbers and distribution on target sequence directly
correlate to the efficiency of selective target gene silencing. Exogenous dsRNAs can also
be delivered to insects through feeding, soaking, and injection’. Indeed, the RNAI-
mediated knockdown of CYP450 reduced the larval resistance to permethrin®. RNAI of
sulfatase hampered the glucosinolate detoxification in the diamondback moth larvae*!,
Silencing of cathepsins, a multi-gene family of gut-expressed proteases, caused high
mortality in aphids®®2, Orally-fed RNAI induced mortality in the coleopteran species,
including the Diabrotica virgifera virgifera LeConte (western corn rootworm) and
Leptinotarsa decemlineata Say [colorado potato beetle (CPB)], via targeting crucial genes
such as B-actin, vascular ATPases, Sec23, and COPB®3#, Foliar spray of both CPB’s B-
actin housefly actin (80% identical to CPB -Actin) dsRNA targeting the -actin gene in
CPB significantly affected CPB weights and mortality®.

This endogenous gene silencing mechanism has also been exploited as a reverse genetic
tool for insects and has also been advised as a potentially useful tool for pest control®,
20



However, the efficiency of RNAI varies with the mode of delivery of dSRNA molecules
into the target insects as many insect orders lack RNA-dependent RNA polymerases
(RARPs) that spontaneously amplify the RNAI effect by extending the guide strand that is
bound to the target MRNA®’. Hence sustained RNAi would require a continuous input of
large quantities of dsSRNA. This limitation was overcome by feeding the transgenic plants
continuously producing the candidate dsRNA to the insect. This method is known as plant-
mediated RNAi (PMRi)®. In PMRI, the dsRNAs overproduced in the transgenic plants are
ingested by the herbivore and the foliage. They penetrate the herbivores’ gut cells and
downregulate the expression of the target gene by the post-transcriptional gene silencing®-
%1, Several researchers recommended using PMRi in pest management348%9293 |n the
initial trials, aphid-resistant wheat causing the PMRi-based silencing of the grain aphid
gene involved in infestation and digestion was developed®. Kumar et al.® showed that
PMRi could be achieved using both stable transgenic plants and transient transgenics
generated by virus-induced gene silencing (VIGS). To avoid using transgenic plants and
improve the trophic dsSRNA uptake by target insects, different nanoparticles (chitosan,
poly-l-arginine polyplexes, liposome, carbon quantum dots, star polycation, etc.) and
transfection reagents (Cellfectin 11, Lipofectamine 2000) have been used®®®’. Amongst
these, Lipofectamine has been the most commonly used and easily available transfection

reagent for dsRNA delivery to the widest variety of insects and cell lines®°,

1.6. Crop-pest system and objectives

Solanum melongena L. (Solanaceae), also known as eggplant, aubergine, brinjal, and
guinea, is a highly diverse crop. It has been cultivated in India for around 4000 years in
2500 varieties'®. A large public germplasm collection of eggplant by the World Vegetable
Centre (WorldVeg) includes three cultivated species and more than 30 eggplant wild
relatives, with more than 3,200 accessions collected from 90 countries!®. It is an
agronomically and economically important non-tuberous crop of the nightshade family
(Figure 4). Eggplant is the fifth most agronomically important solanaceous vegetable
worldwide after tomato, potato, chili, and tobacco, with around 56.6 million tons (Mt) of
global production, with a net value of more than US$10 billion a year'°*1%, China (28.4
Mt; 57% of the world’s total) and India (13.4 Mt; 27% of the world’s total) are the largest
eggplant producing country in the world, followed by Egypt (1.2 Mt), Turkey (0.82 Mt),
and Iran (0.75 Mt)19%193 |ts fruits are consumed for their low-calorie content and high
nutritional and medicinal values!®*. They also contain high amounts of vitamins such as
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ascorbic acid (C), folic acid (B9), niacin (B3), pyridoxine (B6), pantothenic acid (B5),
minerals (potassium, iron, magnesium, manganese, phosphorus, and copper), dietary
fibers, and polyunsaturated fatty acids'®. It is a good appetizer, aphrodisiac, cardiac tonic,
laxative, and reliever of inflammation®®®. It is also mentioned in Ayurvedic medicines for
being useful in preventing and treating diabetes, cardiovascular diseases, and liver

ailments'®

. More than 50% of the global eggplant production (>51 million tons) occurs in
China, India, Egypt, Turkey, and Iran®, Eggplant is often called as ‘poor man’s crop’
because of its easy and low-cost maintenance, profitability even in small-scale cultivation,
and adaptability to different geoclimates®”1%, Due to their nutritive value, unripe fruits

are used primarily as a vegetable and are grown in all seasons.

Both foliage and fruits of eggplant are rich in secondary metabolites'®+1%11° Phenolics
(chlorogenic acid and its derivatives) and glycoalkaloids (solasodine and its derivatives
solasonine and solamargine) are eggplant’s major secondary metabolites, many of which
are also known to be insecticidal'>!!112, Eggplant’s total phenolic content ranges from
0.23 mg/g to 11,681 mg/g. Hydroxycinnamic acids (HCA) and their derivatives are the
most common in eggplant (8.6-13.6% of the total phenolic acid conjugates)!?,
Chlorogenic acid (CGA), an ester of HCA, is the most abundant phenolic in eggplant

(concentration ranging from 4.24 to 9.61 mg/g)*411°,

Armyworm Eggplant
(Spodoptera litura F.) (Solanum melongenal L.)

Figure 4 | Armyworm adult (female) and its host, eggplant.

In this study, the secondary metabolome of eggplant was explored as a potential source of
Biopesticide candidate(s) against Spodoptera litura Fabricius (Lepidoptera: Noctuidae),
which is a gregarious, polyphagous multi-insecticide-resistant lepidopteran pest (Figure
4)16, Based on various hosts and high fecundity rate, this pest is commonly known as a
tropical armyworm, taro caterpillar, tobacco cutworm, cotton leafworm, and cluster

caterpillar. It infests >100 crops of its >300 host species and alone can cause severe
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economic loss by damaging 50-90% of different crops''”8, It is a serious concern for
several commercially important crops, including tomato, soybean, groundnut, cotton,
tobacco, tomato, eggplant, etc. It has a high reproductive rate and adaptation, which
enables its global invasion and rapid spread in an agricultural field*%?, Its short life
cycle, high fecundity on several hosts, larval host switching ability, and adults” migratory
habit contribute to its success as a polyphagous pest'?'?, According to the global
arthropod pesticide resistance database, armyworm larva has evolved resistance against
almost all commercial pesticides and also against the Bt-toxin!?212%_ It has become one of
the most pesticide-applied pests and, thus, a major cause of health and environmental
hazards. Although the polyphagous armyworm frequently infests eggplant, the infestation
is rarely severe. It often prefers other hosts like castor, cotton, soybean, groundnut,
cauliflower, etc., over the eggplant, indicating that eggplant is an inauspicious host!241%,
Moreover, several eggplant metabolites belonging to chemical classes like terpenoids,
alkaloids, and phenolics are reported to show promising insecticidal activities'?®. This
renders eggplant an appropriate candidate for discovering a biopesticide against

armyworm.

Here, we explored the secondary metabolite-rich eggplant as a biopesticide source by
employing a chemical ecology approach. This work was divided into three objectives.
Objective 1 was to explore whether plants’ chemical defense can be used as a biopesticide;
if yes, then to find a biopesticide candidate compound. Objective 2 was to find the insect
counter-defense mechanism against the candidate metabolite (if any). Furthermore,
objective 3 was to study the effect of candidate biopesticide on pests’ natural enemies,
which are often used as biocontrol agents in integrated pest management to reduce the
synthetic pesticide load. We tested whether a two-pronged strategy of simultaneous
biopesticide application and insect counter-adaptation gene silencing can improve pest

control.
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Chapter 2. Materials and Methods

2.1. Field and plants

Seven different varieties of Solanum melongena (eggplant) were planted in the field in a
randomized complete block design (RCBD) in a plot of 30x30 meters, which is divided
into four equal plots of 15x15 meters (Table 1). The eggplant varieties used for field
plantation were: Himalayan eggplant variety (RL-22), Ankur Kavach (KV), JK Agro
Hybrid-green long (JK), Omaxe- CVK MK (CVK), Ankur Vijay (VJ), L-Riccia-Hirvi
Kateri (HK), KGN’s F1 Pinstripe (KP). Each plant was planted at a distance of 0.8 m from
the other. Larvae’s natural occurrence data were collected from this field (n= 10 plants).
Leaf tissues were collected from this field for metabolomics analyses. All harvested leaf
tissues were flash-frozen in liquid nitrogen and were stored at -80°C until further

processing.

2.2. Armyworm and natural enemies

Spodoptera litura (armyworm) larvae were collected from the agricultural fields in and
around Pune, India. Larvae were reared on the fresh Ricinus communis L. (castor) leaves
to maintain the source culture. Separate cultures were maintained on the eggplant leaves
and synthetic diet (common bean powder and chickpea flour-based diet)'>!?" for the
experiments (Table 2). Eggs and neonates were transferred to synthetic diet spiked with
metabolites for the metabolite activity testing experiments. Adults were fed a 10% sucrose
solution. Ad libitum feeding was ensured in all the cultures. All the cultures were
maintained under controlled conditions (relative humidity: 65%, photoperiod: 16 h,

temperature: 25+ 1°C).

The eggplant field was surveyed to find the armyworm’s natural enemies, as described by
Mitra et al.'?. Based on abundance and ease of collection, maintenance, and bioassays, a
total of eight predators (spiders, ants, and praying mantis) were selected for further
experiments. They were fed (ad libitum) the first and second instar armyworm larvae (to

ease their maintenance) and were maintained in the above-controlled conditions.

2.3. Armyworm’s performance assays on eggplant leaves

To study the larval performance of eggplant leaves, eggs were hatched on the leaves of

different eggplant varieties. Larval mass was measured every fifth day (n= 30). Larvae
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were supplied with fresh leaves, and ad libitum feeding was ensured until the pupation.
Neonate mortality on 0™ day (for 24 h) and larval mortality on 5th, 10th, 15th, 20th, and
25" were also recorded.

2.4.  Armyworm’s performance assays on the candidate metabolite-spiked
synthetic diets

To analyze the effects of candidate metabolites on neonate mortality, 100 neonates were
placed on synthetic diet spiked with candidate metabolite CGA (five replicates, each
containing 20 neonates). Neonate mortality (0 day, for 24 h) and larval mortality (5™,
10™, 15™ 20" and 25" day) were recorded for larvae fed on synthetic diets spiked with
different concentrations of the candidate metabolite. Synthetic diets were spiked with the
following concentrations of the candidate metabolite, 100 ug/g of diet, 200 pg/g of diet,
400 pg/g of diet, 800 pg/g of diet, and 1 mg/g of diet.

To measure the larval performance on synthetic diets spiked with different eggplant
metabolites, neonates were fed on synthetic diets spiked with candidate metabolites.
Metabolites were freshly mixed with the synthetic diet before every experiment. Larval
mass was measured on every fifth day (n= 30). Armyworm eggs were inoculated on
synthetic diets spiked separately with CGA (650 pg/g), CFA (330 ug/g), QNA (1300
Ha/g), neoCGA (650 pg/g), and cryptoCGA (650 pg/g) (n= 50 for each treatment) to study
the effects of eggplant-specific metabolites. Larval mortality was recorded on 0™ (neonate
mortality), 51, 101, 15" 20" and 25" day for all the diet-based experiments. Neonate
mortality was calculated in first 24 h. Larval mass was measured on the above diets every
fifth day. Pupation, pupal mass followed by eclosion success rate, and adult deformation
were also measured in the larvae fed on these metabolites-spiked diets (n= 30 for each

treatment).

2.5. Extraction of metabolites for UPLC/ESI/QTOF-based analysis

To extract metabolites from eggplant leaves, 1 ml of 70% methanol (spiked with 400 ng/ml
formononetin as an internal standard for both positive and negative ionization-based data
acquisition mode) was added to the 200 mg of homogenized leaf tissue. The mixture was
vortexed, and the tissue debris was removed by centrifugation (13000 rpm, 10 min). The
supernatant was incubated at -80°C overnight in order to precipitate high molecular weight
lipids, which were removed by centrifugation (13000 rpm, 20 min, 4°C). Frass and
hemolymph samples were extracted similarly, using 70% methanol in a ratio of 100 mg/ml
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and 10 pl/100ul, respectively. Metabolites from the other larval tissues, like gut and fat
bodies, were extracted by using 1 ml of 70% methanol (spiked with IS) per 100 mg of

tissue.

2.6. UPLC/ESI/QTOF-based data acquisition and non-targeted metabolomics

All the extracts were analyzed using the SCIEX-X500R-QTOF (UPLC/ESI-QTOF-MS).
Samples were separated on a Phenomenex Gemini® C18 column (50x4.6 mm, Sum,
118A), using MilliQ water with 0.1% formic acid and methanol with 0.1% formic acid as
mobile phase. A gradient of 0 min 5% B, 1 min 5% B, 10 min 95% B, 11 min 95% B, 12
min 5% B, and 15 min 5% B, with a flow rate of 0.5 ml/min, was used. Compounds were
analyzed in both negative and positive ion modes (capillary voltage- 4500 V, capillary
exit- 130 V, dry gas temperature- 200°C).

For both qualitative and quantitative data analyses, SCIEX-OS software was used. To
quantify the metabolite using peak area calculation, the MQ4 algorithm was used, and
relative concentrations were calculated with reference to the internal standard (IS)
formononetin (400 ng/ml added into extraction buffer). Parameters: minimum peak width-
3 points, minimum peak heights- 100, signal/noise integration threshold- 3, XIC width-
0.02 Da, Gaussian smooth width- 1 point, Noise percentage- 95%, baseline subtract
window- 0.5 min, peak splitting- 2 points, RT half window- 30 sec were used to select and
calculate peak area of parent ion mass of each metabolite. Peak areas were further
converted into concentrations (in units of a gram) using standard curves of peak area for
those metabolites for which pure standards were procured. For metabolites whose pure
standards were not available, the peak area of IS was used as a reference to calculate their
relative concentrations across the samples. All the concentrations were calculated into

Mg/g or ng/g fresh mass (FM) of respective samples.

A non-targeted metabolomics-based approach was used to identify metabolites in eggplant
leaves. MSDIAL (http://prime.psc.riken.jp/compms/msdial/main.html) was used for the

compound annotation?®, The algorithm of MSDIAL allows in-silico compound search and
identification of unknown metabolites with reference to the MSP spectral kit containing
EI-MS, MS/MS, and CCS values from public mass spectral databases (such as MassBank,
ReSpect, MetaboBASE, Fiehn/Vaniya natural product library, GNPS, etc.). Raw data files

(.wiff2) were directly imported as profile data. File deconvolution parameters were set as
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MS1 tolerance of 0.01 Da, MS2 tolerance of 0.025 Da, peak detection of 1000 amplitudes
(minimum peak height), and mass slice width of 0.1 Da, respectively 128129 Spectral data
(MS/MS) from public MSP spectral kit available online on the RIKEN CompMS server
(http://prime.psc.riken.jp/compms/msdial/main.htm|#MSP) were used for metabolites

identification as [M-H]" and [M+H]* adducts separately. Identification parameters were
set as MS1 tolerance of 0.01 Da, MS2 tolerance of 0.05 Da, and 80% identification score
cut-off. Alignment parameters were set as a retention time tolerance of 0.05 min and an
MS1 tolerance of 0.01 Da. A minimum of two references MS2 fragment matches were set
as a cut-off to confirm the identity of the suggested metabolite!?®?°, Retention time,
formula, and metabolite names were exported and used for the peak area calculation using
SCIEX-0S 2.0 software, followed by the quantitation with the help of the internal standard

(formononetin).

2.7.  Carboxylesterase (CE) genes in armyworm larva

The coding region (CDS sequences) of carboxylesterase genes expressed in the midgut of

armyworm were collected from NCBI and InsectBase 2.0 (http://v2.insect-genome.com/)

databases (Table 3). Housekeeping gene B-actin (ACTB) was used as a reference gene
(internal control) for the transcript abundance analysis®*°. RT-qgPCR primers (Table 3)
were designed for all the screened carboxylesterase genes and housekeeping genes with

an annealing temperature of 60°C using Primer3 software (version 4.0).

2.8.  Cloning of VIGS fragments into tobacco rattle virus-based pTRV2 vector

SmHQT CDS sequence was retrieved from the eggplant genome database

(http://eggplant.kazusa.or.jp/) based on the BLAST and multiple sequence alignment of

reported HQTSs from other plants with the candidate sequences®3!; A phylogenetic tree was
constructed using the neighbor-joining (Dayhoff matrix) algorithm (1000 bootstrap
replicates) with the MEGAT7 software. To clone the SmMHQT gene fragment into the pTRV2
VIGS vector, primers (Table 4) were designed to amplify the 351 bp region (towards the
3’ end) of the SMHQT mRNA sequence, which was cloned into the pTRV2 vector (kindly
received from Professor Sir David Baulcombe, University of Cambridge). Cloning was
confirmed by sequencing the recombinant vector, hereafter referred to as pTRV2-SmHQT.
Eggplant’s phytoene desaturase (SmPDS) CDS sequence (Sme2.5_02330.1_g00001.1)
was also mined from the eggplant genome database. Primers (Table 4) were designed to
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amplify and clone 297 bp region into pTRV2 vector; this construct was used as a positive

control in the VIGS procedure.

Similarly, a phylogenetic tree was constructed using above-mentioned method for all the
mined midgut-expressed carboxylesterases [(CEs (from NCBI and InsectBase2.0)]
reported in S. litura. For making the PMRIi construct, 354 bp of SICE4 and 377 bp of
SICE15 were amplified using gene-specific primers (Table 4) from the larval midgut RNA.
They were separately cloned in the pTRV2 VIGS vector. Cloning was confirmed by
sequencing the recombinant vectors, hereafter referred to as pTRV2-SICE4 and pTRV2-
SICE4.

For the VIGS, eggplant seeds were germinated in the sterilized field soil in the 4x 4x 11
(Ix bx h) inch pots. Plants were maintained in the climate chamber (relative humidity: 70-
80%, photoperiod: 16 h light, temperature: 22+ 1°C). The 4-5 leaf-stage plants were used
for the VIGS procedure, as described by Ghosh et al.**2. Primary cultures of A. tumefaciens
containing pTRV1, pTRV2, pTRV2-SmHQT, pTRV2-SICE4, and pTRV2-SICE4 were
grown at 27°C for 16 h in the YEP medium containing two antibiotics (25 pg/ml rifampicin
and 50 pg/ml kanamycin). Secondary cultures were generated by inoculating 500 ul of the
respective primary cultures in 100 ml YEP medium containing antibiotics, 10 mM MES,
and 20 uM acetosyringone. These were grown at 27°C with 200 rpm shaking until their
ODesoo reached 2.0. Cells were harvested by centrifugation and were resuspended in the
infiltration buffer (10 MM MgCl., 10 mM MES [2-(4-Morpholino)-Ethane Sulfonic Acid],
200 uM acetosyringone (3,5-Dimethoxy-4-hydroxy-acetophenone), pH 5.6). These
cultures were infiltrated in the eggplants as per the procedure described by Ghosh et al.**?

to generate hqt-silenced, PMRI, and control eggplant lines (Table 5).

2.9.  Nutritional indices

Nutritional indices explain food consumption, utilization and excretion budgets, and the
state of digestion physiology, which helps estimate the diet’s suitability. Nutritional
indices of the armyworm larvae feeding on eggplant (control, hqt-silenced, and CGA-
complemented) leaves and synthetic diets (spiked with different candidate metabolites)
were calculated as described by Waldbauer'®® and as standardized for armyworm larvae
by Mitra et al.*?! and Umesh et al.*2. Ingestion and excretion were budgeted using the

excretion efficiency determination assays*?. Larvae freshly molted into the fourth instar
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were first starved for 4 h and then fed on a measured amount of synthetic diet spiked with
CGA (650 pg/g), CFA (330 po/g), QNA (1300 pg/g). After 24 h of feeding, larvae were
starved again for 4 h. The mass of larvae and frass was measured before and after every
starvation. Frass samples were collected and stored at -80°C for UPLC/ESI-QTOF-MS

analysis.

2.10. RNA isolation and quantitative real-time PCR (RT-qPCR)

VIGS-mediated silencing of SmHQT and the possible off-target effect on the closely
related SMHCT gene were analyzed using RT-qPCR. Leaves of WT, EV and pTRV2-
SmHQT plants were flash-frozen in liquid nitrogen (n= 6 per line). They were
homogenized in liquid nitrogen. 500 mg of the pulverized tissue of each line was used to
isolate total RNA using RNAiso Plus reagent (Takara, Japan), as per the manufacturer’s
instructions. cDNA was synthesized using the PrimeScript Reverse Transcriptase Kit
(Takara, Japan) as recommended by the manufacturer. SYBR Premix Ex Taq Il reagent
kit (Takara, Japan) and CFX96 Touch Real-Time PCR Detection System (Biorad, USA)
were used to perform RT-gPCRs. Thermocycling conditions were: 95°C for 60 sec, 35
cycles of 95°C for 45 sec, 60°C for 45 sec, and 72°C for 45 sec. To calculate the relative
abundance of the SmMHQT and SmHCT transcripts, cyclophilin A, a housekeeping gene
coding for a peptidyl-prolyl isomerase, was used as an internal reference!****, Details of
all the primers used in these analyses are given in Table 4.

For the transcript induction analysis of the armyworm, larvae reared on castor leaves till
the fourth instar were transferred to the synthetic diets spiked with CGA, CFA, and QNA
(eggplant’s physiological concentrations). After feeding for 24 h, these larvae were
dissected to obtain their midguts. Total RNA isolation from these midguts, cDNA
synthesis, RT-gPCR, and transcript abundance analyses were performed as described
above. Armyworm’s B-actin (ACTB) was used as an internal reference 3. Same protocol
was followed to quantify the transcripts of SICE4 and SICE15 and their closely related
genes SICE1, SICEZ2, and SICE3 (to analyze possible off-target effect) in armyworm larvae
fed on both PMRi and exogenously applied dsRNA eggplants, separately. Neonate
mortality were calculated for first 24 h on WT, EV, and all the SICE-PMRI eggplants.
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2.11. Enzyme assays

Fourth instar larvae were fed on synthetic diets spiked with CGA (physiological
concentration) for 48 h. Larval midguts were homogenized in the extraction buffer [0.1 M
ice-cold phosphate buffer (pH 7.0)] (1 ml/ midgut). Homogenate was centrifuged at 4°C
at 12000 rpm for 20 min to remove the tissue debris. Pellet was washed once with the ice-
cold buffer to obtain the crude protein extract. The protein concentrations of these extracts
were measured using the Bradford assay. Enzyme assays (n= 3 per treatment) were
performed using these extracts to find whether (1) the CGA cleavage to form CFA and
QNA was enzymatic, (2) the neoCGA formation was enzymatic, and (3) the neoCGA
formation was a two-step reaction with the CGA cleavage as the first step and CFA-QNA
conjugation as the second. Every enzyme assay contained 100 pg gut protein extract. The
volume of each assay was adjusted to 500 pl using the extraction buffer. All the assays
were conducted at 30°C for 30 min. Then, they were terminated by adding ice-cold
methanol (500 pl/ assay), centrifuged at 4°C at 12000 rpm for 20 min, and the clear
supernatant was analyzed by UPLC-ESI-QTOF (injection volume 50 pl).

1) Assays to find whether the CGA cleavage to form CFA and QNA was enzymatic

The assay contained crude protein and 400 pug CGA (1 mg/ml in the extraction buffer).
Three negative controls were used. The first was an assay without protein extract (no-
enzyme blank). The second was with the heat-denatured protein extract (100°C for 5 min
denaturation) to test whether the CGA cleavage was due to the non-protein components of
the extract. The third negative control was used to test whether an esterase enzyme was
involved in the CGA cleavage; protein extract was mixed with 1 pl of 1 mM esterase
inhibitor Benzil (1,2-diphenylethane-1,2-dione, inactivation temperature: 100°C, Sigma-
Aldrich) and incubated at room temperature for 2 min before the beginning of assay with
the substrate [CGA (400 pg)]. An assay containing a heat-inactivated**® (100°C for 5 min)
esterase inhibitor was also used as a control to ensure the inhibitor’s esterase-specific
activity.

2) Assays to find whether the neoCGA formation was enzymatic

Two assays were conducted- one using CGA as a substrate and the other using CFA+QNA
(both 400 pg) as a substrate. Assays containing only CFA, only, QNA, and heat-denatured

protein extract were used as controls along with the no-enzyme control.

3) Assays to find whether the neoCGA formation was a two-step reaction with the CGA

cleavage as the first step and CFA-ONA conjugation as the second
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These assays were conducted using both CGA and CFA+QNA as substrates; the CGA
cleavage was the essential first step in the neoCGA formation was analyzed using the
assays containing heat-denatured protein extract, esterase inhibitor, and heat-inactivated
esterase inhibitor with both the above substrates. No-enzyme control was also used to

ensure that the reaction was not non-enzymatic.

2.12. Complementation of dsSRNA on eggplant leaves

SICE4 and SICE15 cDNA fragments used for PMRi were amplified using the T7
promotor-flanked primers (Table 4). In vitro transcription of SICE4 and SICE15 genes was
carried out with the T7 RNA polymerase, as previously described*”1%, Complementary
single strands of each gene were mixed in equimolar quantities, denatured by heating at
70°C for 5 min, and reassociated by slow cooling to obtain the dsSRNA. 1 pg dsRNA was
coated with 1 pl of Lipofectamine™ 2000 Transfection Reagent before pasting on the
leaves (11 pug dsRNA was pasted per g of the fresh leaf). CGA, dsRNA, and lipofectamine
were pasted on eggplant leaves in different treatments, as mentioned in Table 6. Larvae
were fed on these treatment leaves for seven days. Larval midguts were collected for RT-
gPCR analysis of SICE4 and SICE15 genes. Neonate mortality were calculated for 24h.

2.13. Dual-choice and no-choice assays to analyze natural enemies’ survivorship
and performance

All the predators (spiders, ants, and mantid) used in the choice assays were starved for 48
h before the experiment. For the dual-choice assays conducted to analyze predators’
preferences, CGA-ingested and CD-fed larvae were provided to each predator individual
as choices. For the no-choice assays performed to analyze predators’ performances and
survivorships, CGA-ingested and CD-fed larvae were provided separately to each predator
individual. In the preference determination assays (1 h duration), complete ingestion of the
prey (armyworm larvae) by the predator was scored as 1’, and no ingestion and prey
abandoning were scored as ‘0’ (n= 3, each with 5 predator individuals). In the performance
analysis assays, the number of larvae ingested by each predator individual in 24 h was
recorded (n= 3, each with 5 predator individuals). Predator mortality was recorded in the
survivorship assays (duration= 48 h; n= 3, each with 5 predator individuals).
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2.14. Statistical analyses

Field experiment data from the randomized blocks were analyzed both collectively and
separately. Correlation analysis was performed to understand whether armyworms’
differential larval occurrence and performance are influenced by chemical composition
and their differential abundance among different eggplant varieties. Directions and
strengths of correlations of armyworm’s larval occurrence with larval mass and larval
mortality in larval performance assays were calculated using Spearman’s Rho (rs) tests.
Two-tailed student’s test (P< 0.05) was used to determine the significance of obtained
correlation results. Principal component analysis (PCA) was performed based on Bray-
Curtis dissimilarities using Past 3.26 to determine the eggplant type with key chemical
components contributing to how they are differentially preferred by armyworm larvae in
the field'3. The homogeneity of the quantitative data was tested using Levene’s, and the
normality was tested using the Jarque-Bera test. The homogenous and normal data were
analyzed using one-way ANOVA, and the statistical significance was determined using
Tukey’s post hoc test (P< 0.05). No-choice assay data were analyzed using Student’s t-
test (one-tailed, P< 0.05).
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Chapter 3. Results

3.1.  Finding eggplant’s insecticidal metabolites
3.1.1. Armyworm?’s eggplant variety preferences

The armyworm larvae showed differential occurrence and feeding on the seven eggplant
varieties; the highest occurrence was observed on VJ (13.7+ 2.98) and CVK (12.8+ 3.33),
followed by JG (7.1£ 3.33), KV (6.1% 3.33), HK (4.0+ 1.32), and KP (2.7+ 1.18) (Figure
5B). RL22 had the lowest (near zero) larval occurrence. Selected eggplant varieties were:
Himalayan eggplant variety (RL22), Ankur Kavach (KV), JK Agro Hybrid-green long
(JK), Omaxe- CVK MK (CVK), Ankur Vijay (VJ), L- Riccia Hirvi Kateri (HK), and
KGN’s F1 Pinstripe (KP). Larval performance (measured in terms of larval mass) showed
a similar trend. Larval mass was the highest on VJ (505+ 20), followed by CVK (456+
20), JG (306+ 18), KV (288+ 18.2), HK (232+ 16.4), and KP (217+ 13.7) (Figure 5C).
Larvae reared on RL22 showed the lowest mass (200+ 10.7). Similarly, the neonate
mortality was the highest on RL22 (92.22+ 2.94), followed by HK (85.55+ 2.23) and KP
(82.23+ 4.00), whereas lowest on KV (54.45+ 4.01), JG (53.34+ 5.10), CVK (42.23+
2.94), and VJ (34.45% 2.94) (Figure 5D). Larval mortality in the later instar stages also
showed a similar pattern (Figure 5D).

Randomized complete block design (RCBD)

[ re-RL-22 (RL22)

I:‘ Ankur Kavach (KV)
. JK Green Long (JG)
[ omaxe cvk MK (cvk)
B Ankur Vijay (v3)

. Riccia Hirvi Kateri (HK)
. KGN Pinstripe (KP)

10 4

Larval mortality (%)
wv
o

Larval occurrence
(larvae/ plant)

T T T T T 1 T T T T T 1
RL22 KV JG CVK VJ HK KP 0O 5 10 15 20 25 0 5 10 15 20 25

Eggplant Larval age (days)

Figure 5 | Armyworm larval occurrence and performance. (A) A schematic of the
experimental field’s randomized complete block design (RCBD) with seven eggplant
varieties (RL22, KV, JG, CVK, VJ, HK, and KP). (B) Natural occurrence of the armyworm
larvae on seven eggplant varieties (one-way ANOVA, Fe,63= 19.1, P< 0.0001, n= 10 plants).
(C) Mass of armyworm larvae feeding on the leaves of the seven eggplants varieties [one-
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way ANOVA: 5™ day (Fe, 161= 23.45, P< 0.0001), 10t day (Fe, 161= 86.45, P< 0.0001), 15t
day (Fe, 161= 72.98, P< 0.0001), 20t day (Fs, 161= 205.67, P< 0.0001), 25 day (Fs, 161= 261.8,
P<0.0001)). (D) Neonate and larval (5" to 25™ day) mortality on eggplant varieties [one-
way ANOVA, neonates (Fq4, s3= 18.54, P< 0.0001), 5% day (F4, s3= 78.25, P< 0.0001), 10t
day (Fa,53= 95.8, P< 0.0001), 15t day (F4, s3= 46.2, P< 0.0001), 20t day (F4, s3= 27.45, P<
0.0001), 25% day (F4, s3= 15.21, P< 0.0001)]. Significant differences (P< 0.05) were
determined using Tukey’s post hoc test.

3.1.2. Candidate compound discovery

To test whether the armyworm’s differential occurrence and performance were associated
with the eggplant secondary metabolite(s), we analyzed the eggplant leaf metabolome
using a UPLC-ESI-QTOF-based non-targeted metabolomics analysis. A total of 332
metabolites were identified (Table 6, 7). Metabolites identified using MSDIAL software
were used to perform multivariate analyses to group the eggplant varieties based on their
chemical compositions; the Principal Component Analysis (PCA) showed the separate
clustering of RL22 from the other varieties (Figure 6A). CGA contributed the most (0.89

loading on PC1) to this separation.
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Figure 6 | Eggplant CGA content negatively correlates with the armyworm larval
occurrence and performance. (A) Principal Component Analysis (PCA) shows the
separately clustered RL22 based on its CGA contribution (0.89 loading on PCA1). (B) Foliar
CGA content of the seven eggplant varieties (one-way ANOVA, Fe, 35= 8.91, P< 0.0001).
Spearman’s (rs) correlation between eggplant varieties’” CGA concentrations, (C) larval
occurrence, and (D) larval mass. For one-way ANOVA, statistical significance (P< 0.05)
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was determined using Tukey’s post hoc test. For Spearman’s Rho (rs), the student’s two-
tailed t-test (P< 0.05) was performed to determine the correlation significance.

RL22 showed the highest CGA concentration (999.57+ 185.07), followed by KP (957.26+
106.96) and HK (836.86+ 130.67), whereas lowest in JG (572.85+ 54.49), VJ (502+
62.37), KV (489.58+ 104.24), and CVK (324.74+ 56.05) (Figure 6B). Eggplant varieties’
CGA contents showed a strong negative concentration with larval occurrence (R?= -0.88,
P=0.008) (Figure 6C) and larval mass (R?>= -0.82, P= 0.03) (Figure 6D).

3.1.3. CGA:’s effect on the armyworm

To ascertain that CGA was associated with the larvae’s differential occurrence and
performance, larvae were fed CGA via a synthetic diet (SD). The cumulative larval and
pupal duration of the CGA-fed larvae was 1.5-fold more than the control CD-fed larvae
(Figure 7B, C). Similar effects of CGA ingestion were seen on the adult life span, egg
number, and egg hatching, as they showed a 2.04-fold increase, 2.75-fold decrease, and
1.48-fold decrease, respectively, than the CD-fed controls (Figure 7D-F). Likewise, the
mass of the CGA-ingested larvae was 2-fold lower than the controls. CGA ingestion also
increased larval mortality by >3-fold compared to the controls (Figure G, H). We also
ascertained the CGA effect by analyzing the larvae feeding on the diets of different CGA
concentrations. We observed that the larval mass decreased and larval mortality increased

with the CGA concentration increase (Figure 71, J).

CGA ingestion caused a 1.6-fold and 1.25-fold decrease in the pupal mass (Figure 7K, L)
and pupation rate (Figure 7M), respectively, to the controls. Pupation (%) was also reduced
with the diet’s increasing CGA concentrations (Figure 7N).

Adults of the CGA-fed larvae showed deformities (Figure 70); the number of normal
adults was 2.4-fold lower in the CGA-fed treatments than in the controls (Figure 7P).
CGA-fed insects’ eclosion (%) was also 1.36-fold lower than the controls (Figure 7Q). It
showed a consistent decline with the diet’s increasing CGA concentration (Figure 7R).
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Figure 7 | Eggplant’s chlorogenic acid negatively affects armyworm’s performance
when fed via synthetic diet. (A) Armyworm life cycle. (B) Larval duration, (C) pupal
duration, (D) adult lifespan, (E) egg laying, and (F) egg hatching when larvae were reared
on the CGA-spiked synthetic diet (student’s two-tailed t-test, *=P< 0.05, **=P< 0.001, n=
30 larvae). (G) Larval mass and (H) neonate and larval mortality when reared on the CGA-
spiked synthetic diet (student’s two-tailed t-test, *=P< 0.05, **=P<0.001, ***=P<(0.0001,
n= 30 larvae). (I) Larval mass [one-way ANOVA, neonates (all masses were considered
“0”), 5™ day (Fs, 174= 37.27, P< 0.0001), 10t day (Fs, 11= 18.32, P< 0.0001), 15t day (Fs, 11=
40.16, P< 0.0001), 20t day (Fs, 11= 78.63, P< 0.0001), 25 day (Fs, 11= 115.3, P< 0.0001)]
and (J) larval mortality [one-way ANOVA, neonates (Fs, 12= 12.22, P< 0.0001), 5" day (Fs,
11= 95.8, P< 0.0001), 10™ day (Fs, 11= 95.8, P< 0.0001), 15" day (Fs, 11= 26.2, P< 0.0001),
20t day (Fs, 11= 13.56, P< 0.0001), 25t day (Fs, 11= 15.21, P< 0.0001)] when larvae were
fed on different CGA concentration-spiked diet. (K) Pupae of the larvae reared on CGA-
spiked and control diets. (L) pupal mass and pupation (%), when the larvae were reared
on CGA-spiked (physiological concentration) and control diets (student’s two-tailed t-
test, *=P< 0.05, **=P< 0.001, ***=P< 0.0001, n= 30 larvae). (M) pupation (%), when
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armyworm larvae were reared on a CGA-spiked diet (student’s two-tailed t-test, *=P<
0.05, **=P< 0.001, ***=P< 0.0001, n= 30 adults) (N) pupation (%), when larvae were
reared on a diet spiked with different CGA concentrations (one-way ANOVA, Fs, 24= 8.18,
P=0.0001). (0) Normal and deformed adults of the larvae were reared on control and
CGA-spiked diets, respectively. (P) deformed adults (%) and (Q) eclosion (%), when
armyworm larvae were reared on a CGA-spiked diet (student’s two-tailed t-test, *=P<
0.05, **=P< 0.001, ***=P< 0.0001, n= 30 adults). (R) eclosion (%), when larvae were
reared on diets spiked with different CGA concentrations (one-way ANOVA, Fs 4= 6.92,
P=0.0004). For one-way ANOVA, statistical significance (P< 0.05) was determined using
Tukey’s post hoc test.

3.1.4. CGA’sin planta role

We used a reverse genetics analysis to ascertain whether the armyworm’s low occurrence
and performance on RL22 were associated with CGA. CGA-deplete RL22 plants were
generated by silencing the CGA biosynthesis gene HQT. First, the SmMHQT gene sequence
was mined from the eggplant genome database using a sequence similarity analysis (Figure
8A). Only one HQT was found in the eggplant. SmMHCT was the closest eggplant gene to
SmMHQT (54.37% sequence similarity). SmMHQT showed >95% sequence similarity with
the reported HQT gene from the other Solanum spp. and was placed in the same clade with
potato, tomato, and tobacco HQTs. SmMHQT was silenced using the VIGS (Figure 8B).
SmHQT transcript levels were 5.65-fold lower in SmMHQT-silenced plants than in the wild
type (WT) and empty vector-infiltrated (EV) control plants (Figure 8C). No off-target
effect was observed on the SmMHCT transcript levels upon SmMHQT gene silencing (Figure
8D). After two weeks of the VIGS positive control SmPDS agro-infiltration, the newly-
developed leaves showed photo-bleaching, suggesting that the VIGS procedure was

successful.
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Figure 8 | SmHQT gene silencing causes reduced CGA biosynthesis in eggplant. (A)
Phylogenetic tree constructed using the neighbor-joining (Dayhoff matrix) algorithm.
Bootstrap values are given for each branch (1000 replicates). The tree was built using all
the reported HQT transcript (CDS) sequences of Solanaceae and other plant families
(obtained from NCBI). Candidate SmMHQT and SmHCT genes are highlighted. (B) A
schematic of pTRV vector constructs used for the SmMHQT VIGS. SmPDS-silencing was used
as a VIGS positive control. (C) SmHQT transcript abundance (relative to Cyclophilin A) in
the leaves of wild type (WT), empty vector-infiltrated (EV), and pTRV2-SmHQT construct-
infiltrated (SmMHQT-silencing) eggplants (student’s two-tailed t-test, *=P< 0.05, **=P<
0.001, ***=P< 0.0001, n= 10 plants). (D) SmHCT transcript abundance (relative to
Cyclophilin A) in the leaves of wild type (WT), empty vector-infiltrated (EV), and pTRV2-
SmHQT construct-infiltrated (SmMHQT-silencing) eggplants (student’s two-tailed t-test, P>
0.05; n= 10).
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Figure 9 | SmHQT gene silencing in eggplant leaf did not affect the flux of other
phenolics’ biosynthesis and concentrations. Concentrations of all the phenolics in the
control and SmHQT-silenced eggplant leaf. Statistical significance was determined by the
student’s two-tailed t-test (P< 0.05, n=10).

A phylogenetic tree constructed using all the reported HQT genes from the Solanaceae
plant family suggested that SmHQT-silenced plants showed 4.9-fold lower CGA

concentrations than the WT and EV controls (Figure 9).

3.1.5. Effect of SmHQT silencing on eggplant’s other phenolics

Whether the SmHQT silencing affected the other phenolics’ whose biosynthesis is
associated with the CGA biosynthesis pathway was analyzed. These phenolics did not
show concentration differences as compared to the controls (Figure 9).

3.1.6. Effect of SmHQT silencing on the larval performance

To analyze the effect of SmMHQT-silencing on the armyworm larvae, untreated (control),
water-complemented (control), and CGA-complemented WT, EV, and SmHQT-silenced
plants were used (Figure 10A).

Further, the larval performance on these treatments was analyzed with the help of
nutritional indices (Figure 10). Consumption index (ClI), approximate digestibility (AD),
and the relative growth rate (GR) of the larvae increased in SmHQT-silenced than the
controls (Figure 10D-F). CGA complementation reduced these indices. The efficiency of
conversion of both ingested (ECI) and digested food (ECD) also increased in the larvae

feeding on the SmHQT-silenced plants as compared to the controls (Figure 10G, H).

Mass (meant SE) of the larvae feeding SmHQT-silenced (335.46+ 8.77) and SmHQT-
silenced+water (320.56+ 10.80) eggplant lines was the highest (Figure 10B). The mass of
the larvae feeding WT+CGA (100.76+ 2.71) and EV+CGA (98.73% 2.36) plants was the
lowest. Larvae feeding on the WT, EV, WT+water, and EV+water treatments gained
similar mass. CGA complementation to the SmMHQT-silenced eggplants restored the WT

phenotype (Figure 10B).
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Figure 10 | Nutritional indices study shows an adverse effect of CGA on armyworm
larvae and negatively affects its performance. (A) A schematic of the ingestion-excretion
budgeting assays and the eggplant lines used in the experiment. (B) Larval mass on the
different lines [one-way ANOVA, 5% day (Fs, 261= 32.82, P< 0.0001), 10t day (Fs, 261= 95.4,
P< 0.0001), 15™ day (Fs, 261= 74.43, P< 0.0001), 20*" day (Fs, 261= 215.4, P< 0.0001), 25t
day (Fs, 261= 281.7, P< 0.0001)). (C) Different nutritional indices and their relations. (D)
Consumption index [(Cl), Fs, 216= 122.6, P< 0.0001], (E) approximate digestibility [(AD), Fs,
216= 48.64, P< 0.0001], (F) relative growth rate [(GR), Fs, 216= 42.11, P< 0.0001], (G)
efficiency of conversion of ingested food [(ECI), Fs, 216= 119.5, P< 0.0001], (H) efficiency
of conversion of digested food [(ECD), Fs, 216= 13.47, P< 0.0001] of the larvae fed on WT,
EV, and SmHQT-silenced eggplants, with water-control and CGA complementation.
Statistical significance (P< 0.05) was determined using Tukey’s post hoc test.
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3.2.  Deciphering armyworm’s CGA counter-adaptation mechanism

3.2.1. Ildentification of armyworm’s mode of CGA detoxification

Since the armyworm infestation on the performance-hampering CGA containing eggplants
is not uncommon, we hypothesized that the armyworm has evolved a counter-adaptation
against CGA. To test this hypothesis, we first studied larvae’s CGA metabolism. The frass
of AD+CGA-fed larvae were analyzed using UPLC-ESI-QTOF. CGA (RT=8.0 min, m/z=
353.088 Da), CFA (RT= 8.1 min, m/z=179.039 Da), QNA (RT= 1.5 min, m/z= 191.060
Da), and an unidentified metabolite (RT= 6.9 min, m/z= 353.085 Da) could be detected in
the frass; the control (AD-fed) larvae’s frass did not contain these metabolites (Figure
11A-B), suggesting that the larvae metabolized the ingested CGA into CFA and QNA. To
understand whether this metabolism served as CGA detoxification, we fed CFA and QNA
to the larvae and analyzed their performance of the larvae. Upon CGA ingestion, larval
mass decreased by 3.25-fold, and larval mortality increased by 2.25-fold to control diet
(CD) (Figure 10C). QNA ingestion did not affect larval performance (Figure 11D).

UPLC-ESI-QTOF analysis of the CGA-ingested larvae’s frass revealed that ~90% of the
ingested CGA was excreted as CFA, QNA, and unidentified metabolite (Figure 11F). Like
CGA, CFA ingestion also negatively affected the larvae’s nutritional indices. CFA
ingestion reduced the consumption index (CI) and relative growth rate (GR) (FigurellF,
G); it reduced the efficiency of conversion of both ingested food (ECI) and digested food
(ECD) by 1.56-fold and 1.82-fold, respectively (Figure 11l, J). However, the CFA
ingestion did not affect the approximate digestibility (AD) (Figure 11H). QNA ingestion
did not affect any of the nutritional indices (Figure 11F-J).
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Figure 11 | CGA degradation product CFA negatively affects the armyworm larvae.
A schematic showing CGA’s degradation into CFA and QNA by the armyworm larvae.

Larval diets

(A)
(B)

A total ion chromatogram (TIC) of AD, CGA standard, SD spiked with CGA, and frass of
armyworm larvae fed on the CGA-spiked AD. Armyworm’s (C) larval mass [one-way
ANOVA, neonates (all masses were considered “0”), 5" day (Fs, 116= 13.85, P< 0.0001),
10t day (Fs3, 116= 10.83, P< 0.0001), 15" day (Fs, 116= 23.56, P< 0.0001), 20*" day (Fs, 116=
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88.58, P< 0.0001), 25™ day (Fs, 116= 93.08, P< 0.0001)] and (D) larval mortality [one-way
ANOVA, neonates (Fs, 16= 64.55, P< 0.0001), 5™ day (F3, s= 37.48, P< 0.0001), 10" day (Fs,
8= 106.1, P< 0.0001), 15" day (F3, s= 25.19, P< 0.0001), 20* day (Fs,s= 9.91, P< 0.0001),
25t™ day (Fs,s= 35.22, P<0.0001)] when reared on SD spiked with CGA, CFA, and QNA. (E)
UPLC-ESI-QTOF-based qualitative comparison of ingested CGA with excreted CGA and
detoxification products (CFA and QNA) in the frass of armyworm larvae fed on SD spiked
with CGA [ND= not detected (student’s two-tailed t-test, *=P< 0.05, **=P< 0.001, ***=pP<
0.0001, n= 6 larvae)]. (F) Consumption index [(Cl), Fs, 96= 4.20, P< 0.001], (G) relative
growth rate [(GR), F3,96= 8.69, P< 0.001], (H) approximate digestibility [(AD), F3, 96= 1.48,
P=0.22], (1) efficiency of conversion of ingested food [(ECI), F3 96= 6.98, P< 0.001], (J)
efficiency of conversion of digested food [(ECD), F3, ¢6= 5.87, P< 0.001] calculated
armyworm larvae fed on SD spiked with CGA, CFA, and QNA. For one-way ANOVA,
statistical significance (P< 0.05) was determined using Tukey’s post hoc test.

CGA’s metabolism into CFA and QNA indicated CGA’s ester hydrolysis by the
armyworm larvae. We ascertained that this conversion was enzymatic using the assays
with crude midgut protein extract and CGA (Figure 12A). To find whether the midgut
carboxylesterases (CEs) were involved in this reaction, we mined the armyworm larval
midgut-expressed CE sequences from the NCBI and InsectBase2.0 and constructed a
phylogenetic tree with two closely related acyltransferases from Spodoptera litura as
outgroups (Figure 12B). A total of 15 midgut-expressed CEs were found. In the RT-gPCR-
based transcript analysis of the midgut of CGA-ingested larvae, only eight (SICE1, SICE2,
SICE4, SICES5, SICE7, SICE14, SICE15, and SICE16) could be detected (Figure 12C-J).
SICE4 and SICE15 transcript levels (relative to ACTB, B-actin) were found to be
upregulated by 10-fold and 8-fold, respectively, in the CGA-ingested larvae than the
controls (Figure 12E, 1).

46
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Figure 12 | Carboxylesterases (CE) SICE4 and SICE15 are upregulated in armyworm
larval midgut when ingests CGA. (A) UPLC-ESI-QTOF-based analysis of CGA degradation
by armyworm midgut protein extracts in an in vitro assay (ND= not detected). (B) A
schematic of CGA’s ester hydrolysis into CFA and QNA and the phylogenetic tree
constructed using the neighbor-joining (Dayhoff matrix) algorithm. Bootstrap values are
given for each branch (1000 replicates). The tree was built using all the putative larval
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midgut-expressed carboxylesterases in Spodoptera spp. from NCBI and InsectBase2.0
databases. RT-qPCR-based quantification (relative to ACTB, B-actin) of transcripts of the
shortlisted CEs (C) SICE1, (D) SICE2 (E) SICEA4, (F) SICE5, (G) SICE7, (H) SICE14, (1) SICE15,
and (J) SICE16 in CGA-, CFA-, and QNA-fed than control diet (SD)-fed larvae (student’s
two-tailed t-test, ***=P< 0.0001, n= 6 midguts).

To determine the role of SICE4 and SICE15 in the CGA detoxification, PMRIi eggplant
lines were generated to silence these genes in the larvae (Figure 13A). VIGS vectors
pTRV2-SICE4 and pTRV2-SICE15, in combination with pTRV2-SmHQT, were used to
generate the SmHQT, SICE4, SICE15, SmMHQT+SICE4, SmHQT+SICE15, SICE4+CE15,
and SmMHQT+SICE4+CE15 lines; These lines along with the WT and EV controls were
fed to the armyworm larvae (Figure 13B). The RT-gPCR analysis revealed that the SICE4
transcript levels decreased up to 8.09-fold in the larvae fed on SICE4, SmMHQT+SICE4,
SICE4+CE15, and SmHQT+SICE4+CE15 lines (Figure 13C). SICE15 transcripts
decreased by 5.24-fold in the larvae feeding on SICE15, SmMHQT+SICE15, SICE4+CE15,
and SmHQT+SICE4+CE15 plants (Figure 13D). SICE4 and SICE15 silencing did not
affect the SICEL, SICEZ2, and SICE3 transcripts (Figure 13E-G).

To analyze the effects of SICE4 and SICE15 silencing on the larval performance, larvae
were fed on these lines, and their mortality (Figure 13H) and mass (Figure 131) were
measured. SICE4 silencing did not change the neonate mortality as compared to the WT-
and EV-fed controls. SICE15 silencing caused 2-fold more mortality than the WT- and
EV-fed controls. Larvae feeding on the SmHQT-silenced eggplants showed the lowest
mortality in all the treatments.
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Figure 13 | Plant-mediated RNAi (PMRi)of SICE4 and SICE15 increased the neonate
mortality and decreased the larval mass. (A) A schematic of pTRV vector-based S/ICE4
and SICE15 PMRi-constructs. (B) A schematic of the control and VIGS-eggplant lines used
to feed armyworm larvae for PMRi. Transcript abundance (relative to ACTB, B-actin) of
(C) SICE4 and (D) SICE15 (E) SICE1 (F) SICE2 (G) SICE3 in armyworm larvae fed on WT, EV,
hqt, ce4, cel5, cedcels, hgtce4, hqtcels, and hqgtcedcel5 eggplant lines compared to WT
and EV controls (student’s two-tailed t-test, *=P< 0.05, **=P< 0.001, ***=P< 0.0001, n=
6 midguts). (H) Neonate mortality (one-way ANOVA Fg, 39=125.87, P<0.0001) and (I) mass
(one-way ANOVA: Fis, 145 = 241.24, P< 0.0001) measured on 0™ (neonatal mass was
considered “0”), 5t (Fs, 180= 8.48, P< 0.0001), 10t (Fs 180= 4.479, P< 0.0001), 15% (Fg 150=
20.85, P< 0.0001), 20™ (Fs, 180= 14.74, P< 0.0001), and 25% (Fs 180= 19.55, P< 0.0001) days
when armyworm larvae were reared on different controls and PMRi eggplant lines. (J)
Pupal mass (one-way ANOVA, Fg s1=10.14, P<0.0001), (K) pupation % (one-way ANOVA,
Fs, 24= 0.95, P< 0.05), (L) eclosion % (one-way ANOVA, Fg, 27= 0.42, P< 0.05), and (M)
deformed adults % (one-way ANOVA, Fs 1s= 1.23, P< 0.05). For one-way ANOVA,
statistical significance (P< 0.05) was determined using Tukey’s post hoc test.
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Mass of the larvae feeding on these lines showed a similar trend to the neonate mortality
(Figure 13H, 1). SICE4-silenced larvae showed 1.26-fold lower mass than the WT- and
EV-fed controls; similarly, the SICE15-silenced larvae showed 1.53-fold lower mass than
these controls. Silencing of both SICE4 and SICE15 resulted in a 1.62-fold larval mass
reduction (Figure 13I). Silencing of both SICE4 and SICE15 also resulted in 0.3-fold
decrease in pupation, pupal mass, and eclosion (Figure 13J-L); and 3.3-fold increase in

deformation in adults (Figure 13M) compared to WT- and EV-fed controls.

3.2.3. Exogenous dsRNA application for armyworm’s CGA detoxification gene
silencing

A Exogenously applied dsRNA-mediated gene silencing in S. litura
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Figure 14 | Feeding on the eggplants with exogenously applied 100bp-long SICE4 and
SICE15 dsRNAs caused silencing of these target genes in the larval midgut, similar to
PMRIi. (A) A schematic showing control and dsRNA-applied eggplant lines fed to the
armyworm larvae. Transfection reagent Lipofectamine (TRL) was used as an
encapsulation agent to apply all dsRNA combinations of S/ICE4 and SICE15 on eggplant
leaves. Transcript abundance (relative to ACTB, B-actin) of (B) SICE4 and (C) SICE15 in
armyworm larval midgut when fed on WT, WT+TRL, hqgt, WT+ce4, WT+cel5,
WT+ced+cel5, hqt+ced, hqt+cel5, and hqt+ced+cel5 eggplants (student’s two-tailed t-
test, *=P< 0.05, **=P< 0.001, ***=P< 0.0001, n= 6 larvae). (D) Neonate mortality when
fed on control and dsRNA (of SICE4 and SICE15) pasted eggplant (One-way ANOVA: Fq 75=
98.65, P< 0.0001). For one-way ANOVA, statistical significance (P< 0.05) was determined
using Tukey’s post hoc test.

Since the transgenic PMRI lines cannot be used in the field due to socio-ethical concerns,
we tested the exogenous application of the SICE4 and SICE15 dsRNAs (100 bp) on the
plants (Figure 14A). Midgut SICE4 transcripts decreased by 5.21-fold when fed on
WT+SICE4, WT+SICE4+CE15, SmHQT+SICE4, and SmHQT+SICE4+SICE15 lines
(Figure 14B). Similarly, the SICE15 transcripts decreased in the midgut of the larvae
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feeding on WT+SICE15, WT+SICE4+CEL5, SmHQT+SICEL15, and
SmHQT+SICE4+SICE15 lines (Figure 14C). Silencing of both SICE4 and SICE15 using
the exogenous dsRNA application caused 1.5-fold more mortality than the controls (Figure
14D).

3.2.4. ldentification of the novel peak found in the frass of CGA-ingested larvae

In addition to CFA and QNA, a novel peak was found (RT of 6.9 min) in the UPLC-ESI-
QTOF analysis of the CGA-ingested larvae’s frass (Figure 15A). The most abundant MS1
peak found in the novel peak fraction was m/z 353.088, and its major fragments were m/z
179.039 (m/z of CFA) and 191.060 (m/z of QNA) (Figure 15B). This MSMS fragment
pattern was highly similar to CGA, but the difference in retention times suggested that it
could be an isomer of CGA (Figure 15C).

CGA detected in eggplant leaf at RT of 8.0 min was 5-O-caffeoyl quinic acid. Two
different positional isomers of CGA, 4-O-caffeoyl quinic acid (cryptoCGA) and 3-O-
caffeoyl quinic acid (neoCGA), are known from the literature (Figure 15C). Pure standards
of both isomers cryptoCGA and neoCGA were procured and analyzed by UPLC-ESI-
QTOF using the same LC- and MS methods used for frass analysis. In the analysis,
cryptoCGA and neoCGA were eluted at 7.9 min and 6.9 min, respectively. neoCGA’s
retention time and MSMS fragment spectrum (MSMS fragments: 85.028 Da, 135.042 Da,
161.024 Da, 179.039 Da, 191.060 Da) (Figure 15E) perfectly matched that of the
unidentified peak, suggesting that it was neoCGA (Figure 15 D-E).
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Figure 15 | The novel peak found in the frass of larvae fed on a CGA-spiked SD was
identified as neoCGA. (A) TIC of the armyworm frass showing the novel peak (at RT= 6.9
min) and its HPLC-based purification followed by UPLC-ESI-QTOF-based characterization.
(B) MS1 of the novel peak shows m/z 353.088 Da (mass of CGA) as the most abundant
peak in the frass sample of CGA-ingested armyworm larvae. (C) CGA isomers. (D)
Extracted ion chromatograms (XICs) of CGA isomers and (E) and their respective MS/MS
fragment spectra [CGA (RT= 8.1 min), neoCGA (RT= 6.9 min), cryptoCGA (RT= 7.9 min)],
and frass of CGA-ingested larva showing the novel peak (RT= 6.9 min).

To understand whether neoCGA formation was the armyworm’s detoxification
mechanism and whether it was advantageous over the cryptoCGA formation, we fed these
two compounds and CGA to the larvae via SD (Figure 16A). Unlike CGA, neoCGA and
cryptoCGA did not hamper the larval mass (Figure 16B). Neonatal mortality (Day 1) was
2-fold higher on the cryptoCGA-spiked diet than the neoCGA-spiked and control diets; in
the later stages, no such difference in larval mortality was observed (Figure 16C).
NeoCGA ingestion did not affect the pupal mass (Figure 16D), pupation success (Figure
16E), adult morphology [deformed adult (Figure 16F)], and eclosion rate (Figure 16G).
CryptoCGA ingestion increased the mortality in the first and fifth instars (1.88- and 2.06-
folds, respectively) (Figure 16C) and also negatively affected the adult's development,
showing 18.88-fold more deformed adults than the controls (AD-ingested) (Figure 16F).
CGA ingestion by larvae affected adult development the most; 1.35-fold more adults were
found deformed than the controls (Figure 16F). Similarly, the eclosion rate was also found
to be negatively affected when the larvae were fed on cryptoCGA- (0.30-fold decrease)
and CGA-spiked (0.72-fold decrease) diets than the controls.

We analyzed whether the metabolism of CGA into neoCGA was a one-step CE-
independent isomerization or a two-step CE-dependent reaction using the in vitro enzyme
assays with the larval midgut protein. With the CGA substrate, neoCGA was formed, CFA
and QNA were also detected (Figure 16H-i). NeoCGA was also formed in the assay with
CFA, and QNA was added together as a substrate (Figure 16H-iv). In the assays with only
CFA (Figure 16H-ii) and only QNA (Figure 16H-iii) substrates, neoCGA was not detected.
No neoCGA was detected in any of the negative control reactions with an inactivated
enzyme, no enzyme, no substrate, and an esterase inhibitor. NeoCGA was formed in the
assays with the heat-inactivated esterase inhibitor. These results indicated that neoCGA

formation was the CE-dependent two-step reaction.
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Figure 16 | Effects of neoCGA and cryptoCGA on the armyworm larvae and enzyme
assays showing the neoCGA formation in larval midgut. (A) A scheme of larval feeding
on the control (SD) spiked with CGA, neoCGA, cryptoCGA, CFA, and QNA. (B) Larval mass
[one-way ANOVA, neonates (all masses were considered “0”), 5" day (Fs, 116= 5.1, P<
0.0001), 10t day (F3, 116= 9.35, P< 0.0001), 15t day (F3 116= 15.2, P< 0.0001), 20t day (Fs,
116= 93.73, P< 0.0001), 25 day (F3, 116= 62.62, P< 0.0001)] and (C) larval mortality [one-
way ANOVA, neonates (F3 16= 67.77, P< 0.0001), 5% day (F3,s= 11.55, P< 0.01), 10t day
(F3, 8= 7.98, P< 0.01), 15t day (F3 s= 8.19, P< 0.01), 20%" day (F3, s= 5.83, P< 0.05), 25 day
(Fs, 8= 12.12, P< 0.01)] when reared on control and the diet spiked with CGA, neoCGA,
and cryptoCGA. (D) Pupal mass (student’s two-tailed t-test, **=P< 0.001, n= 30 larvae),
(E) pupation (student’s two-tailed t-test, *=P< 0.05, n= 30 larvae), (F) normal adult
(student’s two-tailed t-test, **=P< 0.001, n= 30 larvae), and (G) eclosion (student’s two-
tailed t-test, **=P< 0.001, n= 30 larvae) when larvae were reared on the CGA-, neoCGA-,
cryptoCGA-spiked synthetic diet. (H) In-vitro enzyme assays using the crude protein
extract of armyworm larval midgut with CGA, CFA, and QNA showing the neoCGA (RT=
6.9 min) formation in the assays containing CFA and QNA (ND= not detected). For one-
way ANOVA, statistical significance (P< 0.05) was determined using Tukey’s post hoc test.
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Effect of the armyworm’s CGA ingestion on its natural enemies

3.3.

Effect of larva-ingested CGA on predators [ []SD Bl SD+CGA ]
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Figure 17 | CGA shows no negative effect on armyworm’s natural enemies. (A)
Survivorship (%) of spiders, ants, and mantis on the control and CGA-sprayed eggplants
kept together in different insect-rearing cages. (B) Survivorship (%), (C) preference (%),
and (D) predation of natural enemies fed on CGA-ingested and controlled armyworm
larvae. No significant differences were found between the treatments and the respective
controls (student’s two-tailed t-test).

To investigate the impact of armyworm’s CGA ingestion on its natural enemies, we
surveyed the eggplant fields and selected the eight most abundant predators, including five
spiders, two ants, and one mantid species (Figure 17): Oxyopes javanus Thorell (Striped
lynx spider), Hasarius adansoni Audouin (House jumper), Lycosa pseudoannulata Saito
(Wolf spider), Plexippus paykulli Audouin (Pantropical Jumper), Wadicosa fidelis O.
Pickard-Cambridge (Wolf spider), Crematogaster wroughtonii Forel (Fire ant), Pheidole

indica Mayr (Ant), and Hierodula ventralis Giglio-Tos (Praying mantis).

RL22- and AD+CGA-fed armyworm larvae were provided to the natural enemies. Effects
of CGA and its detoxification products CFA, QNA, and neoCGA on the natural enemies’
survivorship, preference, and performance were investigated. In the no-choice assays,
CGA-fed larvae did not affect predator survivorship (Figure 17A and B). In the dual-
choice assays, none of the predators exhibited a differential preference for the CGA-

ingested and control armyworm larvae (Figure 17C).

The predation rates of these predators also did not vary while feeding on the CGA-ingested
and control larvae in the no-choice assays (Figure 17D). Overall, no predator showed
CGA’s negative effect on their prey preference in the dual-choice assay, survivorship, and
predation success rate in the no-choice assay when consumed CGA-ingested armyworm
larvae (having larval CGA metabolites, CFA, QNA, and neoCGA) (Figure 17).
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Discussion
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Chapter 4: Discussion

Plant extracts and pure phytochemicals have been used as biopesticides for a long time“.

Since phytochemicals are natural compounds, they are considered to be safer for farm
workers, agricultural produce consumers, and also for the environment than synthetic
pesticides; therefore, they are often preferred over synthetic pesticides'!*4?. Especially
organic farming, where synthetic compounds are not used, heavily relies on such
botanicals'*>143, Pests’ non-host or less preferred host species are most likely to contain
deterrent, antifeedant, or antidigestive plant metabolites; therefore, such species are often
used to obtain the biopesticides'*4°, Several factors underlie the discovery and
establishment of such compounds as insecticides. Fundamental and the most important
factor is that such compounds are often present in plants as constituents of complex
mixtures of chemically similar compounds, which render their identification, purification,
characterization, and commercialization challenging'#34®. In this work, which originated
from a vital field observation on the ecology of the multi-insecticide resistant polyphagous
pest armyworm, we integrated the pest’s behavioral ecology, metabolomics, and reverse-
genetics approaches to identify the CGA as a potential biopesticide. We found that CGA
affects larval physiology, growth, and development and is associated with armyworm’s
high mortality and low occurrence on high CGA-containing plants. Armyworm larvae
need to use a two-step detoxification process to counter-adapt CGA, which incurs
physiological costs. Lastly, we found that when used as a pesticide against the armyworm,
CGA does not harm the armyworm’s natural enemies. CGA is a well-known dietary
supplement and an antioxidant for humans. Thus, it is safe for human consumption.
Together, high CGA-containing varieties can be used to reduce the armyworm infestation
risk, and CGA can be used as a biopesticide.

Eggplant is one of the most insecticide-applied vegetables since all of its developmental
stages are susceptible to attacks by various insect pests'®®1%¢. Armyworms, mainly
folivores, cause severe damage to the early vegetative stages of the eggplant crop. Its
differential occurrence on seven co-growing eggplant varieties hinted at the varying
suitability of these varieties to it. This hypothesis was further strengthened by the larvae’s
differential larval performance on these varieties. CGA is a defense metabolite found
across many plant groups and is the most abundant phenolic in eggplant®"*°. In some
insect species, CGA interacts with the dietary proteins and interferes with their food

digestion and absorption in the gut %>, It is likely that due to this activity of CGA, an

58



adverse effect was observed on the armyworm’s larval mass when fed on an eggplant leaf.
This result is congruent to that of Stevenson et al.*'®, who showed CGA’s inhibitory effect
on armyworm larval development; authors found CGA as an important resistance factor
in Arachis paraguariensis hodat & Hassl. (groundnut) to the armyworm. Duffey and

Ismant€°

also showed CGA’s negative effects on Heliothis zea Boddie (corn earworm).
Leiss et al.’®! also identified CGA as a resistance factor of Dendranthema grandiflora
(Ramat.) Kitam. (chrysanthemum) against the thrips by comparing the metabolomic
profile of thrips-resistant (high CGA) and thrips-susceptible (low CGA) plants; they also
validated CGA’s negative effects using the CD-based bioassays. Kundu and Vadassery®®®
reviewed that CGA has been proven to be an efficient defense molecule against a broad
range of insect herbivores. Although CGA has been reported as an efficient larvicide, its
effect on an insect’s overall life cycle is unexplored. This study provides insights into the

ill effects of CGA on other developmental stages like pupa and adult.

RNAI-based reverse genetics methods have caused a major impact on plant secondary
metabolites research!®?183, For example, Bi et al.*®* could reveal the effects of phenolics,
including CGA, on Manduca sexta Linnaeus (tobacco hornworm) and Heliothis virescensi
Fabricius (tobacco budworm); they found that the phenolic content reduction in the
tobacco plants rendered them susceptible to these herbivores. We also found that upon
silencing SmHQT, eggplant was rendered susceptible to the armyworm. Larval
performance improved on the SmHQT-silenced plants, and the CGA complementation
could restore the resistance on these plants. These results indicated that CGA is eggplant
RL22’s resistance factor. This conclusion is corroborated by findings from a study by
Bejai et al.’® when the Spodoptera littoralis Boisduval (Egyptian cotton leafworm)
showed lower mass gain with an increase in glucosinolate concentration when they were

fed on WT and glucosinolate-overexpressed Arabidopsis.

Analysis of nutritional and growth indices facilitated the understanding of larval CGA
metabolism budget and CGA’s effect on larval performance. Larval Cl, AD, and GR
reduced with the increasing CGA concentration. These declines could be attributed to
CGA’s antifeedant and anti-nutritive properties. The increase in ECI and ECD indicated
the adaptation for efficiently utilizing its ingested and digested food in presence of the
xenobiotic. Other studies also showed reduced larval growth and consumption rates when
fed on limonoid hirtin of Trichilia hirta L. (red cedar)®®, plant extracts of Trichilia
americana Sessé & Mocifio (cape mahogany)'®’, Azadirachta indica A. Juss (neem) and
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of Vitex negundo L. (Chinese chaste tree)!. These findings also elucidate the metabolic
costs incurred during CGA- and CFA-detoxification, wherein a significant portion of
ingested and digested food is diverted to support the energy requirements of enzyme-
mediated detoxification. That no other conjugates of CGA or CFA were detected in the
larval frass and hemolymph indicated that no other detoxification mechanism had evolved
against CGA and CFA than the neoCGA formation. The neoCGA formation requires both
CFA and QNA, which indicates that CFA (without QNA) can also be used as a
biopesticide.Further, we found that the ingested CGA is metabolized by SICE4 and SICE15
in armyworm larval midgut to form CFA, QNA, and, eventually, neoCGA. We first
ascertained that CGA’s cleavage was enzymatic and not mediated by environmental
factors like temperature and pH. This first step of CGA hydrolysis was catalyzed by the
CE. These enzymes are well-known players in the insects’ insecticide resistance
development®®. CEs are important enzymes of insects, which detoxify the insecticides by
hydrolyzing their ester bonds*’. For example, pyrethroid insecticides were hydrolyzed by
the carboxylesterases from Lucilia cuprina Wiedemann (Australian sheep blowfly) and
Drosophila melanogaster Meigen (common fruit fly) "X, Another study by Wang et al.*"?
(2018) demonstrated the hydrolytic activity of a bird Rhopalosiphum padi Linnaeus
(cherry-oat aphid) carboxylesterase in resistance development to isoprocarb and
cyhalothrin. Out of 16 shortlisted SICE genes reported to be expressed in the midgut of
armyworm larvae, SICE4 and SICE15 showed significant induction in the midgut upon the
ingestion of diets spiked with CGA. Our result is similar to the one reported by Shi et al.*°,
that multiple induced carboxylesterase genes contribute to indoxacarb resistance in
armyworms. Their study found that six SICE genes were overexpressed in two indoxacarb-
resistant strains. However, there were no significant differences in gene copy numbers in
the indoxacarb-resistant strains. After silencing the SICE in larvae, they observed
enhanced indoxacarb sensitivity in susceptible and resistant strains. They also verified the
result by overexpression of the five SICE genes individually in Drosophila melanogaster,
which significantly decreased the toxicity of indoxacarb to transgenic fruit flies*®. Wang
et al.1”2 reported an association of carboxylesterase activity to isoprocarb and cyhalothrin
resistance in Rhopalosiphum padi Linnaeus (blueberry oat aphid). Babu and Singh also
indicated the role of carboxylesterases in the resistance development against
chlorantraniliprole, pyrethroid, cypermethrin, and organophosphates (profenophos and

triazophos) in armyworm’s field populations®”.
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We silenced the SICE4 and SICE15; both larval mass and mortality were negatively
affected. A combination of high CGA in diet and PMRi-mediated detoxification gene
silencing severely affected larval performance. In the SICE4- and SICE15-silenced larvae
fed on the PMRI eggplants (with WT CGA concentration), we did not detect CFA, QNA,
and neoCGA. This indicated CEs’ role in the first step of CGA detoxification to the less
toxic CFA and QNA. RNAi-based technologies have great potential in plant protection
and pest control. Mao et al.*® identified a cytochrome P450 (CYP6AE14) from a
Helicoverpa armigera Hubner (cotton bollworm), which enables it to tolerate the
otherwise inhibitory concentrations of the cotton metabolite, gossypol. When CYP6AE14
was suppressed in the larvae using PMRI, they found that the larval gossypol tolerance
was greatly reduced. In our study, we used this reverse-genetic approach of PMRIi to
silence the CGA-induced SICE4 and SICE15 in armyworm larvae to test the subsequent
effect on their performance and CGA detoxification. Exogenous dsRNA application
resulting in the target gene silencing (termed spray-induced gene silencing, SIGS) has
been observed with viruses!’ and fungil’®. Zhu et al.®® demonstrated that exogenous foliar
application of dsRNA targeting actin induced RNAI in Leptinotarsa decemlineata Say
(Colorado potato beetle). Similarly, the 300 bp dsRNA triggered RNA. in the Colorado
potato beetle (>90% mortality)®®. The trophically delivered short dsRNAs have been
shown to silence the target genes in insects*’ 1371’6 Recent studies showed that the >60 bp
dsRNAs were highly efficient in target gene silencing in western corn rootworm?’” and
Tribolium castaneum Herbst (red flour beetle)'’8, while a minimum of 21 bp was required
for silencing in the (Diabrotica virgifera virgifera LeConte (western corn rootworm)*’,
We used the 100 bp long SICE4 and SICE15 dsRNAs for the exogenous application on
the eggplant leaf. Delivery of dsSRNA in coleopteran insects is comparatively easier as the
midgut does not possess a peritrophic membrane barrier'®. As the lepidopteran insect
midgut develops a peritrophic membrane as an extra layer to protect gut cells, it troubles
the gut-cellular uptake of dsRNA. It reduces the efficiency of the RNAI effect. To
overcome this issue, various delivery agents, such as transfection reagents, nanoparticles,
clay nanosheets, micro-organisms, etc., are widely used for RNAI in Lepidopteral®-184,
When Lipofectamine-encapsulated dsRNA-applied (11 ug dsRNA/ g) leaves were fed to
the second instar larvae, the target gene silencing comparable to the PMRi-mediated
silencing was observed; PMRi-comparable effects were also seen on the larval mortality.

These findings suggested that the exogenous dsRNA application was effective and could
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be tried in the field. Another way to improve RNAI in an exogenous dsRNA application
is by using the chemically modified (such as phosphorothioate-, 2"-fluoro-,
hydroxymethyl- dsSRNA) dsRNAs; such dsRNAs showed increased stability and silencing
efficiency in insects, both in vitro and in vivo!"%, To improve the potential of RNAI-
based pest control methods to control economically important pests, more efficient and
environment-friendly delivery methods need to be developed. Also, the use of gut
membrane disruptors like (3E)-4,8-dimethyl-1,3,7-nonatriene (DMNT), plant cyclotides
(macrocyclic peptides with an embedded cysteine knot), or Bt kurstaki strain would ease

the dsRNA delivery in the wide range of pests, especially Lepidoptera®®-188,

Various pesticides inflict collateral damage as they negatively affect off-target insects,
especially beneficial ones like biocontrol agents and pollinators!®®%®  Pesticides like
spinosad, chlorantraniliprole, pyrethrin, and azadirachtin alter predator behavior, reduce
survival rates, and affect biocontrol efficiency*®. Biopesticides like Bt-toxin%, - essential
oil-based formulations'®!%!, and azadirachtin'®® negatively affect biocontrol agents.
Therefore, candidates with no or low off-target effects are desired in the quest for new
pesticides. Sun et al.*! demonstrated that the commercial biocontrol agent lacewing
(Chrysoperla carnea Stephens) preyed upon the glucosinolate-ingested diamondback
moth larvae without any negative effects; it was shown that the herbivore’s glucosinolate
detoxification to desulfoglucosinolates worked in favor of the lacewings. Thus, it is
important that the pesticide itself or its herbivore-metabolized product are safe to the
biocontrol agents. We evaluated both CGA (through CGA-sprayed plants) and CGA-
ingested armyworm larvae that contain CFA, QNA and neochlorogenic acid to assess their
effects on the biocontrol agents. Encouragingly, these compounds showed no detrimental
effects on the predators (Figure 17A-D), positioning CGA as a promising biopesticide.

To summarize, this study showed that CGA exhibits larvicidal properties against the
armyworm. Its two-step detoxification incurs high physiological and developmental costs
to the armyworm. It is also safe for beneficial organisms. Thus, CGA is a promising
biopesticide candidate for the field trial phase against lepidopteran pests, especially
armyworms. Combination of CGA with dsRNA-based RNAi molecules (with added
delivery agents) and other biomolecules such as gut membrane disrupters and other
insecticides to target the pests’ defense could be integrated into future pest control

measures in integrated pest management (IPM).
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Figure 18 | A schematic of biopesticide discovery using a crop-pest model system. The
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wide range of crop pests.
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Summary

Insect pests cause severe crop losses. Heavy use of synthetic pesticides causes
environmental and health hazards. Therefore, environment-friendly and non-hazardous
biopesticides are desired. By integrating metabolomics and reverse genetics approaches,
we have identified CGA, an eggplant secondary metabolite, as a biopesticide against the
armyworm. CGA caused high larval mortality. Nutritional indices revealed that CGA
ingestion hampered larval digestion and metabolism and delayed pupation and eclosion.
CGA biosynthesis gene-silenced eggplants were rendered more susceptible to armyworm
infestation, and their resistance was restored upon CGA complementation. We also found
that the armyworm has evolved a two-step counter-adaption against CGA; first, it cleaves
CGA using a carboxylesterase (CE) into CFA and QNA and then converts it to the non-
toxic neoCGA. By silencing the CEs using plant-mediated RNAi (PMRIi), we generated a
loss-of-function phenotype showing highly elevated CGA-susceptibility. Our CE-
silencing RNAIi formulation developed for the exogenous foliar application showed
similar effects to that of PMRI. Lastly, the field application of CGA did not harm the
beneficial insects. In a nutshell, CGA is a promising biopesticide candidate for the field
trial phase against armyworms. In light of our findings, we propose a novel pest
management strategy combining plant-based biopesticide and dsRNA-mediated silencing

of counter-adaptation genes to combat armyworm and other lepidopteran pests.
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Future directions

We found that CGA can be a potential biopesticide against armyworms. Its pro-oxidant
nature in the alkaline gut pH of the lepidopteran larvae suggests it can also be effective
against other lepidopteran pests. Such trials can be taken to formulate a broad-range
pesticide containing CGA. Field trials for testing the CGA-RNAI combinations can be
undertaken. The enzyme(s) involved in the second step of neoCGA formation needs to be
discovered to understand the armyworm’s CGA detoxification completely. Other plant
phenolics can be tested for their biopesticidal potentials, and the role of CEs in resistance

development against biopesticides can be studied.
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Tables

Table 1 | Eggplant varieties used in the field experiments.

No. | Variety Name Genotype Short Name (used)
1 Himalayan eggplant variety (RC-RL-22) | Inbred RL22

2 Ankur Kavach Inbred KV

3 JK Agro Hybrid-green long Hybrid JG

4 Omaxe- CVK MK Hybrid CVK

5 Ankur Vijay Inbred VJ

6 L- Riccia (Hirvi Kateri) Hybrid RHKG

7 KGN’s F1 Pinstripe Hybrid KPP

Table 2 | Synthetic diet composition.

S. No. | Ingredients Quantity/ 1-liter diet
1 Wheatgerm 264

2 Kidney bean flour 51.3g

3 Chickpea flour 569

4 Dried yeast powder 31.69

5 Casein 15.2g

6 M- Ascorbic acid 3.29

7 Cholesterol 0.5g

8 Multivitamin multi-material tablet 2 tablets
9 Vitamin E capsule 1 capsule
10 Linseed oil Iml

11 Methyl-p-hydroxybenzoate 89
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12 Sorbic acid 1.3g
13 Aureomycin sulfate 0.25g
14 Formaldehyde solution 2mi

15 Agar-agar 16.49
16 Distilled water 820 ml

Table 3 | Armyworm carboxylesterase genes and respective RT-gPCR primers used to

analyze their transcript abundances upon CGA ingestion.

GenBank ID _ Code Fo_rward and reverse
Annotation primer  sequences
(NCBI) Used (5,_)39)
_ GGCCCGAAATGCT
Spodoptera litura clone est2 ACCAAAA
DQ445461.2 | carboxylesterase mMRNA, complete | CE1
cds TCATCGTTACCAC
TACCGCA
TGTCGGGGATCTG
- CGATTTA
EU783914.1 Spodoptera litura carboxylesterase CE2
MRNA, complete cds CTGCCACTGAAGA
AACCACC
_ _ GCAAAGAGGCTC
Spodoptera litura putative CAGGTAAC
KU375431.1 | carboxylesterase CXE11 mRNA, CE3
AGCAATGG
_ _ AGCTCCAAACTAC
Spodoptera litura putative CCGTGAT
KU375439.1 | carboxylesterase CXE23 mRNA, CE4
complete cds CGTTACCGGGAAC
TTCAGGA
_ _ GCGCACGTATCGA
Spodoptera litura putative AGGAATT
KU375442.1 | carboxylesterase CXE23 mRNA, CE5
complete cds GTTGTGGGCATGG
ATAGCAG
CAGCGGAAGGAC
KU375441.1 CE6 TTTTCACC
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Spodoptera litura putative
carboxylesterase CXE28 mRNA, -CI;-IC-:-I(-BTC(:\A(\:: ,l- ACACG
complete cds
_ _ ACCCCATCTTAGA
Spodoptera litura putative TGCCACT
KU375438.1 | carboxylesterase CXE22 mRNA, CE7
complete cds TGACCATAGCTCC
ACCTGAA
_ _ GAGGATTCAGGG
Spodoptera litura putative ATGGCTCA
KU375436.1 | carboxylesterase CXE20 mRNA, CES8
complete cds CCTCCAAACGCTC
GAATGTT
_ _ CAGTAGTGTTGGT
Spodoptera litura putative GTGTGGC
KU375434.1 | carboxylesterase CXE16 mRNA, CE9
complete cds TATGCCTCGAACT
GTCTCCC
_ _ TTATGCCTCCGTC
Spodoptera litura putative TCCCATC
KU375430.1 | carboxylesterase CXE9 mRNA, CE10
CAGGCTG
_ _ ACGCACACCAAC
Spodoptera litura putative ACAAACAT
KU375428.1 | carboxylesterase CXE5 mRNA, CE1l1
TCGGTGG
_ _ CGTCTGGAAGGA
Spodoptera litura putative GAAGTGGT
KU375427.1 | carboxylesterase CXE3 mRNA, CE12
GGACCAA
_ _ TGCCAGCTTCAGA
Spodoptera litura putative GGAGTAC
KU375426.1 | carboxylesterase CXE2 mRNA, CE13
complete cds CAGGATGTTGCTC
TGGGAGA
_ _ ACTGAAGGACCA
Spodoptera litura putative AATTGCGG
KU375425.1 | carboxylesterase CXE1 mRNA, CE14
complete CCACGGAACCAAT
GAAGAGC
TCTGGATTCATGG
i i AGGAGGC
KY304476.1 Spodoptera litura carboxyl/choline CEL5
esterase 016a (CCE016a) mRNA ACCTCCGAAGTTG
GCGATAT
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) GTTCACCAAGCTC
Spodoptera litura CTCCTCT
KY130419.1 | acetylcholinesterase 2 mRNA, CE1l6
GCCCACT
) ACGTTAACTGCTG
Spodoptera litura CAACTGG
KY130418.1 | acetylcholinesterase 1 mRNA, CEl7
GTGTCGT

Table 4 | Primers used in the cloning and transcript quantitation experiments.

G Forward and
Sequence ID | Sequence name coednee FEVerse primers
(5>-3)
Primers for VIGS fragment amplification and cloning
Sol | CCTTCTTTTGAGC
Sme2.5_0067 | >0 antm MEIONGea ATGTCGAG
31 4000111 hydroxycinnamoyl coenzyme A- SmMHQT
+-9 = | quinate transferase MRNA GAGCTTCAATCAG
AACCGTTG
GTTCATCGCTATG
Sme2.5_0233 | Solanum melongena phytoene SMPDS TCAAAGGC
0.1 _g00001.1 | desaturase mMRNA GCAAACACAAAT
GCATCTCC
CCAAACAAGGAC
i i AACGGACG
KU375439 1 Spodoptera litura putative SICE4
carboxylesterase CXE23 mRNA, ATGGCTTGACGGT
CTTCTGG
TGATGTCACCGAT
i i GTCCAAGG
KY304476.1 Spodoptera litura carboxyl/choline SICE15
esterase 016a (CCEO016a) mRNA ACCTTCATCCGCC
GTGTATC
RT-gPCR primers of SmHQT, SmHCT
GATATCTCAACCT
Sme2.5 0067 Solanum melongena TCCCACTCG
31 4000111 hydroxycinnamoyl coenzyme A- SmHQT
+-9 = | quinate transferase MRNA CAGATAACGTGTG
GAACACTCC
Solanum melongena ATTGTAAGGGGCA
Sme2.5_0455 | hydroxycinnamoyl-CoA shikimate | o, ~r AGGTGTG
5.1 g00001.1 | hydroxycinnamoyl transferase TAATCAACGGCGG
mRNA GAATAAG
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RT-gPCR primers for the eggplant reference gene

CAAAACCGCTGA
Sme2.5 0056 | Solanum melongena Cyclophilin A Cycloa GAACTTCCG
3.1 g00006.1 | (CyP), mMRNA CTTGACACATGAA
CCCTGGGA
RT-gPCR primers for the armyworm reference gene
GCTCTCTCTGTAC
i _acti GCCTCTG
HQO008727.1 Spodoptera frugiperda p-actin ACTB
MRNA GAGGTAGTCGGTC
AAGTCGC

Primers for in vitro transcription (1VT)-based dsRNA synthesis

TCCCAGAGATATA
Spodoptera litura putative GCCACGA
KU375439.1 carboxylesterase CXE23 mRNA SICE4 GCTTGACGGTCTT
CTGGAGT
AGAACGAACCAA
Spodoptera litura carboxyl/choline TGTCGAAGT
KY304476.1 esterase 016a (CCE016a) mRNA SICELS TGAATACCATTCG
ACACTGCA

Table 5| VIGS constructs used for infiltration to generate hqt-silenced, PMRi, and control

eggplant lines.

S.No. | Lines Infiltrated construct

1 WT No construct infiltrated

2 EV pTRV1+ empty pTRV2

3 hqt pTRV1+ pTRV2-SmMHQT

4 CE4 PTRV1+ pTRV2-SICE4

5 CE15 PTRV1+ pTRV2-SICE15

6 CE4CE15 pTRV1+ pTRV2-SICE4 + pTRV2-SICE15
7 hqtCE4 PTRV1+ pTRV2-SmHQT+ pTRV2-SICE4
8 hqtCE15 pPTRV1+ pTRV2-SmHQT+ pTRV2-SICE15
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9 hqtCE4CE15 PTRV1+ pTRV2-SmHQT+ pTRV2-SICE4+ pTRV2-
SICE15
10 pds pTRV1+ pTRV2-SmPDS

Table 6 | Treatments used in the exogenous dsSRNA application experiments.

dsRNA

S. No. | Line Treatment

1 WT WT+ no treatment

2 WT+TRL WT+ Lipofectamine (TRL)

3 hqt SmHQT-silenced eggplant+ no treatment

4 WT+ced WT+ TRL+ SICE4 dsRNA

5 hqt+ced SmHQT-silenced eggplant+ TRL+ SICE4 dsRNA

6 WT+cel5 WT+ TRL+ SICE15 dsRNA

7 hgt+cel5 SmHQT-silenced eggplant+ TRL+ SICE15 dsRNA

8 WT+ced+cel5 | WT+ TRL+ SICE4 dsRNA+ SICE15 dsRNA

o hqt+ced+ce1s SmHQT-silenced eggplant+ TRL+ SICE4 dsRNA+ SICE15
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Table 7 | Metabolites identified from the seven different varieties using the non-targeted metabolomics.

Concentrations [relative to formononetin (I1S)] among different eggplant

Class Compound Name ]'c\g?:ﬁﬁﬂar varieties [ng g* FM (meanz SE)]
RL22 KV JG CVK VJ HK KP
1-(4-methoxyphenyl) ethanone C9H1002 igggi i?ggi %992& 10+ 1.88 ;8(151 2688& 327‘21'&
Dihydrojasmone C11H180 ‘71?1'151“ iggﬁ fg:gii éigi g%gi gi?“ 20+ 3,57
oo |0 | [mme | e [ | g
oo s Formylindol comno |35 ek |ise |5 |1es  |sor |ass
o | e [ae |as [ |aee ne
nacs | sigee e e | (g |mue s
covimios 1205 ot | B [now |uze mu | s
covis | S5z e | e | zmors | smons ||
ﬁgﬁf\i/'aot'l‘\j/z:‘“d Cinchonine C19H22N20 illg'ggi 2.6+0.27 é:gg* 1.84+0.3 | 0.9+0.16 (1):;21 0.99+ 0.1
Hirsuteine C22H26N203 g:;g* 3.85+ 0.4 | 1.51+0.2 é:jgi 8:?% (1):(2)31 8:231
coiwice |10 g | [se s [ae s
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Imperialine C27H43NO3 (13.162& S:igi ‘1‘:2‘1& i:ggi 2.0+1.94 | 3.66+1.7 8:2?
Khasianine CIMEINOLL | coa® | gla | 08£033 oo oo [o29 | oos
Quinidine C20H24N202 | 225* SO et 12904 175203 | o0 | 202
Ranaconitine camuN209 | e |ovgs |11as | ores |oss | a3es | 3408
Solamargine c4sHTINO1s | oot oost  |1is |oos | 3729 o7 |oss
o e A IO OB casrmnots | ax255 | 035F |05 0o |1os |oap | 04£02
Solasoine CoMINO2 | 1555 |oos  |oos  |oar |0t |oss | 02012
Solasonine casHiaNo6 | ooo® 0o |oee |1op 1m0z |oss
Splendoline caH2eN204 | 1o | Gaue | 1308 |s0oo | 3360 | 2005 | 3214
Strictosamide C26H30N208 | 201TE | 2B TEE | 2TAE I AbE 2T 1 128 16z 088
Subsessiline casrasnaos | st | 0ST |16 |se 276 |64 | a4
comen | e | o | s s | smars | st |0
Vinpocetine camzenz02 | 50 1TEt |55 1o |izs |ses |25
avor |z [12 [ [ [ [ [
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. 17.15+ 36.61+ | 1151+ | 3111+ | 2447+ | 1578+ | 15.24+
Spermidine C7HI9NS 258 11.17 2.23 4.09 6.17 3.48 471
. 31.68+ 3.76+ 0.11+ 7.32+ 1.62+ 1.24+ 151+
. Spermine CI0H26N4 | 783 1.62 0.04 7.25 0.93 0.69 0.45
mines
Tebuconazole C16H22CIN30 ggii g.ggi i’g?t f'gji é'ggi g'gf g'?f
. 85.18+ 132.9+ | 4897+ | 4207+ |5537+ |57.53+ | 63.07+
Tyramine C8HLING 8.05 16.78 6.68 5.74 436 11.22 7.78
1-Aminocyclopropane-1-carboxylate C4H7NO2 1%73;613& 3343& 256;1 ;75.2% 279'3& 231.851 326331
2-(4-aminotetrahydro-2H-pyran-4-yl) C7H13NO3 99.55+ 3457+ 77.5% 44.02+ 25.68+ 71.42+ 51.53+
acetic acid 31.89 11.45 15.37 11.25 4.54 16.56 12.52
Aphyllic Acid C15H26N202 278411945 ;31'111“ ‘Iég* 315+ 1.1 iggi iggi 38‘3&
N 17.71+ 128.69+ | 21.29+ |57.83+ |19.23+ | 2657+ | 14.13+
Arginine C6H14N402 | ) og 67.07 6.78 28.73 11.63 421 259
. 12594+ | 265.99+ |89.12+ | 6155+ | 41.9+ 18.91+ | 40.91+
Amino acidsand | Sraragine CAMBN203 13414  |21145 [2342  |1772  [1813 | 345 15.67
derivatives . 836.75+ | 653.35+ | 3715+ | 34826+ | 18547+ |219.74+ | 25212+
Aspartic acid C4H7NO4 4251 96.33 37.67 30.91 28.93 22.71 33.71
. 52.49+ 50.5+ 80.83+ | 21.13+ |4897+ | 3569+ | 28.02+
Betaine C5H1ING2 6.01 10.34 33.62 261 14.31 267 38
o 49.18+ 3397+ | 60.36+ | 20.69+ | 4575+ | 50.24+ | 26.6+
Citrulline C6HI3N3O3 | ;&7 5.63 8.09 5.16 9.02 8.42 5.66
. . 24.25+ 2561+ | 2251+ | 10.65+ | 21.07+ | 17.35+ | 17.6%
CocamidopropylBetaine C19H38N203 24 36 577 21 244 252 259
o |16 [me Jome Jom o [ s
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o o 17653+ | 157.72+ | 105.74+ | 8756+ | 75.35+ | 88.44+ | 76.92+
DL-3-Aminoisobutyric acid C4HINO2 16.91 8.28 743 287 591 507 6.49
. 61.61+ 156.05+ | 36.15+ | 2579+ | 20.34+ 14.47+
Feruloyltyramine C18H19NO4 73 90.11 2154 6.09 515 16+ 3.06 423
. 15.45+ 3923+ | 2838+ |27.87+ |17.46+ |31.06+ | 13.1%
Gamma-Glutamyltyrosine C14H18N206 6.06 15.83 439 429 704 579 578
o 1266.33+ | 1042.1+ | 942.6+ | 889.76+ | 927.08+ | 942.28+ | 898.83+
Glutamic acid C5HINO4 12577 | 10751 | 32.87 48.64 63.98 45.23 96.51
. 59515+ | 687.95+ | 53356+ |513.51+ | 605.93+ | 394.00+ | 45968+
Glutamine C5HION203 | 6596 7831 | 9834 | 703 14321 | 329 48.46
Glutathione (oxidized) C20H32N6012 | 166,51+ | 79.26+ | 106.32+ | 73.79+ | 145.04+ | 76.38+ | 61.88+
S2 16.19 12.66 23.95 8.74 22.14 15.11 13.77
Histamine C5HON3 21048+ | 599.77+ | 565.62+ | 268.48+ | 467.74+ | 487.57+ | 302.09+
90.25 11347 | 11534 | 68.27 98.9 42.07 74.59
. 434.2+ 736.47+ | 401.41+ | 467.13+ | 399.80+ | 32471+ | 288.65+
Isoleucine C6HISNOZ | 4947 186.94 | 93.41 62.38 12881 | 52.34 35.53
. 216.86+ | 186.41+ | 119.29+ | 97.37+ | 76.85+ | 93.15+ | 82.62+
L-5-Oxoproline C5H7NO3 2022 9.59 7.46 272 5.96 4.89 6.9
. . 2552+ 17.96+ | 1229+ | 1683+ | 7.28+ 18.46+ | 16.46+
L-p-Homoisoleucine C7HI5NO2 11.25 413 271 575 234 3.99 4.58
o . 53.16+ | 36.12+ 4403+ | 3596+ | 24.75+
L-glutamic acid-L-glutamine C10H17N306 477+ 7.2 15.79 6.65 4413+ 8 14.98 6.36 54
| -Glutathione (oxidized form) C20H32N6012 | 207.06+ | 87.48+ |30.36+ | 1754+ | 1351+ | 8.47+ 8.57+
S2 36.97 17.92 9.64 3.58 1.98 1.14 161
. 1700.99+ | 1930.33+ | 1541.42+ | 1643.49+ | 1528.65+ | 1738.82+ | 1187.51+
L-Phenylalanine COH11NOZ 134.62 22221 | 11226 | 11342 | 18738 |37551 | 166.48
. n 17.29+ 2555+ | 16.33+ | 27.59+ | 16.3+ 19.71+ | 16.44+
N, N-Dimethylarginine C8H18N402 151 6.96 518 572 501 25 249
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s |30 oo [ [pee [ [nme [m
cvuvacs |2 (B | |me | me | owe |
s |89 e me |mw [me |ne |me
conmes |3 [ e e | | | ne
N-acetyltryptophan CI13H1AN203 | S92 | 22295 | ggr176 | 100F | 14xo0as | DAE | SO0
conner |38 |2 |2 |BE g me |me
onmos | I | e (e e e | e
O-Phosphothreonine C4H10NOGP E?égli g:ggi Z:ggi i:ggi 5.6+ 1.23 é:g}f ‘1‘:2?*
omor |2t | T |ma | uage | | | 1o
cvvor |27 | aoes | g | e |t e
comar | e | | oo | s | omoos |
Pyroglutamic acid C5H7NO3 ﬁ:ﬁi g%gﬁi 39.07+ 7 2_07';‘41 2%31 2_35'091 g%ggi
Quercetin 3-O-malonylglucoside C24H22015 ?igi 2403% iZQZSi 1792“ ;_36'6& 5%531 é;gSi
omas 3o [ 9w |ne [me e
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. 60.27+ 26.2+ 2049+ | 13.63+ | 1153+ | 1052+ | 14.7+
Threonine C4HINO3 10.34 5.28 1.04 155 1.56 1.43 1.44
. . 23.55+ 32.88+ | 2371+ |27.25+ |19.87+ | 2868+ | 29.19+
Triethanolamine C6HI5NO3 3.29 6.7 257 6.48 5.74 6.58 5.04
. 247.22+ | 31359+ | 212+ 200.18+ | 127.13+ | 296.33+ | 189.63+
Tyrosine COHIING3 57.81 69.38 36.91 39.66 38.91 87.66 67.8
. 1.04+ 0.97+ 0.82+ 0.82+ 0.69+
Valine C5H11NO2 016 016 014 08 043£0.1 | 08£0.16 | 70y
. . . 0.46+ 0.49+ 0.02+ 0.12+ 0.01+
Cyanidin-3,5-di-O-glucoside C27H31016 0.22 017 0.02 0.05 001 0+0 00
. . 237+ 212+ 0.79+ 0.76+ 0.81+ 0.49+ 0.94+
Cyanidin-3-glucoside C21H21011 0.35 0.38 0.21 0.14 032 012 0.31
. . 0.28+ 0.31+ 0.06+
Anthocyans Cyanidin-3-O-sambubioside C26H29015 0.24+0.1 017 00 0.09 0+0 0+0 0.04
. . 0.31+ 0.15+ 0.08+ 0.09+ 0.12+
Malvidin-3-O-glucoside C23H25012 0.09 0.05 0.1+ 0.06 0.05 0+ 0.05 0.06 0.05
. . 6.45+ 3.78+ 1.49+ 0.48+ 0.58+ 0.42+
Peonidin-3-O-glucoside C22H23011 0.75 0.63 1.2+0.27 0.29 0.06 0.08 0.06
. . 15.05+ 27.18+ | 13.97+ 17.03+ | 14.9+ 29.38+
1-Cinnamoylpyrrolidine C13H15NO 151 282 369 11.04+ 4 8.23 196 656
. 22.19+ 717+ 1056+ | 1.98+ 1.02+ 258+
2-a-Mannobiose C12H22011 5 66 119 792 066 016 062 2+ 0.53
Carbohydrates > Deoxvauanosine.5'-dishosohate C10H15N5010 | 66.81+ 78.75+ | 80.92+ | 83.97+ | 2027+ |73.95+ |76.93+
and derivatives Yo phosp P2 31.95 16.54 32.11 53.81 8.19 49.73 35.73
55 Methvithioadenosine C11HI5N503 | 456.66+ | 328.71+ | 303.45+ | 335.12+ | 304.37+ | 259.77+ | 2735+
y S 39.46 26.66 23.02 38.49 19.95 16.44 335
. 189.38+ | 140.95+ | 9545+ | 9220+ |68.11+ |79.61+ | 59.51+
Adenine CSH5NS 5.27 19.9 10.19 11.08 9.6 9.96 10.83
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. 78.41+ 92.44+ | 76.04+ | 10553+ | 94.03+ |57.97+ |52.46+
Adenosine CIOHI3NS04 | 19 o5 18.95 9.62 17.86 26.94 1751 441

Adenosine 35 -cvelic monobhosohate C10H12N506 | 62.83+ 65.25+ | 38.14+ | 3452+ | 2254+ |18.00+ | 32.20+
=y phosp P 23.21 14.43 16.51 11.87 5.54 8.73 7.69

Adenosine 3-mononhosonate C10H14N507 | 387.49+ | 257.25+ |213.22+ | 13538+ |343.14+ |101.29+ | 180.86%
phosp P 102.76 41.89 75.07 47.19 108.13 | 25.97 82.96

Adenosine 5 diohoshate C10H15N5010 | 12.6+ 2014+ | 2192+ | 1467+ | 7.74% 16.28+ | 21.82+
phosp ) 5.13 3.97 10.15 8.72 2.74 10.83 11.33

i C10H15N5010 | 71.9+ 69.93+ | 87.45+ | 2842+ | 1566+ | 79.67+ | 41.34+
ADENOSINE 5°-DIPHOSPHATE-2 P2 3453 22.32 35.11 11.42 10.95 53.88 35.61
Adenosine Diohosohate C10H15N5010 | 5.54+ 4.83+ 1053+ | 7.57+ 5.78+ 7.19+ 9.31+
_DIPhosp ) 2.14 1.15 4.92 3.57 222 3.86 3.17

ADP C10H15N5010 | 47.8+ 47.08+ | 49.76+ | 79.85+ | 2871+ | 2058+ | 77.74%
P2 34.74 13,51 32.65 56.91 9.66 16.04 36.92

AMP C10H14N507 | 449.92+ | 391.96+ | 329.39+ | 162,52+ |329.81+ | 175.73+ | 156.87+
P 97.08 72.98 69.79 32.63 58.77 37.68 62.87

o 61.72+ 1744+ | 3.89+ 280.33+ | 144.7+ | 5212+ | 207.59+
B-D-glucopyranosiduronic acid C21H26N204 19.52 3431 0.62 50.86 3381 33 32 12

. o 46.2+ 8345+ | 5542+ | 6068+ | 3056+ |70.31+ | 39.95+
B-Guanidinopropionic acid C4HIN302 942 1533 16.3 22 47 52 12.94 1155
o o . C21H27N7014 0.72+ 2.04+ 3.98+ 7.63+
B-Nicotinamide adenine dinucleotide P2 296x2.8 | 0+£0 0.72 193 0.68+ 0.6 359 477

. o 79.73+ 50.71+ | 27.68+ | 23.98+ | 20.63+ |11.41+ | 20.36%
D-Arabinose-5-phosphate disodium salt C5H1108P 566 411 737 5 66 597 356 333

12112+ | 7915+ | 95.01+ | 97.43+ | 7276+ | 59.77+ | 83.69+
Glucose-6-phosphate C6H1309P 43.09 15.94 20.65 18.17 22.85 17.55 18.4

. 32407+ | 237.85+ | 26543+ | 29500+ | 23479+ | 23952+ | 199.28+
Guanine CSH5NS0 55.49 32.31 21.96 45.73 33.76 50.95 45.88
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. 54045+ | 380.41%+ | 3957+ | 4535+ | 34096+ |389.3+ | 31111+
Guanosine CIOHI3NSOS | g, g9 56.72 33.14 71.89 52.32 70.91 66.6
o C16H25N5016 | 18.28+ | 2.26+ 1222+ | 12.58+ 17.73+ | 17.89+
Guanosine 5’-diphosphate-D-mannose P> 10.71 113 749 9.5 1.12+1.8 128 796
. 30.66+ | 2342+ | 41.86+ | 3977+ | 2425+ | 3354+ | 28.20+
Hypoxanthine C5HAN40 7.59 413 7.34 5.88 8.16 8.36 2.92
. 26.97+ 19.61+ | 31.3+ 26,60+ | 17.16+ | 2541+ | 22.39+
Inosine CI0H12N405 | ¢4y 3.99 5.48 321 6.13 6.04 2.84
26117+ | 1252+ | 191.74+ | 118.44+ | 105.65+ | 12757+ | 126.8+
Isomaltulose C12H22011 | 754 55.1 41.67 31.42 41.67 29.88 33.43
1612.25+ | 951.34+ | 444.68+ | 386.95+ | 362.17+ | 167.08+ | 321.99+
Mannose 1-phosphate C6H1309P 22508 | 136.95 | 15914 | 90.24 49 61.72 107.61
. 17922+ | 9719+ | 117.24+ | 11373+ | 100.82+ | 97.02+ | 104.45+
Melezitose CI8H32016 | 5,59 12.32 21.64 11.25 13.03 11.56 13.1
. 9.72+ 9.13+ 1269+ | 8.96+ 6.73+ 1061+ | 8.79+
N2-Methylguanosine C11H15N505 307 337 312 391 1.42 57 1.88
. 302.69+ | 467.98+ | 281.17+ | 432.64+ | 36541+ | 301.80+ | 486.71+
Roseoside C19H3008 48.6 5012|3531 | 635 8054 | 5268 101.39
. 2374+ | 3071+ | 3058+ | 1801+ | 1013+ | 1531+ | 11.87+
Sorbitol C6H1406 8.06 7.96 10.34 3.04 3.79 3.07 1.15
0.12+ 0.08+ Not
Swertiamarin C16H22010 I T detected ND ND ND ND
0.05 0.05
(ND)
. 6.38+ 461+ 1.94+ 258+ 1.09+ 155+ 0.47+
trans-piceid C20H2208 0.97 0.78 0.33 0.72 0.22 0.42 0.08
2768+ 182552+ | 853.06+ | 643.8+ | 341.42+ |510.08+ | 511.66+
Trehalose C12H22011 | 514 g9 152.87 | 39.41 45.93 39.05 30.57 80.82
UDP-D-alucose C15H24N2017 | 632.29+ | 97.7+ 257.26+ | 135.03+ | 6.33+ 1701+ | 56.37+
g P2 276.37 29.46 156.04 | 58.15 2253 99.8 17.47
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. 107.61+ | 69.49+ | 68.46x | 80.44+ | 63.44+ |54.78+ | 56.94+
Uracil C4HAN202 21.64 773 8.93 11.16 11.87 10.51 12.28
. 43.93+ 38.6+ 18.15+ | 13.35+ | 9.61+ 8.35+ 8.14+
Uridine COHI2N206 | 579 557 0.88 2.41 0.86 0.62 1.56
Uridine 5*-dinhospho.D-alucose C15H24N2017 | 321.86+ | 97.69+ | 257.25+ | 135.02+ | 6.32+ 170.08+ | 56.36+
phospho-L-g ) 141.35 29.45 156.05 | 58.15 2253 99.8 17.46
. 105.38+ | 82.14+ | 89.61+ | 61.89+ |33.05+ |69.39+ | 73.18+
Xanthosine CLOHI2N406 | 1955 9.55 1304 | 835 6.76 1177 | 2751
o 2,51+ 4,56+ 2.56+ 2.71+ 4.63+ 4.23+
2,8-Quinolinediol C9H7NO2 7.36x 4.7 251 293 165 263 296 275
. 84.64+ 86.09+ | 7755+ | 60.95+ | 6579+ |6153+ |67.11%
2-acetoxy-4-pentadecylbenzoic acid C24H3804 9.88 1154 10.14 1288 14.67 12.95 8.42
. 8.22+ 0.86+ 0.63+ 0.37+ 0.55+ 0.45+
2-Hydroxy-4-methylpentanoic acid C6H1203 1.1+ 0.64 3.49 0.27 0.09 0.08 0.21 0.18
. 492.09+ | 882.43+ | 25220+ | 262.98+ |209.37+ | 164.08+ | 117.81%
2-Isopropylmalic acid C7H1205 12583 | 30201 | 27.73 | 4061 | 3894 |5365 | 15.88
. 2036+ | 12.06+ |10.78+ | 8.23% 14.31+ | 1101+
2-Oxobutyric acid C4H603 9.64+ 0.9 537 21 264 287 197 15
Carboxylic acids 3.(4-HYDROXY-35
and derivatives e 99 8.81+ 2238+ | 3633+ |27.89+ | 1751+ |39.27+ |20.11+
RICI\I/IDETHOXYPHENYL)—2-PROPENOIC C11H1205 13 5o 192 264 >ca 2e 314
3-(4-HYDROXYPHENYL)PROP-2- COHBO3 100.14+ | 92.92+ | 8413+ |5832+ |104.09+ |61.96+ | 63.25+
ENOIC ACID 12.7 18.79 11.96 13.71 8.56 12.64 9.43
3-(benzoyloxy)-2-hydroxypropyl beta-D- C16H20010 82.89+ 54.9+ 73.21+ 62.5+ 39.73% 75.21+ 63.79+
glucopyranosiduronic acid 13.78 6.75 16.48 6.73 2.47 13.03 11.8
o 27.79+ 34.02+ | 2188+ |2157+ |10.12+ |31.69+ | 19.09+
3-Indolepropionic acid C11H11NO2 8.71 708 6.92 73 103 596 742
. 66.39+ | 0.16+ 0.08+ 0.03+ 0.02+ 0.12+
3-phenyl lactic acid C9H1003 0.1+ 0.06 19.13 0.05 004 0.02 0.02 0.04

80



. . 238.6+ 166.36+ | 128.12+ |70.38+ |76.67+ |83.41+ | 91.58+
4-Hydroxyquinoline-2-carboxylic acid C10H7NO3 29 58 18.4 182 10.21 717 8.64 59
o 441+ 3.34+ 0.76+ 2.05+ 2.62+ 3.58+
Benzoic acid C7H602 0.91 139 1.92+0.7 034 066 084 135
. . 869.21+ | 1146.29+ | 796.68+ | 602.84+ | 483.63+ | 485.35+ | 435.49+
cis-Aconitate C6HE06 62.44 82.57 63.39 65.95 40.61 39.97 29.83
Citric acid CEHBOT 9041.11+ | 9522.81+ | 7065.11% | 7780.48+ | 6118.67+ | 6226.08+ | 5909.42+
1396.46 | 2199.61 | 1016.65 | 1081.04 | 991.11 | 7958 406.64
. 62.23+ | 66.07+ |57.41+ |50.78+ |5477+ | 4485+ | 46.88+
Diethyl phthalate Cl2H1404 8.72 1276|1029 | 936 7.86 8.44 8.58
. 86.42+ | 8759+ | 8113+ | 7646+ |69.43+ | 6435+ |62.67+
Dioctyl Phthalate C24H3804 | 989 1193|1109 |98 1556 | 1348 | 1341
L o 4.96+ 6.26+ 5.84+ 4.98+ 6.22+ 4.13+ 371+
Ethylenediaminetetraacetic acid EDTA C10H16N208 132 1.42 175 153 153 1.04 1.02
Fumaric acid Cata0a 4035.82+ | 454232+ | 3050.23+ | 2401.29+ | 1434.91+ | 209587+ | 1837.03+
108.71 44676 | 25171 | 29016 | 236.44 | 111.44 | 119.27
o 238.67+ | 166.38+ | 128.25+ | 70.32+ | 7657+ | 83.32+ | 91.47+
Kynurenic acid CIOH7NO3 | 5 61 1841 | 1815 | 102 7.17 8.63 5.92
o 1929.19+ | 16053+ | 921.76+ | 698.85+ | 534.34+ | 670.25+ | 586.94+
L-Glutamic acid C5HINO4 204.91 88.32 71.05 24.8 41.29 32.62 47.04
. 3437+ | 47.16+ | 4533+ | 4224+ | 3536+ | 4351+ | 36.43+
L-kynurenine CIOHI2N203 | 59 3.1 6.81 4.23 6.01 4.82 6.15
. 17.89+ | 2213+ | 1381+ | 1357+ | 10.19+ | 49.12+ | 14.2+
L-Saccharopine C1IH20N206 | 4 o7 6.16 131 1.32 111 33.78 1.46
o 1013+ | 72.88+ |54.65+ |102.31+ |5957+ |50.81+ | 49.6+
Methyl nicotinic acid C7TH7NO2 10.97 15.96 48 16.58 4.04 5.56 4.84
1047.47+ | 75022+ | 337.58+ | 237.21+ | 179.83+ | 192.62+ | 179.09+
MUCIC ACID C6H1008 15975 | 14754 | 76.01 49.66 23.03 19.75 20.18
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Nicotinic acid C6H5NO2 2.17.271 ?:g?t 7,62+ 1.7 5’6'251 g:ggi I:gji g:gii
couce |1 s | |sas | sme e |
ooy | 50| | |z e | oz | 2
oecn |2 |2 e [ |mee uee |
Trifloxystrobin giOngFsNz 5.58+ 1.6 ?:gg* 5.30¢ 1.1 | To* oS8 ‘1":3? 411:221
cuminvor | g | e sz e | o s o
concs |5 | | mae |moe s | | s
Xanthurenic Aci CIOWNO! | Yos” |ses | 1ner  |sse  |os0  |ats |ssas
ey |5 | [ (mme oo |me |we
o |, |3 | | o | oo s o | sms
Acaranoic acid C17H3004 | 0.2+0.09 8:82* 0+0 0£0 0£0 0£0 0+0
g T O cosion |5 |mm [um |me pe |mee g
wsor_ |5 e |ma |pe e |me |
B-D-Glucopyranoside C21H36010 | 7.5+1.12 | 1.6+0.72 | 0.9+0.34 (1):3‘3& (1):2;1 1.6+ 0.21 8:?21
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Heptadecanoic acid C17H3402 (1)22& (1).162& 5.24 0.4 g:fji é:igi éfgi 2.31£0.2
Hexadecanedioic acid C16H3004 g:éii (2):2:;1 2.77+ 0.4 é:ggi é:iii 2.1+ 0.33 (2):231
comor |t [ e [om e s o
cormor | e [ote e s | s [ o
oo |80 e [ |ones |z [ |
o |mpe [t [ e e e e
covor |t | s e |m [mes |
Palmitic acid (NMR) Cl6H3202 | 20053+ | ZaBLE | BT0Z | J003% | 4r00xs | 001 | 340
concr |00 | e [moe |y me |
coon | [toge [ [ [ [
Trans-Vaceenic acd cuHmoz | 5™ e lase |iss |2s . |isn |35
ey | sigi | e |suie e |seme o
| omaoruam coamwos |72 | |mme [ s e s
Furanochromones | 5-O-methylvisammioside C22H28010 igiji gigi 9.7+ 4.08 é%éli 421221 (1501361 élogﬁ
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Indoles Indole-3-carbinol CIHINO . oo 055t 033501 | 28+171 [ 079506 | 030
indolizidines | Corynoxine caanaaNz0t | o1 |08 |ows  |oa |1ra | 128403 | o5
Arctigenin C21H2406 2.84+0.3 é;igi 0.74%0.1 8:2? 8:857& 8:3? 8:3‘?
o | e oo |38 |4 |3 [t [omos 13 |oan
Secoisolariciresinol ca02606 | goa® 077 o |oos  |oor  |oor  |oos
Dehydrophytosphingosine CI8HINOS | 1”7k |a0si | 2680 |1sos |34 | 4867
| Phosphocholine C5H15NOA4P 2221 gggi ?ggi ?;gi giii gggi ?ggi
Lo
o Quercetin-3-0O-glc-1-3-rham-1-6-glucoside | C33H40021 é857761 ?%igi 22622& 2292;81 ﬁgggi i;ggi éiih
sn-Glycero-3-phosphocholine C8H2INO6P gggi i4627i 339gli i?gii 22;31 262521 é%gli
Curvularin C16H2005 | oit* o2 loxo 00 00 00 00
Jerivatives || Divdroalbocycline cisna00s | 197" |56 a1 |tan |70 |ear |1s1
Gardntine caonaNzoz | 5™ |5 1% |ter  |1er |11 |ies
Oxanes Cochlioguinone A CHMOS | Yo" |sogr | 1007 |88 | 1254 |86y |6%s
1-O-beta-D-Glucopyranosyl sinapate C17H22010 :3116%& 545118i éZSgH (1574? igéi 235g7i zlloggi
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2-Glucosyloxy-4-methoxy cinnamic acid | C16H2009 | &2oF 504¢12 | J90F |2 A5 | 5adE | 1O
3,4-di-O-caffeoylquinic acid oz tel S B NA I o B B s By Sl Do PO
3-Deoxycaryoptinol CoaHgaor | J0A%F | 0S8 00k (805 L2 I gas04g | 20
3-Hydroxy-4-methoxy cinnamic acid Clobloos | 24593t | 10318+ | 16263+ |8502¢ |948+ | 10508+ |79.86+
(isoferulic acid) 9.84 24.68 23.33 18.75 18.36 11 14.05
cwacn |1 [y | [ g [ o
covancn |zt | s | woss | sige |muse s |
4’ 5,7-Trihydroxy-6,8-diprenylisoflavone C25H2605 3.44+0.3 g%i gggi ggi 2+ 0.45 ggéi Sggi
cucn | 09551 | wisso s | sats | | s
oo |3 |me s (wee [we | e
Apigenin-7-O-glucoside catHoo10 | 195% | 203 IR (A% 028 L0 g g5k 01
oo 1o 0 o |cianony | 91 |2 |y e |1ose |1 |
comon |1 | e | sizie e |imi s | s
cwn |3 o s o o om o
Biochanin-7-O-glucoside C22H22010 | 300F | 215:09 |O00F |07 odaE [ 020% | 023E
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omos|Tg |sm o mem | (g |
Caffec acid hevoside CISHISOS | ip7ar | 1710 | apts |95 |3id  |sse4 |44
Caffeoyl putresci CI3HIIN203 | oes” | touss | saas  |785 |ose |86y |esaa
Caffeoyl uinic aci CI6M1809 |\ oies | 150010 | avoas | 27773 | osadz | adsee | 2176
Caffeoylcholine curNos | 3t |05 ek |adr |ace |ase  |1iao
CHLOROGENIC ACID CI6HIS0 | 7opp | 7iges | 1526 |so1dr | 20593 | 19117 |eses
Citusin C16M2207 | gfp" | 103 05" |ogs  loss  |ose  |ozs
Coumatin+ 10 + 1Me0, O-HexcHex | C22H80W | 15147™" | o7 | g | ards | ota | 11e | ass
Couraroyt Hexosice CISHISOS | 1g37p | gmnts | 7s0r  |eoss | som | 4pde | 3pa
Coumroyi ginic aci CI6HISOS | gp73"" | 7as5 | aoee |sas6 2116|3126 |310
Coumaroy yramire CITHIMNGS | 0™ | 5i1oa | 1anz0 |esee |es1 | 1071 st
Cupressiavone Co018010 | 037 |oos  |osr  |oze |oss  |ows |oas
smos |omes |20 o ol |2 oz |om
Cyanidin 3-(2G-glucosylrutinoside) C33H41020 égigli ;gg?’i égoggi 538(1)91 igggi ig;t gg?
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Cyanidin—3—O—(2"_—O-beta-xylopyranosyl— C26H29015 5.44+ 2.46+ 2.07+ 2.49+ 2.31+ 1.74+ 3.05+
beta-glucopyranoside) 1.02 0.35 0.24 0.67 0.12 0.47 0.39
Cyclohexanecarboxylic acid C16H1808 é;'llll"%i gg?gi %§57§3i 1;.37'731 ;glsgi 12.86'5% 580211
coopiony | o |dae | [mer e Jose oo
> Quric i crnzos | ST |t | diedne | diodee | s | atse | Losooe
comos | g | Solee | zor [izon ot o |loan
Di-ihyaro caffeoyl spermicine CSHINIOS | 143s" | 1575 |aast |o7e |15 |ao6 | ovar
o | ier | [ moge Toe oo | doe | ooz
covios | et (i [ (we mo o
Eriodictyol-7-O-neohesperidoside C27H32015 2540519% 136?’;21 g%gsr gsgg& i04121 3,3822i 113812i
Eriodictyol-7-O-rutinoside C27H32015 | oot | 010k | 03 8dr [ 8306x | o7 A | 5008 | S2 3k
oy |soeser | S |Ber ez e |
cisor |6 Mo [lome [eree s [ oo
comoos | e [ 4e e wam me mo |t
cimsnos |00 | S [singe o | | wogee | 2o
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Flavone base + 40, O-MalonylHex CoaH2014 | 1R2TE | 20598 lassipg | 100|000 | I3 A
Flavonol base + 40, O-Hex-dHex, O-Hex | C33H40021 | 1oon | 220025 | 3388 | 80855 | 5320 | 887 | 290
cmoon |0 |5 o |mwe [me |mpe | uge
oo |82 e | e o [ |
coon |52 | mioe [ mow | s |
coor |50 | e e | |20 |
Isorhamnetin 3-galactoside C22H22012 1265& ;?2'8& 2;? IZZi gggi gggi 6.9+ 1.58
isorhamnetir_1—3—gIucc_)side—4’_—glucoside C28H32017 49.19+ 69.21+ 58.35+ 41.3+ 17.51+ 40.43+ 21.82+
(Isorhamnetin 3,4’-diglucoside) 5.4 9.68 11.96 5.54 5.9 2.37 1.41
o soges | coors |20 |2 o |1 e | |
Isorhamnetin-3-O-rutinoside Co8H32016 | 2003t | 738% 1334k (020w A2k (A2 | 205
comnon | e | e e s s [ | mce
Kaempferol 3-O-gentiobioside CotH3ools | SO0F | o7x03 OO0 | 0LF  oZeE (Rl o2e
orotsoopunies | |50 | e s [ |me e o
Kaempferol-3-Glucoside-3’’-Rhamnoside | C27H30015 5266?;; ;160281 ég7gg4i 308241 Ethi (158(1317& :272?&
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Kaempferol-3-O-glucoside C21H20011 | Seo0t | 230 | 2ase [ 8ane | Lake |00 | A0T
kaempferol-3-O-rutinoside C27H30015 0+0 0+0 0+0 0+0 0+0 0+0 0+0
covimon |1 s | |1 | e [sro | ot
Kaempferol-7-neohesperidoside C27H30015 ?;:iiﬁ 3.72'2& %%gli iégi 1.15(8)41 i:igi 5.32+ 1.3
coancn |30 [sae |1 s [sme o uan
Luteolin-3* 7-di-O-glucoside oo T I e B ek DO o S v B
oo |10 (o2 [ome o o [ome |ou:
Methoxy-myricetin-O-hexosyI- C28H32017 276.23+ 291.7+ 522.16+ | 447.46+ | 324.35+ | 465.2% 385.46+
deoxyhexoside 41.73 48.45 112.56 39.82 52.88 65.96 39.14
Methy| chiorogenate CLH2009 | 150oet | Geor |asoe | 7001 | o668 | 3044 | 9065
Methylophiopogonanone A CloH1806 | o™ | pes |ora . |130p | 1668|1386 | 2009
N-Caffeoylputrescine CLOHIBN203 | 166001" | Igaaar | 110407 | 86133 | 221693 | 117036 | 106947
Panasenoside covaoots | g™ |50 |47 |iaee  |200 |81 |asa
Prunin camzono |G |Te 5908 |05 |oma
Quercetin C1sH1007 | aee™ | Goao |anst |sas | smer | 1sce | 1081
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oo | | [ [ e [ [y
Quercetin-3,4’-O-di-beta-glucopyranoside | C27H30017 33813& 3880;31 ;gi‘ggi 551345271 ﬁ%%i 1593261 411.060'971
— oo |1t |1 [moe [me |pes [ |me
onos | 2 | [ [ we |z |t
cour |51 |Be [3me s [mpe e |
Tiliroside C30H6013 [ 120%F |23 |2 aggrop | S92 | DT0E | 078
trans-5-0-Catffeoylquinic acid C16H1808 | 0+0 0£0 |00 |00 [o0x0  |ox0 | %%
rans-Calfeo ci COHBOL |16 |p7e | 757 |eir |oes  |ase |32
owor |21 | [ |mee e aue |
Catechin gallt Co2H18010 | 7ee® |75 |a7ss  |sa7e  |sel  |1ems | 2ace
ios_|Bae [ e [ [y 9 |00
et |t comeos |35 3 oo |3 o |38 o
erms | cun rimsos |25 [ mp o [me [mes o
o | | s | | [ e
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Andistin A casrzsor ™ |57 (00" loss |osz |o1r |oss
Dehydroisoandrosterone sulfate C19H2805S | 00 SRl O et TG BT 8 B e
Edpetline CaaHsaNs | gp't |azes0a | Tigt |7 DT 313613 | oot
Eurycomalactone CloH2406 | yor”  |308e11 | get o |17 w03
lutarmide ClIH11F3N2 | 3206+ | 2306+ |18.35+ |17.36+ |9.01+ |11.15+ | 8.46%
Steroids and 03 2.3 1.91 1.3 1.73 0.17 1.08 0.65
derivatives Hydrocortisone C21H3005 527?141r ég4351944_r ggiéi égoggSi ggigi %gslgli ?‘&1347131r
Hydroxyprogesterone C21H3003 | 537" |so0er | asgs  |ozes | 2767 | assar | 31915
Mestranol camaez | gu™ |6 Gur |aes . | 8913|140 |13
Progesterone C21H3002 503?& %2742& 122151% 3359781 215;?1 é(1)8551i3i ;82493&
Senegenin CI0HASCIO8 | 111570" | r76e | Gosit | ainss | 57051 | 25381 | 30438
13-alpha-(21)-Epoxyeurycomanone C20H24010 ié337i 500%21 11(2)}161 ﬁggi ;722& igf{?ﬁ 55411&
— i’éﬁ@??%‘ié’mazmi”'_3‘4H"y"ethy' Curinzos | S | 5100 |3as |ais |26 |ats
Terpenods tzr.giﬁr;usoﬁ;h7ygrg'riﬁirr?;gm?%lefb C20H2805 | [yeot | 29% | Ieame (o8 2000 s ] 2065
c]pyran-4-one
20-deoxyingenol C20H2804 | T30 13+03 | 126020 | 10 |00 | 11s03 | SO0
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cowos |33 |1 [o [wo [oo [sw [am
Asperulosidic acid cir4012 | or* |0l |oos |oos  |oos  |oos | ooa
Bilobalide C15H1808 3.1623i é%gi fdg:ﬁ ;?5'371 ﬂ;g“ ;16811 1424 2.1
oo |53 st |z [ i Jow [
e R - e
Ganoderic acid D2 caoHa208 | oo 0% ot |oar | 08012 ght |05
Gardenoside cih2o1l | oo |oos  |ooa oo |oos  |ooz  |o0s
geniposidic acid C16H22010 | 1.5F | 17¢102 | 11£036 | 132604 | 072045 | 7275 | 15%
Ginsenoside Rf car2o4 | ot gt |55 |85 et 107 | Ga
Ginsenosice R c36H200 | 077" |55 |oos  |oos  |oos  |oos  |ooa
Gossypol coH008 | 0ur” 7o |om loss |0650% [0 oo
Hederagenin base + O-AcetylHex caHe0010 | it | gt |gpe  |319203 o5t [0 | Gas
Hetisine C20H27NO3 | 00 0+ 0 0+ 0 0+0 0+0 0+0 0+ 0
Hydroxyvalerenic Acid c1sH208 | 05" |oos loos  |1or |1 |ie |1m
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Lagochili caoms0s |72t 1% |Tos | 11s |18 |12 |ose
Lucidenic acid D coor3808 | Dot |16 |13 |1ee  |1m  |im  |1a
Miltrone CloM2202 |t ez |6 |4aks |43 |os8 |ai
Muurolladie-3-One cisHzo |5 | | Tavs |eoe |ami | 1aves | eer
Ophiopogonoside A CHMIO08 | aiis |seep | 295 |ooa |85 |38 |05
Quillaic acid caHas0s | oYt | gugt  |oeoan g T oaesor | PO
Sylvestroside | C33H48019 | 19£054 | o10% | 14x042 |154x03 | 090F | D898
D-(+)-Pantothenic acid coHTNOs | 35 TR | Sees | s04s . |20 |mra | 1ada
Vitarnins Niacinarmide coHoNz0 |t 1R (S tas e l3e o |aea
Nicotinamide ceHoN20 | Tt | ahe 48928 oot e | 35a |aes
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Table 8 | List of identified and annotated metabolites in eggplant leaves and their correlations with larval occurrence, mass, and mortality.

Spearman’s (rs) correlation of

| g Adduct / | Molecular Precursor | - metanolite concentration among
Class Compound Name RT Charge | formula '%n mass seven eggplant varieties w/ larval
a
(Da) Occurrence Mass Mortality
R?=-0.75 R?=-0.75 R?=0.78
1-(4-methoxyphenyl) ethanone 2.29 [M+H]+ C9H1002 151.075 P=0.04 P=0.06 P=006
. . R?=-0.32 R?=-0.32 R?=0.35
Dihydrojasmone 8.38 [M+H]+ C11H180 167.143 P= 044 P= 044 P= 044
2— _ 2— 2—
Phenylacetaldehyde 131 | [M+H]+ | C8H8O 121065 | p_ o007 | BT 00T | RO
Aldehyde and ketones o
3-FORMYLINDOLE 9.13 | [M-H]- CIH7NO 144.045 R=007 | R=007 | R=0
' ' P=0.83 P=0.83 P=1
R?=0.17 R?=0.17 R?=-0.07
4-Hydroxybenzaldehyde 8.28 | [M-H]- C7H602 121.03 P 071 P 071 P= 0.83
. R%=0.64 R?=0.64 R?=-0.57
Protocatechuic aldehyde 7.69 [M-H]- C7H603 137.024 P=01 P=01 P=016
. R?=-0.21 R?=-0.21 R?=0.32
Brucine 7.18 [M+H]+ C23H26N204 395.197 P=0.44 P= 059 P=0.59
. R?=-0.07 R2=-0.07 R?=0.21
Calycanthine 10.33 | [M+H]+ C22H26N4 347.223 P= 0.59 P=0.83 P=0.83
Alkaloids and . . I R2: -0.17 RZZ -0.17 R2: 0.21
Serivatives Cinchonine 0.1 [M-H] C19H22N20 293.166 P=0.71 P=0.71 P= 059
Hirsuteine 997 |[M-H- | C22H26N203 | 365187 | K007 | R=0.07 Ri=0
' ' P=10.83 P=10.83 p=1
R?=-0.6 R?=-0.6 R?=0.53
HYDROQUINIDINE 12.16 | [M-H]- C20H26N202 325.192 P=013 P=0.13 P=0.23
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Imperialine 6.53 | [M+H]+ C27H43NO3 430.332 Ei:o_.gi% Eizo'.g'o‘o’ E;?gm
Khasianine 6.96 [M+H]+ C39H63NO11 722.447 Eizogééz E;félz Eizo-lg.OQ
quinidine 7.01 [M+H]+ C20H24N202 325.191 IFDi:O—.(;éOS Eizotg'lOS Eizo(.)éiz
Ranaconitine 8.68 | [M+H]+ | C32H44N209 | 601.312 Eizo'_gé“ Ei:o_.(?)im E;%il
Solamargine 6.96 | [M+H]+ | C45H73NO15 | 868.505 sizo'_gfz Eizofgfz Ei:(ﬁiB
Solanidine base -2H + 10, O-Hex-dHex-dHex | 6.5 [M+H]+ C45H7INO15 | 866.49 Eizo'_ggm Eizo_,géﬂ Ei:oés'ff
Solasodine 727 | [M#H]+ | C27H43NO2 414.337 sizo'_g'% E;ﬂfS Eizomfs
Solasonine 6.92 [M+H]+ C45H73NO16 884.5 52:0?124 §i209i64 Eizo_.?ﬁ
Splendoline 7.42 [M+H]+ C21H26N204 371.197 Ei:o(_)é% §i2094i5 Eizo-.g.446
Strictosamide 10.84 | [M-H]- C26H30N208 | 497.193 Ei:o__?'lm Eizofg'llll Efo‘,’g?
Subsessiline 9.81 [M+H]+ C43H48N406 717.365 5220?7'23 Ei:09§03 Ei:09§14
Trigoreline L2 | el | c7hTnoz | 1seoss | BRCGSS RS | EE OS2
Vinpocetine 6.95 | [M+H]+ | C22H26N202 | 351.207 5220'253 Eizo'.g'sss E;%?
Xanthine 343 | [M+H]+ | C5H4N402 153.041 5220'8375 Eizo'.gg‘r’ Eizo%%z
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- R?=0.32 R?=0.32 R?=-0.28
Spermidine 091 | [M+H]+ C7H19N3 146.165 P=0.49 P=0.44 P=0.44
. R?=-0.14 R?=-0.14 | R?=0.1
Spermine 6.26 | [M+H]+ C10H26N4 203.223 P=0.78 P=0.71 P=0.71
Amines R?=-0.42 R2=-042 | R?=0.46
Tebuconazole 10.05 | [M+H]+ C16H22CIN30O | 308.152 P=0.3 P=0.3 P=03
. R?=-0.67 R2=-0.67 | R?=0.64
Tyramine 132 | [M+H]+ C8H11NO 138.091 P=0.1 P=0.08 P=0.08
. R?=-0.25 R?=-0.25 | R?>=0.28
1-Aminocyclopropane-1-carboxylate 1.17 | [M+H]+ C4H7NO2 102.055 P=0.49 P= 0.59 P=0.59
2-(4-aminotetrahydro-2H-pyran-4-yl)  acetic R?=-0.67 | R?>=-0.67 | R*=0.71
acid 3.28 | [M+H]+ C7H13NO3 160.097 P=0.08 P=0.08 P=0.08
. . R?=-0.25 R?=-0.25 | R?>=0.35
Aphyllic Acid 11.46 | [M-H]- C15H26N202 | 265.192 P= 059 P= 0.59 P= 044
.. R?=0.42 R?=0.42 R?=-0.28
Arginine 1.03 [M+H]+ C6H14N402 175.119 P=0.49 P=03 P=03
. R?=0.53 R?=0.53 R?=-0.6
Asparagine 111 | [M-H]- C4HBN203 131.046 P=0.23 P=0.23 P=013
Amino acids and R2= 0.28 R= 0.28 R2= 032
derivatives ic aci _HI- =Y. =Y =Y
Aspartic acid 1.16 | [M-H] C4H7NO4 132.03 P=0.49 P=0.49 P=0.44
. R?=-0.03 R?=-0.03 | R?=0.07
Betaine 1.2 [M+H]+ C5H11NO2 118.086 P=0.83 P=0.9 P=0.9
- R*=0 R?=0 R?=0.17
Citrulline 1.12 [M+H]+ C6H13N303 176.103 o
P=0.71 P=1 P=1
. . R*=0.5 R=05 | R=-0.42
CocamidopropylBetaine 9.94 | [M+H]+ C19H38N203 | 343.296 P03 P= 0.26 P=0.26
. . R?=-0.03
Diphenylamine 9.64 | [M+H]+ C12H11IN 170.096 R?=0 R=0 P=1 '
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P=0.9 p=1
DL-3-Aminoisobutyric acid 1.14 | [M-H]- C4HINO2 102.056 Ei:o(_)égl Ei:o(,)éél Ei:o_,gim
Feruloyltyramine 947 | [M-H- | CI8HIONO4 | 312.124 522091'64 Ei:09i64 Eizo'gf
gamma-Glutamyltyrosine 6.15 | [M+H]+ | C14H18N206 | 311.124 52:0(_)7'5238 Ei:o(,)zigzgs Ei:o?lgl
Glutamic acid 1.18 | [M+H]+ C5HINOA4 148.06 Ei:o__gé% Eizo_,g'% Ei:o(,)éss
Glutamine 1.14 [M+H]+ C5H10N203 147.076 si:o(.)ﬁs Ei:(&? Eizo_.ggsz
Glutathione (oxidized) 321 | [M+H]+ 2:22 OH32NBOLZ | 613159 Ei:o(_)gos Ei:09é03 Ei:o%OB
Histamine 1oL | el | csHons | mpos | IEEED | EEOE | EEAH
Isoleucine 1.98 | [M+H]+ | C6H13NO2 132.102 sizo(_)fll Eizo%él ?izofgéﬂ
L-5-Oxoproline 114 |[MH]- | C5H7NO3 128.035 sizo(_)ﬁf E;?ﬁz Eizofg;;s
L-beta-Homoisoleucine 446 | [M+H]+ | C7TH15NO2 146.118 Eizo_.g'g?l Ei:o_,ggl Ei:o?dzz
L-glutamic acid-L-glutamine 147 | [M+H]+ | C10H17N306 | 276.119 Eizoogé Ei:oonlg Ei:o_,gém
L-Glutathione (oxidized form) 1.4 [M-H]- (33220H32N6012 611.145 Ei:o-_g.os Eizo-lg.OS ?2: .
L-Phenylalanine 4.6 [M+H]+ CO9H1INOZ 166.086 Eizo-.géﬂ Ei:o-,g'gﬂ Ei:o(,)égg
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N, N-Dimethylarginine 112 | [M+H]+ | C8H18N402 203.15 Eizo__ggm Ei:o_,g'lm Ei:o(,)fil
N-Acetylarginine 1.21 | [M+H]+ C8H16N403 217.13 52:0%38 Ei:o(,)£8 Ei:o_,géﬂ
N-Acetylhistidine 117 | [M+H]+ | C8H1IN303 | 198.087 Efo'_gg“ Ei:of8'°3 Ei:o(,)ém
N-ACETYL-L-LEUCINE 866 | [M-H- | C8HI5NO3 172.098 Eizo(_)ﬁ‘r’ Eizoﬁs Eizofgf’z
N-acetyl phenylalanine 9.06 [M-H]- C11H13NO3 206.082 Ei:o(_)j,iz Eizo(.)ff Eizo_.gézg
N-acetyltryptophan 9.14 [M-H]- C13H14N203 245.093 Ei:o(_)452;8 Eizo(.)d.éB Eizo_.gfz
N-acetyltyramine 6.37 | [M+H]+ | C10H13NO2 180.102 Eizo'_ggm Eizo_,g'lm Ei:o%il
N-Fructosyl tyrosine 6.7 | [MtH]+ | C1I5H2INO8 | 344.134 Ei:()(_)ﬁs Eizo(,)ff Ei:o_,gész
O-Phosphothreonine 1.75 [M-H]- C4H10NOG6P 198.017 sizo-.(g).OS Eizo-.g.OS ?2: 0 P=
Pantothenic acid 6.22 | [M+H]+ C9H17NOS 220.118 Eizloll Ei:oonlg (?27:80 "
Phenylalanine 422 | [M-H- | COH1INO2 164.072 52:09422 Eizoﬁz Eizo'.g'lﬂ
Proline 125 | [M+H]+ | CSHONO2 116.071 Eizo'_géz Ei:o_,g'ﬂ Ei,%w
Pyroglutamic acid 277 | [M+H]+ C5H7NO3 130.05 5120(7)11 Ei:oggl Ei:o(,)%g
Quercetin 3-O-malonylglucoside 8.08 [M+H]+ C24H22015 551.103 5220%07 Ei:09é27 Eizo-.géos
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Serine 11 | [M-H- | C3H7NO3 104.035 E;?ﬁz Ei:o(.)ziiz Eizo'.gézs
Threonine 111 [M-H]- C4HI9NO3 118.051 52209438 Eizo(l)‘é8 Eizo-.g.;g
Triethanolamine 6.02 | [M+H]+ | C6H15NO3 150.112 52:0244 ? Ei:o_,gldfz Ei:o(,)é35
Tyrosine 230 | MeHl+ | CoHuNO | 1saom | PR COE | EEOR | BEO
Valine 672 | [M-H]- | CSHLINO2 | 116.072 ?39434 Ei:(ﬁ? Eizo'gf
Cyanidin-3,5-di-O-glucoside 8.35 | [M+H]+ | C27H31016 612.168 Ei:o(_)ggl Ei:o(,)égl Ei:o_,g'gm
Cyanidin-3-glucoside 9.55 | [M+H]+ | C21H21011 450.116 Si:oiég Ei:()%,? Ei:o_,gldfz
Anthocyans Cyanidine-3-O-sambubioside 9.37 [M+H]+ C26H29015 582.158 sizo__g'a,ll Eizo_.g'jl Eizoég'gg
Malvidin-3-O-glucoside 10.21 | [M+H]+ | C23H25012 494.142 Eizo'_;’? Eizofggs Ei:o(,)é?;l
Peonidin-3-O-glucoside 7.81 | [M+H]+ | C22H23011 464.131 Eizo(.)é,? Ei:o(,)éél Ei:o_,gim
1-Cinnamoylpyrrolidine 6.31 | [M+H]+ | C13H15NO 202.123 Eizo_.g'gss Ei:o_,gfg) Ei:o(,)ziil
Carbohydrates and 2-alpha-Mannobiose 7.4 [M-H]- C12H22011 341.109 Eizo—.g.gSQ Eizo.lgégg Ei:09é42
derivatives 2’-Deoxyguanosine-5’-diphosphate 3.04 [M-H]- % OH15N5010 426.022 52:0%5291 Eizo%él Eizo-.gézs
5°-S-Methylthioadenosine 6.35 | [M+H]+ CI11H15N503S | 298.097 Eizoc_)égs Ei:o(,)QOS Eizo-,g'm

99



. R?=0.5 R2=0.5 R?=-0.42
Adenine 1.11 | [M-H]- C5H5N5 134.047 P=0.26 P=0.26 P=03
. R?=0.67 R?=0.67 R?=-0.64
Adenosine 3.9 [M+H]+ C10H13N504 | 268.104 P= 01 P=0.08 P=0.08
S . R?=0.14 R2=0.14 R?=-0.25
Adenosine 3°5’-cyclic monophosphate 5.13 [M-H]- C10H12N506P | 328.045 P=0.71 P=0.71 P= 0.59
S R?=0.6 R?=0.6 R?=-0.71
Adenosine 3’-monophosphate 592 | [M-H]- C10H14N507P | 346.056 P=013 P=0.13 P=008
. - C10H15N5010 R>=0 P= |R>=0 P= | R=-0.07
Adenosine 5’-diphosphate 298 | [M-H]- P2 426.022 1 1 P=0.83
, C10H15N5010 R?=-0.32 R?=-0.32 | R?>=0.39
ADENOSINE 5’-DIPHOSPHATE-2 2.81 [M-H]- p? 426.022 P=0.44 P= 044 P=0.39
. . C10H15N5010 R?=0.14 R?=0.14 R?=-0.21
Adenosine_Diphosphate 415 | [M+H]+ P2 428.037 P= 0.59 P=0.71 P=0.71
C10H15N5010 R?=0.1 R?=0.1 R?=-0.28
ADP 352 [IMHE |y 426022 1 p-o78 | p=078 | P=049
R?=0.64 R?=0.64 R?=-0.57
AMP 566 | [M-H]- C10H14N507P | 346.056 P= 0.1 P=01 P=0.16
. . . R?=0.14 R?=0.14 R?=-0.28
B-D-glucopyranosiduronic acid 7.58 [M+H]+ C21H26N204 371.197 P= 049 P=0.71 P=0.71
- Lo R?=-0.07 R?=-0.07 | R=0.21
B-Guanidinopropionic acid 6.2 [M+H]+ C4H9IN302 132.077 P= 059 P=0.83 P=083
Lo L . C21H27N7014 R?=-0.64 R?=-0.64 | R*=0.6
B-Nicotinamide adenine dinucleotide 3.22 [M+H]+ P2 664.116 P=013 P=01 P=01
. S R?=0.6 R?=0.6 R%=-0.64
D-Arabinose-5-phosphate disodium salt 1.97 [M-H]- C5H1108P 229.012 P=013 P=0.13 P=01
R?=-0.25 R=-0.25 | R>=0.14
Glucose-6-phosphate 201 | [M+H]+ C6H1309P 261.037 P=071 P= 059 P= 059
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Guanine 5.03 | [M+H]+ | CSH5N50 152.057 Eizo_.gém Ei:o_.gim Ei:o(.)%is
Guanosine 5.03 | [M+H]+ C10H13N505 | 284.099 Eizo'_g'gl“ Eizo'.g'llﬂ' Eizo(?;is
Guanosine 5’-diphosphate-D-mannose 5.56 [M-H]- gzl 6H25N5016 604.07 Eizo_.g'd'z Eizo_lg'dfz Eizo(.)ézg
Hypoxanthine 518 | [M+H]+ | C5HAN4O 137.046 529: 0 P= ?2: 0 P= Eizlo.OS
Inosine 491 | [M+H]+ | C1O0H12N405 | 269.088 si:o__ng Eizofgézg Ei:(ﬂ“;z
Isomaltulose 1.42 | [M#H]+ | Cl2H22011 | 343.123 53'_847 ° Ei:0f8'675 Eizo%?
Mannose 1-phosphate 2.01 [M-H]- C6H1309P 259.022 Eizo(_)z'gs Eizo(,)zzs Ei:ogf

Melezitose 1.33 | [M+H]+ | C18H32016 505.176 sizo'_géﬂ ?izofgiN E;%T
N2-Methylguanosine 599 | [M+H]+ | C11H15N505 | 298.115 sizo__g'sz Eizo_,gfz Ei:o%lf
Roseoside 6.91 | [M+H]+ | C19H3008 387.201 Eizo-.(?)ém Eizo'.gém Eizo'.gél

Sorbitol 1.18 | [M-H]- C6H1406 181.072 Eizoc_)ﬁz Eizogﬁz Eizo-.gézs
Swertiamarin 9.88 | [M-H]- C16H22010 373.114 Eizo'_g'; Ei:o_,g'; Ei:o%

wans-piceid e I K I Py S oy S e
Trehalose 1.22 | [M-H]- C12H22011 341.109 Eizoc_)f EEZO%S Eizo-gfz
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UDP-D-glucose 684 | [MHL | 5 P NPT 565 04 Ei:o__g% Ei:o_,g% Ei:o(.)i?
Uracil 358 | [M+H]+ | C4H4N202 | 113.035 Ei:1-0.03 Eizo-.g.os 529: 0 P
Uridine 177 | [M-H]- | CO9H12N206 | 243.062 550%'64 §i209i64 Eizo'gf
Uridine 5’-diphospho-D-glucose 667 |[MH- | 5 2 NP0 565 008 Eizo-.gézs Eizofgéz‘r’ E;%gg
Xanthosine 591 |[M-Hl- | Cl0HI2N4O6 | 283088 | Ko o0 | RE0OT [ RE01
2,8-Quinolinediol 956 | [M+H]+ | COH7NO2 162085 | R 08 | RE06 | RE067
2-Acetoxy-4-pentadecylbenzoic acid 11.36 | [M+H]+ C24H3804 391.284 Eizo'_gész Eizo_,gfz Ei:ogiiB
2-Hydroxy-4-methylpentanoic acid 8.56 | [M-H]- C6H1203 131.071 IFi:O_.(?).lﬂ Ei:o_,gll? Ei:o%él
2-1sopropylmalic acid 795 |[M-H]- | C7H1205 175.061 52:0?164 E;?f“ Efofi’??
Carboxylic acids and | 2-Oxobutyric acid 617 |[M-H- | C4H603 101.024 ?2: 0 P= ?2: 0 P= Ei:o?é?
derivatives
gl( I?/IEJI—?&??PYI-%EI-YL)-Z-PROPENOIC 6.88 | [M+H]+ | C11H1205 225.076 R=021 | R*=021 | R=-007
ACID P=0.83 P=059 | P=059
Z—((:LthDROXYPHENYL)PROP-Z-ENOIC 67 | MeH+ | CoHgos 165,055 Ei:o(_’g%?’ Ei:oc,)éos Ei:o-.gm
oo s P 741 ek | ctabpool0 | araus | FECR BRI | EE AR
3-Indolepropionic acid 727 | [M#H]+ | C11HIINO2 | 190.086 5220-264 2 Eizo'g'“ §i=09é57
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3-Pheny! lactic acid 9.93 | [M-H]- C9H1003 165.056 ?2: 0 P= ?2: 0 P= Eizo-.g.lm
4-Hydroxyquinoline-2-carboxylic acid 10.31 | [M-H]- C10H7NO3 188.035 Ei%?é? Ei:()%? Eizo%l
Benzoic acid 5.37 | [M+H]+ C7H602 123.044 Eizo__géss Ei:o_,cl)lz% Ei:o(,)iég
cis-Aconitate 2.13 [M-H]- C6H606 173.009 Ei:oozg Ei:()ozg Ei:o-.gAZ
Citric acid 235 |[M-Hl- | C6HBO? 191.02 =053 |R=053 |\ RE=046
Diethyl phthalate 8.69 | [M+H]+ C12H1404 223.096 Ei:ofggm Eizo_,gém Ei:oog%g
Dioctyl Phthalate 11.31 | [M+H]+ | C24H3804 391.284 (F; 29: 0P ?2: 0" Eizl-o.os
Ethylenediaminetetraacetic acid EDTA 1.37 [M+H]+ C10H16N208 293.098 si:o__g'lm Eizo—.g.SOY Eizo%?
Fumaric acid 1.56 | [M-H]- C4H404 115.004 52:0?43,2 Eizo(,)j,iz Ei:o_,gézs
Kynurenic acid 10.21 | [M-H]- C10H7NO3 188.035 Ei:o(_)ég,Y Ei:()%? Eizofgél
L-Glutamic acid 1.14 | [M-H]- C5HINO4 146.046 52:09422 Eizoﬁz Eizo'ggzg
L-kynurenine 4.06 [M+H]+ C10H12N203 209.092 Eizo(.)%zll Eizo%él Eizotgém
L-Saccharopine 1.17 [M+H]+ C11H20N206 277.139 Eizo-_ggl Eizo-lggl Eizo%zz
Methyl nicotinic acid 6.73 | [M+H]+ C7H7NO2 138.055 5220?5;35 Ei:o(,)éf Eizo-,gém
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MUCIC ACID 1.79 [M-H]- C6H1008 209.03 5220022 Ei:OOZSG Eizo-.gAZ
Nicotinic acid 1.83 | [M+H]+ | C6H5NO2 124.039 Eizo'_?'l“ Ei:of8'°3 Ei:o(,)ém
Phthalic anhydride 104 | [M+H]+ | C8H403 149.023 Efo'_ﬁf ° Ei:o_,g'% Ei:o(,)é%
Quercetin-4’-glucoside 745 | [M+H]+ | C21H20012 465.103 Ei:o(_)égz Ei:()(,)jj,z Ei:o_,gfz
salicylic acid 758 | [M-H]- C7H603 137.024 Si:O(_)Z'ZS Ei}?éég Ei}f?'“
Trifloxystrobin 10.39 | [M+H]+ SZOngFBNZO 409.137 Ei:o'_g'gm Eizo_,g'lm Ei:o%g?
Tryptophan 671 | [M-H- | C11H12N202 | 203.083 Sizot_)# Eizo(.)?'? Eizo-.g.sm
Vanillic acid 6.96 [M-H]- C8HB804 167.035 sizo.oéél sizo(.)éél Sizo-.gilll
Xanthurenic Acid 796 | [M+H]+ C10H7NO4 206.045 si:()__(l)ém Eizo_,gém Ei:oé(fg?
Cholines Acetylcholine 1.12 [M+H]+ C7H16NO2 147.125 Ei:OOﬁ Eizoonlg Eizotgém
9,12,15-octadecatrienoic acid 117 | [M+H]+ | C18H3002 279.232 Eizo(,)ég Ei:o(,)é? Eizo_,gfl
Fatty acid and Acaranoic acid 12,51 | [M-H]- C17H3004 297.207 Eizo-.(z)éSS Eizo_lg:g Eifé?
derivatives Avocadyne Acetate 10.56 | [M+H]+ | C19H3404 327.253 Eizlo.OS Ei:oc,)éos (?29: 0
Azelaic acid 952 | [M-H- | COH1604 187.098 52:09é42 Ei:09é42 Eizofg;f'z
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B-D-Glucopyranoside 8.48 | [M+H]+ C21H36010 449.238 Ei:0t2'417 Ei:o_,g'lﬂ Ei:o(,)f:)l)z
Heptadecanoic acid 13.9 [M-H]- C17H3402 269.249 Ei:oozf; Ei:OOZSG Eizo_lg'dfz
Hexadecanedioic acid 10.79 | [M+H]+ | C16H3004 287.222 Eizoc_)és Ei:oozse Ei:o_,gé42
Linoelaidic acid 1282 | [M-H]- | C18H3202 279.233 Eizo(_)ﬁz Eizoﬁz Efofﬂfs
Linoleic acid 13.43 | [M-H]- C18H3202 279.233 Eizot_)ﬁ? Ei:()(,)f? Ei:0381
Linolenic acid 11.64 | [M+H]+ C18H3002 279.232 Si:og;f Ei:0(1)36 Eizo(?i?
Mesaconic acid 23 | [M-H- | C5HB04 120019 | R5032 | RE032 | R 028
Methyl palmitate 10.88 | [M+H]+ | C17H3402 271.263 529: 0 P= ?2: 0 P= Eizlo'%
Palmitic acid (NMR) 1372 | [M-H]- | C16H3202 255.233 52:0?164 Ei:09i64 Efoj’f
Palmitoleic acid 133 | [M-H]- | C16H3002 253.217 Eizo(ﬁz Ei:o(,)4i2 Eizo-.gézs
Stearic acid 14.36 | [M-H]- C18H3602 283.264 5220022 Eizoozg Eizo-.gAZ
Trans-Vaccenic acid 13.81 | [M-H]- C18H3402 281.249 §i209é42 Ei:09é42 Ei:0(2)65
y-Linolenic acid 1314 | [M-H]- | C18H3002 277.217 Eizo'_gél Eizo'.gél E;%él
Flavins (-RIBOFLAVIN 6.9 | [M+H]+ | C17H20N4O6 | 377.146 52209425 Eizoclﬁs Eizofgfz
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Furanochromones 5-O-methylvisammioside 746 | [M+H]+ | C22H28010 453.176 5220266 Ei:0(1)36 Ei:o(,)i?
Indoles Indole-3-carbinol 7.94 | [M+H]+ | C9HINO 148.076 Eizoc_)églgz Ei:o(,)élz Ei:o-lg.OQ
Indolizidines Corynoxine 6.91 | [M+H]+ C22H28N204 | 385.212 522004%, Ei:oonlg Eizo_,gézs
Arctigenin 846 | [M-H- | C21H2406 371.15 Eizo(_)ﬁ‘r’ Eizoﬁs Eizofgf’z
'aéglr\‘g:fvi’;d Eleutheroside E 8.32 [H'\;'_+FA' C34H46018 | 787.267 Ei:o(_)%é Ei:o(,)%é Eizofgém
Secoisolariciresinol 9.76 | [M-H]- C20H2606 361.166 Ei:o__gém Eizo_,glsm EEZOOBi
Dehydrophytosphingosine 8.4 [M+H]+ | C18H37NO3 316.285 Ei:o__géss Ei:()—,glgss Ei:o(?ég?
i Phosphocholine 1.16 | [M+H]+ C5H15NO4P 185.081 52:0_8375 E%zo_,gé?S E%:O%gz
Quercetin-3-0-glc-1-3-rham-1-6-glucoside 6.92 | [M+H]+ C33H40021 773.213 52:0(_)55 §::0945;5 E;O_.gfz
sn-Glycero-3-phosphocholine 118 | [M+H]+ | C8H2INO6P | 259.118 Eizo__g'gm Ei:o_,gim Ei:o%zf
Curvularin 1197 | [M-H]- | C16H2005 201.124 Ei:O-.S-; Ei:o_,g'; Effo%
Gardnutine 6.83 [H'\;'fFA' C20H22N202 | 367.166 Eizoc_ff EQZO%S Eizofg'g,m
Oxanes Cochlioquinone A 11.91 | [M-H]- C30H4408 531.296 Eizo-_(;'lﬂ Eizo-.g'lﬂ Ei:o(,)éél
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Phenolics and
flavonoids

1-O-beta-D-Glucopyranosyl sinapate 7.97 [M-H]- C17H22010 385.114 Ei%?é? Ei:()%? ?2: 0 P=
2-Glucosyloxy-4-methoxy cinnamic acid 7.36 [M+H]+ C16H2009 357.118 Ei:097'23 Ei:09é03 Eizo—lg.m
3,4-di-O-caffeoylquinic acid 751 | [M+H]+ C25H24012 517.134 52:09435 Ei:o(?j,is Eizo-l?MZS
3-Deoxycaryoptinol 9.22 [M-H]- C24H3407 433.223 Ei:o(_)égzgl Eizo%él Eizo—.(;.lm
oy oz || cuonoos | wmon | B | B0 | Be
3-Hydroxycinnamic acid 7.85 | [M-H]- C9H80O3 163.04 5220?527 Ei:o(,)d? Eizo—&).64
3-O-Feruloylquinic acid 8.62 | [M-H]- C17H2009 367.103 Si:o'_g'os Eizo_,glos ?2: 0
4’5,7-Trihydroxy-6,8-diprenylisoflavone 7.49 | [M+H]+ C25H2605 407.185 si:o__(l)ifs Eizo-.g.SSS Eizoozg
4-Caffeaylquinic acid 8.05 [M-H]- C16H1809 353.088 52:0?2'23 Ei:o(,)égs Ei:oges
6,7-Dihydroxycoumarin 8.21 | [M-H]- C9H604 177.019 52:0?412 Ei:o(,ﬁz Ei:o_,gfs
Apigenin-7-O-glucoside 9.04 | [M-H]- C21H20010 431.098 ?22 0 P= TZ: 0 P= Ei:09§03
Benzoic acid + 10, 2MeO, O-Hex 7.37 | [M-H]- C15H20010 359.098 Ei:09é46 Ei=09é46 Eizo'gf‘r’
Benzoic acid + 20, O-Hex 7.3 [M-H]- C13H1609 315.072 Ei:o(_)ziiz Ei:oc,)ziiz Eizo-.gfs
Bergenin 8.46 | [M-H]- C14H1609 327.072 TZ: 0 P= ?2: 0 P= Eizo-.g.os
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Biochanin-7-O-glucoside 8.25 [HI\;I_JFFA_ C22H22010 491.119 52:0%03 Ei:o(,)éw ?2: 0
Caffeoyl putrescin 5.69 [M-H]- C13H18N203 249.124 Eizogjs Eizotg'JS Eizo%él
Caffeic acid hexoside 7.83 | [M-H]- C15H1809 341.088 Ei:o(_)dg? Ei:o(,)dg7 Ei:o_,g'm
CAFFEIC ACID 8.21 | [M-H]- C9H804 179.035 Ei:o%? Eizo%? Eizo-.cl).64
3-O-Caffeoyl quinic acid 7.41 [M-H]- C16H1809 353.088 Eizo__ggl Eizo_.g;;l Eizog.l?
Caffeoylcholine 5.25 [M+H]+ C14H20NOA4 267.147 si:O?éSS Ei:o(,)z'zs Ei:o_,gé%
CHLOROGENIC ACID 8.04 [M-H]- C16H1809 353.088 ?i:0j86888 Eizo-.gé82 Eizojg.l?B
Citrusin 7.62 [M+H]+ C16H2207 327.144 si:ooog Eizoolg Eizo-.(i)gS
Coumarin + 10 + 1MeO, O-Hex-Hex 7.76 | [M-H]- C22H28014 515.141 si:o__g'lm Ei:o_,gim Eizo%él
Coumaroyl Hexoside 7.85 [M-H]- C15H1808 325.093 52:0?164 Ei:09i64 Eizotgéw
Coumaroyl quinic acid 8.55 [M-H]- C16H1808 337.093 522091'64 Ei:09i64 Ei:0(1)36
Coumaroyl tyramine 7.63 | [M+H]+ C17H17NO3 284.128 Eizoogg Ei:oozg Ei:o_,gésg
Cupressuflavone 7.46 [M-H]- C30H18010 537.083 Eizoc_)ﬁél Ei:o(,)fill Eizo-.gfs
Cyanidin 8 [M+H]+ | C15H1106 288.063 53'_2328 Ei:o-.gé% Eizo%és
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Cyanidin 3-(2G-glucosylrutinoside) 7.06 | [M+H]+ C33H41020 758.226 52:10.03 Ei:09é03 529:0 P=
S0 Qmkorn |1 g |covons sz | S50 | B9 [5a
Cyclohexanecarboxylic acid 7.07 | [M+H]+ | C16H1808 339.107 (F;28:30 P ?2:0 " Ei:1_0'07
Cynarin 725 |[M-H]- | C25H24012 | 515.119 Ei:o(.)ig Ei:o(,)ig Ei:0j3'353
D-(-)-Quinic acid 139 | [MH]- | C7TH1206 191.056 Ei:o(.)(527 Ef&? E;ﬁgs
Daphnetin 748 | [M-H]- | COHe04 177.019 Si:o(_)i? Ei:09i27 Efojg'(f
Di-dihydro caffeoyl spermidine 6.21 | [M+H]+ C25H35N306 | 474.26 Ei:ogf ? Eizo_.gésg Ei:o%:;s
Epigallocatechin 3.89 | [M+H]+ C15H1407 307.081 si:()__g'gm ?:,3'114 Ei:o%il
Epsilon-Viniferin 6.65 | [M+H]+ C28H2206 455.149 Ei)?ﬁz Ei:09é42 Ei:o_,glss
Eriodictyol-7-O-neohesperidoside 7.95 [M-H]- C27H32015 595.167 52:0?531 Ei:o(,)éél Ei:o_,gllm
Eriodictyol-7-O-rutinoside 6.66 | [M+H]+ C27H32015 597.181 Eizo?ég,g §i=09§03 Eizo_,g'm
Esculin 6.54 | [M+H]+ | C15H1609 341.087 Eizo'_gél Eizo'.gél Ei,%?
Eupatilin 775 | [M-H- | C18H1607 343.082 Ei:09i64 Ei:091'64 Eizofcl)f
Ferulic acid 6.73 | [M+H]+ | C10H1004 195.065 5220'8557 Eizo'.cl)éw Ei}?i?
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Feruloyl tyramine 7.66 | [M+H]+ | C18H19NO4 314.139 52:097%;4 Ei:o(,)}idf Ei:ogll
Flavone base + 40, O-MalonylHex 9.96 | [M-H]- C24H22014 533.094 Eizo__g'lm Ei:o_,g'lm Eizoonla
Flavonol base + 40, O-Hex-dHex, O-Hex 864 |[M-H- | C33H40021 | 771.199 522091'64 Ei:09i64 Eizo'gf
Glabrol 6.75 | [M+H]+ | C25H2804 393.206 Ei:o'?f Eizofgél E;%?
Hyperoside 932 | [M-H]- | C21H20012 | 463.088 s:%g Ei:(ﬁ? Eizofgfz
Irigenin 726 | [M+H]+ | C18H1608 361.002 Ei:o(_)d? Ei:09i64 Efoj’-?s
Isorhamnetin 7.73 | [M+H]+ C16H1207 317.066 Si:o(_)fz Eizo(,)éﬂ Ei:o_,g'%
Isorhamnetin 3-galactoside 7.08 | [M-H]- C22H22012 477.104 52:0?438 Eizo(,)ff Eizo_.?lfz
e LA e e e s
Isorhamnetin-3-O-glucoside 9.57 | [M-H]- C22H22012 477.104 52:0?412 Ei:o(,ﬁz Eizotgézs
Isorhamnetin-3-O-rutinoside 9.59 | [M-H]- C28H32016 623.162 522091'64 Ei:o(,)im §i=0(1)36
aempeol 715 | [MeHle | ClsHioos | aaross | 57087 | BESR | BE T
Kaempferol 3-O-gentiobioside 10.61 | [M+H]+ C27H30016 611.161 :;izogsl Ei:0(7)81 Eizo(l)%?
Kaempferol 3-O-sophoroside 8.99 | [M-H]- C27H30016 609.146 Ei:o(_)é42 Ei:09é42 Ei:0(2)65
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Kaempferol-3-Glucoside-3’’-Rhamnoside 7.65 [M+H]+ C27H30015 595.166 Ei:o__géw Ei:o_,gém Ei:OOSé
Kaempferol-3-O-glucoside 9.57 [2M-H]- C21H20011 895.194 Eizo_.ggg Eizotgésg Eizo(l)éél
Kaempferol-3-O-rutinoside 13.97 | [M-H]- C27H30015 593.151 ?2: 0P ?2: 0 ?2: 0
Kaempferol-4’-glucoside 7.71 | [M+H]+ C21H20011 449.108 Ei:o__gésg Eizo_,gégg Ei:o(,)éél
Kaempferol-7-neohesperidoside 9.53 [M-H]- C27H30015 593.151 522097'14 Eizo(.)?'idf Eizo-g.ll?
Kukoamine B 9.79 | [M+H]+ | C28H42N406 | 531.318 Ei:oﬁ"‘ﬁ Ei:o_,g'% Eizo%m
Luteolin-3’,7-di-O-glucoside 9.73 | [M-H]- C27H30016 609.146 Ei:o(_)j,gzgg Ei:094é8 Eizo_.gll?
Luteolin-7-O-glucoside 126 | [M-H]- | C21H20011 | 447.093 sizo'_g';g Eizo-gésg Ei:(&zfs
Methoxy-myricetin-O-hexosyl-deoxyhexoside | 7.16 | [M+H]+ C28H32017 641.171 52:0?5':;2 Eizo(,)j,iz Eizo_.gfs
Methyl chlorogenate 7.1 [M+H]+ | C17H2009 369.118 Eizo-.(l).78 Ei:o_,gla,?g Ei:o?di4
Methylophiopogonanone A 1.43 | [M+H]+ | C19H1806 343.118 Eizoggl Ei:oggl Ei:o(;?
N-Caffeoylputrescine 5.28 | [M+H]+ C13HI8N203 | 251.139 Eizo_.gfl Ei:o_,g;l Ei:o(,)égl
Panasenoside 6.77 [M+H]+ C27H30016 611.161 Eizo-_gfl Eizo-lg.ng Eizoéé(é?
Prunin 731 | [M+H]+ | C21H22010 | 435.129 5221'0'07 Eizo'.g'sw 5 ;:30 P=
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Querceti R R e L By o ey v
Quercetin 3-gentiobioside 7 [M+H]+ | C27H30017 627.156 52:0%21 Ei:o(,)dél Ei:o_,ggs
Quercetin-3,4’-O-di-beta-glucopyranoside 8.74 [M-H]- C27H30017 625.141 Ei:09é23 E;fé? Eizotg'%
RUTOSIDE (rutin) 9.29 | [M-H]- C27H30016 | 609.146 Ei}f?"‘e 533'46 E:?ﬁz
Scoparone 7.45 [M+H]+ C11H1004 207.065 Eizo__gém Eizo—gf? Ei:O(?'J(.)gS
Scopoletin 6.61 [M+H]+ C10H804 193.05 sizo-.g.lQZ Ei:0-0.92 Ei:OO.SS
Tiliroside 95 |[M-H- | C30H26013 | 593.13 sizot_)ﬁf Eizo(ﬁs Eizofggsg
trans-5-O-Caffeoylquinic acid 6.6 [M-H]- C16H1809 353.088 Eizo(s);f Ei:og74 Ei:008§
trans-Caffeic acid 7.84 [M-H]- C9HB80O4 179.035 52:0?637 Eizo(.)d? Eizo-.(i).64
8-Gingerol 10.35 | [M+H]+ | C19H3004 323.222 Ei:o__(g)'% Eizo'.ggzs EEZO%Z
Catechin gallate 9.11 | [M+H]+ C22H18010 443.097 .Ffogf ? Ei:o_,gAZ Ei:o(,)éss
Vanillin 7.06 | [M+H]+ | C8H8O3 153.055 Eizo_.gf ’ Ei:o_.gfz Ei:o(.)zijs
m‘gj’f&‘g:‘gons Hypericin 777 | [M-H]- | C30H1608 503.077 Eizo'_gf Eizo'g'f E;%S
Pyrimidine nucleosides | Cytidine 115 | [M+H]+ C9H13N305 244.093 5220-2521 Ei:o-,gém Eizoc,)ééS
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Quinilines 4-Hydroxyquinoline 10.12 | [M-H]- COH7NO 144.045 Eizoc_)ég? Ei:o(,)ég Ei:ogsl
Andrastin A 12.09 | [M-H]- C28H3807 485.254 52:097'1124 Eizo(l);li‘l Eizo-lgél
Dehydroisoandrosterone sulfate 5.69 | [M-H]- C19H28058 367.158 Ei:o__g'lm Ei:o_,g'lm Eizoonla
Edpetiline 6.54 | [M+H]+ | C33H53NO8 592.384 Ei:o_.gios Eizo-.g.o3 Eizo%m
Eurycomalactone 791 | [M+H]+ | C19H2406 349.165 Ei:o(_)ggz Eizo(,)éﬂ Ei:o_,glsg
Steroids and Flutamide 718 | mHE | SHHENZO 275,065 Si:o(.)ég Eizo(.)ég Eizo_.gﬂ
derivatives Hydrocortisone 9.56 | [M+H]+ C21H3005 363.217 Eizo'_ggm Eizo_,gém Ei:oégél
Hydroxyprogesterone 10.85 | [M+H]+ | C21H3003 331.227 sizo__gf ° sizo_,g'gZS Ei:o%f
Mestranol 11.37 | [M-H]- | C21H2602 309.186 52:09535 Eizo%f Efojgf“
Progesterone 10.93 | [M+H]+ C21H3002 315.232 529: 0 P= ?2: 0 P= Eizl_o'os
Senegenin 1091 | [M+H]+ | C30H45CIO6 | 537.298 Ei:o(_)%? E;%% Efoj?f
13-alpha-(21)-Epoxyeurycomanone 6.77 [M+H]+ C20H24010 425.144 Eizo—.g.SQ Eizo.lgégg Ei)%gZ
Terpenes and 2-(4-oxoquinazolin-3(4H)-yl)ethyl isobutyrate | 6.43 | [M+H]+ C14H16N203 | 261.123 Ri: 0.07 Ri: 007 Ri: o
Tarmenaids P=10.78 P=10.83 P=10.83
imethylobyiro L phno[s L pyren- | 877 | (et | Coobizsos | aspzon | K025 | K025 | RE=035

4-one
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20-deoxyingenol 767 | [M+H]+ | C20H2804 333.206 Eizo'.g'll“ Eizofg'llﬂ' Eizo%?
Asiatic Acid 12.92 | [M-H]- | C30H4805 487.343 Eizo'.ggl EizofgéH Eizo%zg
Asperulosidic acid 1.26 | [M+H]+ C18H24012 433.134 52:097%;4 Ei:o(,)}idf Ei:ogll
Bilobalide 6.7 | [M+H]+ | C15H1808 327.107 Eizl'om Eizofgém (F;_ 28:30 P=
Daphylloside 6.85 | [M+H]+ | C21H36010 449.238 Si:o__g'gl Eizofgél Ef&-?
T L e e Py
Ganoderic acid D2 109 | [M+H]+ | C30H4208 531.295 Ei:o'_g'os Eizo_,glos Ei:o_,glos
Gardenoside 9.08 [M+H]+ C17H24011 405.139 si:o__(s)'gm Eizo_.g'lm Ei:OFJY.iS
Geniposidic acid 9033 |[M-H- | Cl6H22010 | 373.114 Eizo'_ggl ?i:0f8'871 ?i}%?
Ginsenoside Rf 11.39 | [M+H]+ | C42H72014 801.499 52:0_856 Ei:of?f Ei:o?igl
Ginsenoside Rh1 0.1 |[_|'\]/I_+FA_ C36H6209 683.438 Eizo(.)ﬁz Ei:ocl)ﬁz Ei:o_,gézs
Gossypol 79 | [M-H]- | C30H3008 517.187 Eiz(ﬁ'? Ef(ﬂ? Eizo'.(l)'m
Hederagenin base + O-AcetylHex 12.29 [H'\;'fFA' C38H60010 | 721.417 Eizo'_g"m Eizo'g"m E;%Z
Hetisine 10.62 [H'\;'fFA' C20H27NO3 | 374.197 52:0 P= ?220 P= ?2:0 P=
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Hydroxyvalerenic Acid 12.68 | [M-H]- C15H2203 249.15 Ei:o__géw Ei:o_,gém Ei:007213
Lagochilin 9.85 | [M+H]+ | C20H3605 357.264 52210'14 Eizo%i‘l 527:10 P=
Lucidenic acid D 724 | [M+H]+ | C29H3808 515.264 Eizo'_g'% Ei:o_,g'% Ei:o(,)é42
Miltirone 6.56 | [M+H]+ | C19H2202 283.169 Eizo'_gél Eizofgél E;%?
Muurolladie-3-One 10.11 | [M+H]+ | C15H220 219.174 Eizo'_ggm Eizo_,g'lm Ei:o%il
Ophiopogonoside A 8.19 | [M+H]+ | C21H3808 419.264 Ei:o'_g'ss Eizo_,ng Ei:ogijz
Quilsc acid 842 | [MsHle | Caoasos | asrsaz | RS2 EEOS2 | EECEN
Sylvestroside | 6.07 | [M+H]+ | C33H48019 749.286 sizo__g'gsz Eizo_,gfz Ei:ogiig
D-(+)-Pantothenic acid 6.18 | [M+H]+ | COH17NO5 220.118 5?&21 Eizo(,)éél ?i:ofggos
Vitamins Niacinamide 1.09 | [M+H]+ C6HB6N20 123.055 52:10'03 Ei:o(,)éos (?29: 0P
Nicotinamide 1.8 [M+H]+ | C6HBN20 123.055 Eizo__g'g“ Ei:o_,g'lm Ei:o(,)7'215

115



Bibliography/ References

1.

10.

11.

Wheat, C. W. et al. The genetic basis of a plant—insect coevolutionary key
innovation. PNAS 104(51), 20427-20431 (2007).
https://doi.org:10.1073/pnas.0706229104

Mello, M. O., & Silva-Filho, M. C. Plant-insect interactions:an evolutionary arms
race between two distinct defense mechanisms. Brazilian Journal of Plant
Physiology 14, 71--81 (2002). https://doi.org:10.1590/S1677-04202002000200001

Van der Putten et al. Linking above- and belowground multitrophic interactions of
plants, herbivores, pathogens, and their antagonists. Trends in Ecology &amp;
Evolution, 16.10, 547-554 (2001).
https://doi.org/10.1016/s0169-5347(01)02265-0 .

Gols, R. et al. The effect of direct and indirect defenses in two wild brassicaceous
plant species on a specialist herbivore and its gregarious endoparasitoid. 128, 99--
108 (2008). https://doi.org:10.1111/j.1570-7458.2008.00681.x

Stam, J. M. et al. Plant Interactions with Multiple Insect Herbivores: From
Community to Genes. Annual Review of Plant Biology 65, 689--713 (2014).
https://doi.org:10.1146/annurev-arplant-050213-035937

Thaler, J. S., Humphrey, P. T. & Whiteman, N. K. Evolution of jasmonate and
salicylate signal crosstalk. Trends in Plant Science 17(5), 260-270 (2012).
https://doi.org/10.1016/j.tplants.2012.02.010

Rubinstein, C. V., Gerrienne, P., de la Puente, G. S., Astini, R. A. & Steemans, P.
Early Middle Ordovician evidence for land plants in Argentina (eastern
Gondwana). New Phytologist 188, 365-369 (2010). https://doi.org/10.1111/].1469-
8137.2010.03433.x

Rasmann, S. & Agrawal, A. A. Plant defense against herbivory: progress in
identifying synergism, redundancy, and antagonism between resistance traits.
Current Opinion in Plant Biology 12, 473-478 (2009).
https://doi.org:10.1016/j.pbi.2009.05.005

Senthil-Nathan, S. Physiological and biochemical effect of neem and other
Meliaceae plants secondary metabolites against Lepidopteran insects. Frontiers in
Physiology 4 DEC, 1-17 (2013). https://doi.org:10.3389/fphys.2013.00359

Chen, M. S. Inducible direct plant defense against insect herbivores: A review.
Insect Science 15, 101-114 (2008). https://doi.org:10.1111/j.1744-
7917.2008.00190.x

Mithofer, A. & Boland, W. Plant defense against herbivores: Chemical aspects.
Annual Review of Plant Biology 63, 431-450 (2012).
https://doi.org:10.1146/annurev-arplant-042110-103854

116



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Umesh, K. P., Kumar, M., Pandey, P. P. & Pandit, S. An untapped plant defense:
Eggplant’s steroidal glycoalkaloid solasonine confers deterrence against the
Oriental leafworm Spodoptera litura. (2022).
https://doi.org/10.1127/entomologia/2021/1213

Turlings, T. C. J. a. E. M. Tritrophic Interactions Mediated by Herbivore-Induced
Plant Volatiles: Mechanisms, Ecological Relevance, and Application Potential.
Annual review of entomology 63, 433--452 , pmid = 29324043 (2018).
https://doi.org:10.1146/ANNUREV-ENTO-020117-043507

Hartmann, T. Plant-derived secondary metabolites as defensive chemicals in
herbivorous insects: a case study in chemical ecology. Planta 219, 1--4 (2004).
https://doi.org/10.1007/s00425-004-1249-y

Wittstock, U. & Gershenzon, J. Constitutive plant toxins and their role in defense
against herbivores and pathogens. Current Opinion in Plant Biology 5, 300-307
(2002). https://doi.org/10.1016/S1369-5266(02)00264-9

Price, P. W. et al. Interactions among three trophic levels: influence of plants on
interactions between insect herbivores and natural enemies. Annual review of
Ecology and Systematics 11, 41-65 (1980).

Howard, J. D. et al. Chemically-modified dSRNA induces RNAI effects in insects
in vitro and in vivo: A potential new tool for improving RNA-based plant
protection. Journal of Biological Chemistry 298, 102311-102311 (2022).
https://doi.org/10.1016/j.jbc.2022.102311

Boedeker, W., Watts, M., Clausing, P. & Marquez, E. The global distribution of
acute unintentional pesticide poisoning: estimations based on a systematic review.
BMC Public Health 20, 1-19 (2020). https://doi.org/doi:10.1186/s12889-020-09939-
0

Yu, H. et al. Effects of azadirachtin on detoxification-related gene expression in
the fat bodies of the fall armyworm, Spodoptera frugiperda. Environmental Science
and Pollution Research (2022). https://doi.org/10.1007/S11356-022-19661-6

Molnar, I., & Rakosy-Tican, E. Difficulties in potato pest control: The case of
pyrethroids on colorado potato beetle. Agronomy 11, 1920 (2021).
https://doi.org:10.3390/agronomy11101920

Devrnja, N. a. G. UHPLC-OrbiTrap MS Characterization of Phenolic Profiles in
French Marigold Extracts and Analysis of Their Antifeedant Activity against
Colorado potato beetle. Plants 11 (2022). https://doi.org:10.3390/plants11030407

Jalli, M. et al. Effects of crop rotation on spring wheat yield and pest occurrence in
different tillage systems: a multi-year experiment in Finnish growing conditions.
Frontiers in Sustainable Food Systems 5 (2021).
https://doi.org/10.3389/fsufs.2021.647335

Boiteau, G. & Vernon, R. S. in Physical control methods in plant protection
224-247 (Springer, 2001). https://doi.org/10.1007/978-3-662-04584-8 16

117



24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Caltagirone, L. & Huffaker, C. Benefits and risks of using predators and parasites
for controlling pests. Ecological Bulletins, 103-109 (1980).
https://www.jstor.org/stable/20112791

Landis, D. A. & Orr, D. B. Biological control: approaches and applications.
Electronic IPM Textbook (1996). ipmworld.umn.edu

Fontaine, F., Duarte, A. S. & Fischer, J. Innovative biocontrol strategies to manage
crop and pest diseases. (2022). https://doi.org/10.3389/978-2-88976-595-9

Liao, M. et al. Chemical composition, insecticidal and biochemical effects of
Melaleuca alternifolia essential oil on the Helicoverpa armigera. Journal of
Applied Entomology 141, 721--728 (2017). https://doi.org:10.1111/jen.12397

Ritcher, P. O. & Calfee, R. K. Qil-nicotine, a promising new insecticide. (1937).
https://doi.org/10.1093/jee/30.1.166

Arnason, J. T., Philogene, B. J. R. & Morand, P. Insecticides of plant origin. ACS
Publications, ChemInform, 21(35), (1989). https://doi.org/10.1002/chin.199035339

Jefferies, P. R., Toia, R. F., Brannigan, B., Pessah, I. & Casida, J. E. Ryania
insecticide: analysis and biological activity of 10 natural ryanoids. Journal of
agricultural and food chemistry 40, 142-146 (1992).
https://doi.org/10.1021/jf00013a028

Copping, L. G. & Duke, S. O. Natural products that have been used commercially
as crop protection agents. Pest Management Science: Formerly Pesticide Science
63, 524-554 (2007). https://doi.org/10.1002/ps.1378

Shepard, H. H. The chemistry and action of insecticides. The chemistry and action
of insecticides. (1951). https://www.cabdirect.org/cabdirect/abstract/19510602284

Bernays, E. A. et al. Taste sensitivity of insect herbivores to deterrents is greater in
specialists than in generalists: A behavioral test of the hypothesis with two closely
related caterpillars. Journal of Chemical Ecology 26, 547-563 (2000).
https://doi.org:10.1023/A:1005430010314

Poreddy, S. et al. Detoxification of hostplant's chemical defence rather than its
anti-predator co-option drives B-glucosidase-mediated lepidopteran
counteradaptation. Nature communications 6, 8525-8525 (2015).
https://doi.org:10.1038/ncomms9525

Wybouw, N. et al. Horizontal gene transfer contributes to the evolution of
arthropod herbivory. Genome Biology and Evolution 8, 1785-1801 (2016).
https://doi.org:10.1093/gbe/evw119

Ahn, S. J. et al. Bacterial origin of a diverse family of UDP-glycosyltransferase
genes in the Tetranychus urticae genome. Insect Biochemistry and Molecular
Biology 50, 43-57 (2014). https://doi.org:10.1016/].ibmb.2014.04.003

118



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Despres, L. et al. The evolutionary ecology of insect resistance to plant chemicals.
Trends in Ecology & Evolution 22, 298--307 (2007).
https://doi.org:10.1016/j.tree.2007.02.010

Ishaaya, I. Insect Detoxifying Enzymes : Their Importance in Pesticide Synergism
and Resistance. 276, 263--276 (1993). https://doi.org/10.1002/arch.940220119

Oppenoorth, F. J. Biochemistry and genetics of insecticide resistance.
Comprehensive Insect Physiology Biochemistry and Pharmacology: Insect Control
12, 731-733 (1985). https://doi.org/10.1016/0020-1790(85)90131-3

You, M. et al. A heterozygous moth genome provides insights into herbivory and
detoxification. Nature genetics 45, 220-225 (2013).
https://doi.org/10.1038/ng.2524

Sun, R. et al. Tritrophic metabolism of plant chemical defenses and its effects on
herbivore and predator performance. ELife 8, 51029 (2019).
https://doi.org/10.7554/elife.51029

Cohen, M. B., Schuler, M. A. & Berenbaum, M. R. A host-inducible cytochrome
P-450 from a host-specific caterpillar: molecular cloning and evolution.
Proceedings of the National Academy of Sciences 89, 10920-10924 (1992).
https://doi.org/10.1073/pnas.89.22.10920

Krempl, C. et al. Potential detoxification of gossypol by UDP-glycosyltransferases
in the two Heliothine moth species Helicoverpa armigera and Heliothis virescens.
Insect Biochemistry and Molecular Biology 71, 49-57 (2016).
https://doi.org:10.1016/j.ibmb.2016.02.005

Ahn, S. J. et al. Metabolic detoxification of capsaicin by UDP-glycosyltransferase
in three Helicoverpa species. Archives of Insect Biochemistry and Physiology 78,
104-118 (2011). https://doi.org:10.1002/arch.20444

Li, X., Berenbaum, M. R. & Schuler, M. A. Plant allelochemicals differentially
regulate Helicoverpa zea cytochrome P450 genes. Insect Molecular Biology 11,
343-351 (2002). https://doi.org:10.1046/].1365-2583.2002.00341.x

Kaplanoglu, E. et al. Overexpression of a cytochrome P450 and a UDP-
glycosyltransferase is associated with imidacloprid resistance in the Colorado
potato beetle, Leptinotarsa decemlineata. Scientific Reports 2017 7:1 7, 1--10,
pmid = 28496260 (2017). https://doi.org:10.1038/s41598-017-01961-4

Yamamoto, K. et al. Molecular and biochemical characterization of a Zeta-class
glutathione S-transferase of the silkmoth. Pesticide Biochemistry and Physiology
94, 30-35 (2009). https://doi.org/10.1016/j.pestbp.2009.02.008

Karuppaiah, V., Srivastava, C., Padaria, J. C. & Subramanian, S. Quantitative
changes of the carboxylesterase associated with pyrethroid susceptibility in
Spodoptera litura ( Lepidoptera : Noctuidae ). 25, 175-182 (2017).
https://doi.org/10.4001/003.025.0175

119



49.

50.

51.

52.

53.

54,

55.

56.

S7.

58.

59.

60.

Shi, Y., Li, W., Zhou, Y., Liao, X. & Shi, L. Contribution of multiple
overexpressed carboxylesterase genes to indoxacarb resistance in Spodoptera
litura. Pest Management Science 78, 1903-1914 (2022).
https://doi.org/10.1002/ps.6808

Li, F. G. et al. Identification of carboxylesterase genes and their expression
profiles in the Colorado potato beetle Leptinotarsa decemlineata treated with
fipronil and cyhalothrin. Pesticide Biochemistry and Physiology 122, 86-95 (2015).
https://doi.org:10.1016/J.PESTBP.2014.12.015

Zhang, Y. et al. A transcriptome-based screen of carboxylesterase-like genes that
are involved in chlorpyrifos resistance in Laodelphax striatellus (Fallén). Pesticide
biochemistry and physiology 104, 224-228 (2012).
https://doi.org/10.1016/j.pestbp.2012.08.006

Bai, Li-sha. et al. Identification and biochemical characterization of
carboxylesterase 001G associated with insecticide detoxification in Helicoverpa
armigera. Pesticide biochemistry and physiology 157, 69-79 (2019).
https://doi.org/10.1016/j.pestbp.2019.03.009

Hartmann, T. From waste products to ecochemicals: fifty years research of plant
secondary metabolism. Phytochemistry 68.22-24, 2831-2846 (2007).
https://doi.org/10.1016/j.phytochem.2007.09.017

Appel, H. M. Phenolics in ecological interactions: The importance of oxidation.
Journal of Chemical Ecology 19, 1521--1552 (1993).
https://doi.org:10.1007/BF00984895

Johnson, K. S. a. F. G. W. Plant phenolics as dietary antioxidants for herbivorous
insects: A test with genetically modified tobacco. Journal of Chemical Ecology 27,
2579--2597 (2001). https://doi.org:10.1023/A:1013691802028

Barbehenn, R. V., Bumgarner, S. L., Roosen, E. F. & Martin, M. M. Antioxidant
defenses in caterpillars: role of the ascorbate-recycling system in the midgut
lumen. Journal of Insect Physiology 47, 349-357 (2001).
https://doi.org/10.1016/s0022-1910(00)00125-6

Exposome-Explorer - 5-Caffeoylquinic acid (Compound). larc.fr (2015).
http://exposome-explorer.iarc.fr/compounds/393

Summers, C. B. a. Felton G. W. Prooxidant effects of phenolic acids on the
generalist herbivore. Journal of Chemical Ecology 24, 943--953 (1994).
https://doi.org/10.1016/0965-1748(94)90023-x

Griffiths, D. W., & Bain, H. Photo-induced changes in the concentrations of
individual chlorogenic acid isomers in potato (Solanum tuberosum) tubers and their
complexation with ferric ions. Potato Research 40, 307--315 (1997).
https://doi.org:10.1007/BF02358012

Xu, J. G., Hu, Q. P., & Liu, Y. Antioxidant and DNA-protective activities of
chlorogenic acid isomers. Journal of Agricultural and Food Chemistry 60, 11625--
11630 (2012). https://doi.org:10.1021/jf303771s

120



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Exposome-Explorer - 3-Caffeoylquinic acid (Compound). larc.fr (2023).
http://exposome-explorer.iarc.fr/compounds/2374

Moreira, E. A., Pilon, A. C., Andrade, L. E. & Lopes, N. P. New perspectives on
chlorogenic acid accumulation in harvested leaf tissue: Impact on traditional
medicine preparations. ACS Omega 3, 18380-18386 (2018).
https://doi.org/10.1021/acsomega.8b02409

Liang, N. & Kitts, D. D. Chlorogenic acid (CGA) isomers alleviate interleukin 8
(1L-8) production in Caco-2 cells by decreasing phosphorylation of p38 and
increasing cell integrity. International Journal of Molecular Sciences 19, 3873
(2018). https://doi.org/10.3390/ijms19123873

Comino, C. et al. Isolation and functional characterization of a cDNA coding a
hydroxycinnamoyltransferase involved in phenylpropanoid biosynthesis in Cynara
cardunculus L. BMC Plant Biology 7, 1-14 (2007).
https://doi.org:doi:10.1186/1471-2229-7-14

Mallikarjuna, N., Kranthi, K. R., Jadhav, D. R., Kranthi, S. & Chandra, S.
Influence of foliar chemical compounds on the development of Spodoptera litura
(Fab.) in interspecific derivatives of groundnut. Journal of Applied Entomology
128, 321-328 (2004). https://doi.org:10.1111/j.1439-0418.2004.00834.x

Plazas, M. et al. Reducing capacity, chlorogenic acid content and biological
activity in a collection of scarlet (Solanum aethiopicum) and gboma (S.
macrocarpon) eggplants. International Journal of Molecular Sciences 15, 17221-
17241 (2014). https://doi.org/10.3390/ijms151017221

Kaushik, P. et al. Phenolics content, fruit flesh colour and browning in cultivated
eggplant, wild relatives and interspecific hybrids and implications for fruit quality
breeding. Food Research International 102, 392-401 (2017).
https://doi.org:10.1016/j.foodres.2017.09.028

Valifias, M. A., Lanteri, M. L., Ten Have, A. & Andreu, A. B. Chlorogenic acid
biosynthesis appears linked with suberin production in Potato tuber (Solanum
tuberosum). Journal of Agricultural and Food Chemistry 63, 4902-4913 (2015).
https://doi.org:10.1021/jf505777p

Niggeweg, R., Michael, A. J., & Martin, C. Engineering plants with increased
levels of the antioxidant chlorogenic acid. Nature Biotechnology 22, 746--754
(2004). https://doi.org:10.1038/nbt966

Matsuda, F. et al. Metabolic flux analysis of the phenylpropanoid pathway in
elicitor-treated potato tuber tissue. Plant and Cell Physiology 46, 454-466 (2005).
https://doi.org/10.1093/pcp/pci042

Chen, Hsi-chuan. et al. Membrane protein complexes catalyze both 4-and 3-
hydroxylation of cinnamic acid derivatives in monolignol biosynthesis.

Proceedings of the National Academy of Sciences 108, 21253-21258 (2011).
https://doi.org/10.1073/pnas.1116416109

121



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Gramazio, P. et al. Location of chlorogenic acid biosynthesis pathway and
polyphenol oxidase genes in a new interspecific anchored linkage map of eggplant.
BMC Plant Biology 14, 1-15 (2014). https://doi.org:10.1186/s12870-014-0350-z

Docimo, T. et al. Phenylpropanoids Accumulation in Eggplant Fruit:
Characterization of Biosynthetic Genes and Regulation by a MYB Transcription
Factor. Frontiers in Plant Science 6, 1--18 (2016).
https://doi.org:10.3389/fpls.2015.01233

Poelchau, Monica F., et al. "Agricultural applications of insect ecological
genomics."” Current opinion in insect science 13, 61-69 (2016).
https://doi.org/10.1016/j.c0is.2015.12.002

Maine, E. M. A conserved mechanism for post-transcriptional gene silencing?
Genome biology 1, 1-4 (2000). https://doi.org/10.1007/978-94-011-4183-3 11

Hannon, G. J. RNA interference. nature 418, 244-251 (2002).
https://doi.org/10.1038/418244a

Zamore, P. D., Tuschl, T., Sharp, P. A. & Bartel, D. P. RNAi: double-stranded
RNA directs the ATP-dependent cleavage of mRNA at 21 to 23 nucleotide
intervals. cell 101, 25-33 (2000). https://doi.org/10.1016/s0092-8674(00)80620-0

Huvenne, H. & Smagghe, G. Mechanisms of dsRNA uptake in insects and
potential of RNAI for pest control: a review. Journal of insect physiology 56, 227-
235 (2010). https://doi.org/10.1016/j.jinsphys.2009.10.004

Zhang, Y. et al. Overexpression of carboxylesterase-1 and mutation (F439H) of
acetylcholinesterase-1 are associated with chlorpyrifos resistance in Laodelphax
striatellus. Pesticide Biochemistry and Physiology 106, 8--13 (2013).
https://doi.org:10.1016/j.pestbp.2013.03.002

Bautista, M. A. M., Miyata, T., Miura, K. & Tanaka, T. RNA interference-
mediated knockdown of a cytochrome P450, CYP6BG1, from the diamondback
moth, Plutella xylostella, reduces larval resistance to permethrin. Insect
biochemistry and molecular biology 39, 38-46 (2009).
https://doi.org/10.1016/j.ibmb.2008.09.005

Rauf, 1. et al. Silencing cathepsin L expression reduces Myzus persicae protein
content and the nutritional value as prey for Coccinella septempunctata. Insect
molecular biology 28, 785-797 (2019). https://doi.org/10.1111/imb.12589

Mathers, T. C. et al. Rapid transcriptional plasticity of duplicated gene clusters

enables a clonally reproducing aphid to colonise diverse plant species. Genome
biology 18, 1-20 (2017). https://doi.org/10.1186/s13059-016-1145-3

Zhu, F., Xu, J., Palli, R., Ferguson, J. & Palli, S. R. Ingested RNA interference for
managing the populations of the Colorado potato beetle, Leptinotarsa
decemlineata. Pest management science 67, 175-182 (2011).
https://doi.org/10.1002/ps.2048

122



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Baum, J. A. et al. Control of coleopteran insect pests through RNA interference.
Nature biotechnology 25, 1322-1326 (2007). https://doi.org/10.1038/nbt1359

San Miguel, K. & Scott, J. G. The next generation of insecticides: dsRNA is stable
as a foliar-applied insecticide. Pest management science 72, 801-809 (2016).
https://doi.org/10.1002/ps.4056

Price, D. R. G. & Gatehouse, J. A. RNAi-mediated crop protection against insects.
Trends in biotechnology 26, 393-400 (2008).
https://doi.org/10.1016/j.tibtech.2008.04.004

Hutvagner, G. & Zamore, P. D. RNAI: nature abhors a double-strand. Current
opinion in genetics & development 12, 225-232 (2002).
https://doi.org/10.1016/s0959-437x(02)00290-3

Kumar, P., Pandit, S. S. & Baldwin, I. T. Tobacco rattle virus vector: A rapid and
transient means of silencing Manduca sexta genes by plant mediated RNA
interference. PLoS ONE 7 (2012). https://doi.org:10.1371/journal.pone.0031347

Kumar, P., Pandit, S. S., Steppuhn, A. & Baldwin, I. T. Natural history-driven,
plant-mediated RNAi-based study reveals CYP6B46’s role in a nicotine-mediated
antipredator herbivore defense. Proceedings of the National Academy of Sciences
111, 1245-1252 (2014). https://doi.org/10.1073/pnas.1314848111

Mao, Y. B. et al. Silencing a cotton bollworm P450 monooxygenase gene by plant-
mediated RNAI impairs larval tolerance of gossypol. Nature Biotechnology 25,
1307-1313 (2007). https://doi.org:10.1038/nbt1352

Gordon, K. H. J. & Waterhouse, P. M. RNAI for insect-proof plants. Nature
biotechnology 25, 1231-1232 (2007). https://doi.org/10.1038/nbt1107-1231

Sharif, M. N. et al. Silencing of multiple target genes via ingestion of dsSRNA and
PMRIi affects development and survival in Helicoverpa armigera. Scientific
Reports 12, 10405 (2022). https://doi.org/10.1038/s41598-022-14667-2z

Nitnavare, R. B. et al. Next generation dsSRNA-based insect control: Success so far
and challenges. Frontiers in Plant Science, 2310 (2021).
https://doi.org/10.1038/s41598-022-14667-z

Sun, Y. et al. Silencing an essential gene involved in infestation and digestion in
grain aphid through plant-mediated RNA interference generates aphid-resistant
wheat plants. Plant Biotechnology Journal 17, 852 (2019).
https://doi.org/10.1111/pbi.13067

Kumar, P., Pandit, S. S., Steppuhn, A. & Baldwin, I. T. Natural history-driven,
plant-mediated RNAi-based study reveals CYP6B46’s role in a nicotine-mediated

antipredator herbivore defense. Proceedings of the National Academy of Sciences
111, 1245-1252 (2014).

123



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Yang, W., Wang, B., Lei, G., Chen, G. & Liu, D. Advances in nanocarriers to
improve the stability of dsSRNA in the environment. Frontiers in Bioengineering
and Biotechnology 10, 974646 (2022).

Yan, S., Ren, B. Y. & Shen, J. Nanoparticle-mediated double-stranded RNA
delivery system: A promising approach for sustainable pest management. Insect
Science 28, 21-34 (2021).

Sandal, S. et al. Nanoparticle-Shielded dsRNA Delivery for Enhancing RNAI
Efficiency in Cotton Spotted Bollworm Earias vittella (Lepidoptera: Nolidae).
International Journal of Molecular Sciences 24, 9161 (2023).

Zhang, Y. et al. Liposome mediated double-stranded RNA delivery to silence
ribosomal protein PO in the tick Rhipicephalus haemaphysaloides. Ticks and tick-
borne diseases 9, 638-644 (2018).

IndiaSpend. How Much Brinjal Does India Really Need?. (12 Oct 2020).
https://www.bgprime.com/business/how-much-brinjal-does-india-really-need

Taher, D. et al. World vegetable center eggplant collection: origin, composition,
seed dissemination and utilization in breeding. Frontiers in plant science 8, 1484
(2017). https://doi.org/10.3389/fpls.2017.01484

Chioti, V. et al. Nutritional Value of Eggplant Cultivars and Association with
Sequence Variation in Genes Coding for Major Phenolics. Plants 11, 2267 (2022).
https://doi.org/10.3390/plants11172267

FAO, U. N. Production Of Eggplant By Region (Countrystat - Azerbaijan -
National) - "FAQO catalog”, (2023.
https://data.apps.fao.org/catalog/dataset/cfd122be-3b34-42a4-99a2-81a491dd82c0

Giirbiiz, N., Uluisik, S., Frary, A., Frary, A. & Doganlar, S. Health benefits and
bioactive compounds of eggplant. Food Chemistry 268, 602-610 (2018).
https://doi.org:10.1016/j.foodchem.2018.06.093

Sathe, T. V. et al. Ecology and Control of Brinjal insect pests from Kolhapur
region, India. Bio life 4, 147-154 (2016).
https://doi.org/10.15373/2249555x/mar2014/102

Choudhary, R.S., B.S. Rana, M.K. Mahla and Meena, A.K. 2018. Bioefficacy of
Biorational Insecticides against Larval Population of Leucinodes orbonalis (Guen.)
in Brinjal.Int.J.Curr.Microbiol. App.Sci. 7(7): 47-60.
https://doi.org/10.20546/ijcmas.2018.707.006

Kolady, D. E. & Lesser, W. Potential welfare benefits from the public-private

partnerships: A case of genetically engineered eggplant in India. (2008).
https://doi.org/10.2225/voll 1 -issue2-fulltext-5

Sidhu, A. S, Bal, S. S., Behera, T. K. & Rani, M. An outlook in hybrid eggplant
breeding. Journal of New Seeds 6, 15-29 (2004).
https://doi.org/10.1300/j153v06n02_02

124



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Toppino, L. et al. Mapping Quantitative Trait Loci Affecting Biochemical and
Morphological Fruit Properties in Eggplant (Solanum melongena L.). Frontiers in
Plant Science 7, 1-16 (2016). https://doi.org:10.3389/fpls.2016.00256

Cardenas, P. D. et al. The bitter side of the nightshades: Genomics drives
discovery in Solanaceae steroidal alkaloid metabolism. Phytochemistry 113, 24-32
(2015). https://doi.org:10.1016/j.phytochem.2014.12.010

Su, Q. et al. Effect of plant secondary metabolites on common cutworm,
Spodoptera litura (Lepidoptera: Noctuidae). Entomological Research 48, 18-26
(2018).

https://doi.org/10.1111/1748-5967.12238

Krieger, R. I., Feeny, P. P. & Wilkinson, C. F. Detoxication enzymes in the guts of
caterpillars: an evolutionary answer to plant defenses? Science (New York, N.Y.)
172, 579-581 (1971). https://doi.org:10.1126/science.172.3983.579

Stommel, J. R., Whitaker, B. D., Haynes, K. G. & Prohens, J. Genotypex
environment interactions in eggplant for fruit phenolic acid content. Euphytica 205,
823-836 (2015). https://doi.org/10.1007/s10681-015-1415-2

Nifio-Medina, G., Urias-Orona, V., Muy-Rangel, M. D. & Heredia, J. B. Structure
and content of phenolics in eggplant (Solanum melongena)-a review. South African
Journal of Botany 111, 161-169 (2017). https://doi.org/10.1016/].sajb.2017.03.016
Whitaker, B. D. & Stommel, J. R. Distribution of hydroxycinnamic acid conjugates
in fruit of commercial eggplant (Solanum melongena 1.) cultivars. Journal of
Agricultural and Food Chemistry 51, 3448-3454 (2003).
https://doi.org:10.1021/jf026250b

Stevenson, P. C., Anderson, J. C., Blaney, W. M., & Simmonds, M. S.

J. Developmental inhibition of Spodoptera litura (Fab.) larvae by a novel
caffeoylquinic acid from the wild groundnut, Arachis paraguariensis (Chod et
Hassl.). Journal of Chemical Ecology 19, 2917--2933 (1993).
https://doi.org:10.1007/BF00980592

Bragard, C. et al. Pest categorisation of Spodoptera litura. EFSA Journal 17, 5765-
5765 (2019). https://doi.org:10.2903/j.efsa.2019.5765

Munakata, K. Insect Antifeedants of Spodoptera litura in Plants. (1977).
https://doi.org/10.1021/bk-1977-0062.ch013

Garad, G. P., Shivpuje, P. R. & Bilapate, G. G. Life fecundity tables of Spodoptera
litura (Fabricius) on different hosts. Proceedings: Animal Sciences 93, 29-33
(2023). https://doi.org:doi:10.1007/BF03186223

Sanatan, Prashant Tanaji (2013). Commercial exploration of Insect Proteases. A
synopsis submitted to the Dr . Babasaheb Ambedkar Under the Guidance of Dr .
Vandana K. Hivrale. 1-13. Inflibnet.ac.in [online]
http://hdl.handle.net/123456789/4949

125



121.

122.

123.

124,

125.

126.

127.

128.

129.

130.

131.

132.

133.

Mitra, S. et al. Polyphagous caterpillars of Spodoptera litura switch from a trap
crop to the main crop, improve fitness, and shorten generation time. Journal of
Pest Science, 94, 1-13 (2021). https://doi.org:doi:10.1007/s10340-021-01351-w

Zhang, Z. et al. Resistance Monitoring for Six Insecticides in Vegetable Field-
Collected Populations of Spodoptera litura from China. Horticulturae 8, 255
(2022). https://doi.org:10.3390/horticulturae8030255

Mota-Sanchez, D., J.C. Wise. The Arthropod Pesticide Resistance Database.
Michigan State University, (2023) On-line at: http://www.pesticideresistance.org.

Ahmad, M., Ghaffar, A. & Rafig, M. Host plants of leaf worm, Spodoptera litura
(Fabricius)(Lepidoptera: Noctuidae) in Pakistan. Asian J. Agric. Biol 1, 23-28
(2013). https://doi.org/10.3923/pjbs.2006.360.364

Zhou, Z., Chen, Z. & Xu, Z. Potential of trap crops for integrated management of
the tropical armyworm, Spodoptera litura in tobacco. Journal of Insect Science 10,
1 (2010). https://doi.org/10.1673/031.010.11701

Pino, O., Sanchez, Y. & Rojas, M. M. Plant secondary metabolites as an alternative
in pest management. I: Background, research approaches and trends. Revista de
Proteccion Vegetal 28, 81 (2013). http://scielo.sld.cu/scielo.php?scrip...

Whitford, F., Quisenberry, S. & Moellenbeck, D. Nutritional response by rice and
corn fall armyworm (Lepidoptera: Noctuidae) strains to dietary component
substitution in artificial diets. Journal of Economic Entomology 85, 1491-1496
(1992). https://doi.org/10.1093/jee/85.4.1491

Tsugawa, H. et al. MS-DIAL.: data-independent MS/MS deconvolution for
comprehensive metabolome analysis. Nature Methods 12, 523-526 (2015).
https://doi.org:doi:10.1038/nmeth.3393

Tsugawa, H. et al. A cheminformatics approach to characterize metabolomes in
stable-isotope-labeled organisms. Nature Methods 16, 295-298 (2019).
https://doi.org:doi:10.1038/s41592-019-0358-2

Y, L. et al. Identification and validation of reference genes for gene expression
analysis using quantitative PCR in Spodoptera litura (Lepidoptera: Noctuidae).
PloS one 8 (2013). https://doi.org:10.1371/journal.pone.0068059

Hirakawa, H. et al. Draft genome sequence of eggplant (Solanum melongena L.):
the representative Solanum species indigenous to the old world. DNA research 21,
649-660 (2014). https://doi.org/10.1093/dnares/dsu027

Ghosh, R. et al. Chemical ecology of Himalayan eggplant variety's antixenosis:
identification of geraniol as an oviposition deterrent against the eggplant shoot and
fruit borer. New Phytologist (2023). https://doi.org/10.1111/nph.18877

Waldbauer, G. P. The consumption and utilization of food by insects. Advances in
Insect Physiology 5, 229-288 (1968).
https://doi.org/10.1016/s0065-2806(08)60230-1

126



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

Gantasala, N. P. et al. Selection and validation of reference genes for quantitative
gene expression studies by real-time PCR in eggplant (Solanum melongena L).
BMC research notes 6, 1-11 (2013). https://doi.org/10.1186/1756-0500-6-312

Kanakachari, M. et al. Evaluation of suitable reference genes for normalization of
gPCR gene expression studies in brinjal (Solanum melongena L.) during fruit
developmental stages. Applied biochemistry and biotechnology 178, 433-450
(2016). https://doi.org/10.1007/s12010-015-1884-8

Comisar, C. M. & Savage, P. E. The benzil-benzilic acid rearrangement in high-
temperature water. Green Chemistry 7, 800-806 (2005).
https://doi.org/10.1039/b510340a

He, W. et al. Positional effects of double-stranded RNAs targeting B-Actin gene
affect RNA interference efficiency in Colorado potato beetle. Pesticide
Biochemistry and Physiology 184, 105121-105121 (2022).
https://doi.org:10.1016/j.pestbp.2022.105121

Kulkarni, M. M. et al. Evidence of off-target effects associated with long dsSRNAs
in Drosophila melanogaster cell-based assays. Nature Methods 3, 833-838 (2006).
https://doi.org:doi:10.1038/nmeth935

Lafi, S. Q. & Kaneene, J. B. An explanation of the use of principal-components
analysis to detect and correct for multicollinearity. Preventive Veterinary Medicine
13, 261-275 (1992). https://doi.org:10.1016/0167-5877(92)90041-D

Dougoud, J., Toepfer, S., Bateman, M. & Jenner, W. H. Efficacy of homemade
botanical insecticides based on traditional knowledge. A review. Agronomy for
Sustainable Development 39, 1-22 (2019).
https://doi.org/10.1007/s13593-019-0583-1

Isman, M. B., Miresmailli, S. & Machial, C. Commercial opportunities for
pesticides based on plant essential oils in agriculture, industry and consumer
products. Phytochemistry reviews 10, 197-204 (2011).
https://doi.org/10.1007/s11101-010-9170-4

Trumble, J. T. Caveat emptor: safety considerations for natural products used in
arthropod control. American entomologist 48, 7-13 (2002).
https://doi.org/10.1093/ae/48.1.7

Rosell, G., Quero, C., Coll, J. & Guerrero, A. Biorational insecticides in pest
management. Journal of Pesticide Science 33, 103-121 (2008).
https://doi.org/10.1584/jpestics.r08-01

Isman, M. B. A renaissance for botanical insecticides? Pest Management Science
71, 1587-1590 (2015). https://doi.org/10.1002/ps.4088

Liu, S.S., Li, Y.H. and Lou, Y.G. Non-host plant extracts reduce oviposition of
Plutella xylostella (Lepidoptera: Plutellidae) and enhance parasitism by its
parasitoid Cotesia plutellae (Hymenoptera: Braconidae). Bulletin of entomological
research 96, 373-378 (2006). https://doi.org/10.1079/ber2002208

127



146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Miresmailli, S. & Isman, M. B. Botanical insecticides inspired by plant—herbivore
chemical interactions. Trends in plant science 19, 29-35 (2014).
https://doi.org/10.1016/j.tplants.2013.10.002

Sahayaraj, K. Antifeedant effect of some plant extracts on the Asian armyworm,
Spodoptera litura (Fabricius). Current Science, 523-525 (1998).
https://www.jstor.org/stable/24101476

Sahayaraj, K., Venkateshwari, M. & Balasubramanian, R. Insecticidal and
antifeedent effect of Pedalium murex Linn. root on Spodoptera litura
(Fab.)(Lepidoptera: Noctuidae). Journal of Agricultural Technology 4, 73-80
(2008). https://doi.org/10.1016/j.jssas.2011.10.002

Tanzubil, P. B., Zakariah, M. & Alem, A. Integrating host plant resistance and
chemical control in the management of cowpea pests. Australian Journal of Crop
Science 2, 115-120 (2008). https://doi.org/10.1002/ts.38

Baral, K. et al. Socio-economic parameters of pesticide use and assessment of
impact of an IPM strategy for the control of eggplant fruit and shoot borer in West
Bengal, India. Technical Bulletin No. 37. AVRDC publication number 06-673.
AVRDC — The World Vegetable Center, Shanhua, Taiwan. 36 pp.
https://assets.publishing.service.gov.uk/media/57a08c3c40f0b649740010b0/TB37.pdf

Thanki, N., Joshi, P. & Joshi, H. Effect of household processing on reduction of
pesticide residues in Bringal (Eggplant, Solanum melongena). Advances in Applied
Science Research 3, 2860-2865 (2012). https://worldveg.tind.io/record/47578/

Islam, M. W., Dastogeer, K. M. G., Hamim, I., Prodhan, M. D. H. &
Ashrafuzzaman, M. Detection and quantification of pesticide residues in selected
vegetables of Bangladesh. Journal of Phytopathology and Pest Management, 17-
30 (2014). Retrieved from http://ppmj.net/index.php/ppmj/article/view/12

Parvin, R. Determination of pesticide residues in eggplant and cucumber collected
from different areas of dinajpur district. (2018).
http://archive.saulibrary.edu.bd:8080/xmlui/handle/123456789/2869

Abdelbagi, A. O., Ismail, R. E. A., Hammad, A. M. A. & Hur, J.-h. Knowledge of
Eggplant Farmers on the proper use of Pesticides in Khartoum State, Sudan.
Journal of Agricultural Extension 26, 59-70 (2022).
https://doi.org/10.4314/jae.v26il.7

Prodhan, M. D. H., Papadakis, E. N. & Papadopoulou-Mourkidou, E. Variability of
pesticide residues in eggplant units collected from a field trial and marketplaces in
Greece. Journal of the Science of Food and Agriculture 98, 2277-2284 (2018).
https://doi.org/10.1002/jsfa.8716

FAO. Eggplant integrated pest management. An ecological guide . Bangkok,
Thailand: Food and Agriculture Organizationof the United Nations., (2003).
https://doi.org/10.18356/bd7db620-en

128



157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Traugott, M. S. & Stamp, N. E. Effects of chlorogenic acid-and tomatine-fed
caterpillars on the behavior of an insect predator. Journal of Insect Behavior 9,
461-476 (2005). https://doi.org:10.1007/bf02214023

Ojala, K., Julkunen-Tiitto, R., Lindstrom, L. & Mappes, J. Diet affects the immune
defence and life-history traits of an Arctiid moth Parasemia plantaginis.
Evolutionary Ecology Research 7, 1153-1170 (2005).
https://doi.org/10.1111/j.1365-2435.2007.01322.x

Kundu, A. & Vadassery, J. Chlorogenic acid-mediated chemical defence of plants
against insect herbivores. Plant Biology 21, 185-189 (2019).
https://doi.org:10.1111/plb.12947

Duffey, S. S. & Isman M. B. Inhibition of insect larval growth by phenolics in
glandular trichomes of tomato leaves. Experientia 37, 574--576 (1981).
https://doi.org:10.1007/BF01990057

Leiss, K. A. et al. Identification of Chlorogenic Acid as a Resistance Factor for
Thrips in Chrysanthemum. Plant Physiology 150, 1567--1575 (2009).
https://doi.org:10.1104/pp.109.138131

Lu, R., Martin-Hernandez, A. M., Peart, J. R., Malcuit, I. & Baulcombe, D. C.
Virus-induced gene silencing in plants. Methods 30, 296-303 (2003).
https://doi.org/10.1016/s1046-2023(03)00037-9

Wagner, G. J. & Kroumova, A. B. The use of RNAI to elucidate and manipulate
secondary metabolite synthesis in plants. Current perspectives in microRNAs
(miRNA), 431-459 (2008). https://doi.org/10.1007/978-1-4020-8533-8 23

Bi, J. L. et al. Do plant phenolics confer resistance to specialist and generalist
insect herbivores? Journal of Agricultural and Food Chemistry 45, 4500-4504
(1997). https://doi.org/10.1021/jf970555m

Bejai, S., Fridborg, I. & Ekbom, B. Varied response of Spodoptera littoralis
against Arabidopsis thaliana with metabolically engineered glucosinolate profiles.
Plant Physiology and Biochemistry 50, 72-78 (2012).
https://doi.org/10.1016/j.plaphy.2011.07.014

Wheeler, D. A. & Isman, M. B. Antifeedant and toxic activity of Trichilia
americana extract against the larvae of Spodoptera litura. Entomologia
Experimentalis et Applicata 98, 9-16 (2001).
https://doi.org/10.1046/j.1570-7458.2001.00751.x

Xie, Y. S. et al. Biological activity of extracts of Trichilia species and the limonoid
hirtin against lepidopteran larvae. Biochemical Systematics and Ecology 22, 129-
136 (1994). https://doi.org/10.1016/0305-1978(94)90003-5

Nathan, S. S., Chung, P. G. & Murugan, K. Effect of biopesticides applied
separately or together on nutritional indices of the rice leaffolder Cnaphalocrocis
medinalis. Phytoparasitica 33, 187-195 (2005).
https://doi.org/10.1007/bf03029978

129



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Ranson, H. et al. Evolution of supergene families associated with insecticide
resistance. Science 298, 179-181 (2002). https://doi.org/10.1126/science.1076781

Wheelock, C. E., Shan, G., & Ottea, J. Overview of carboxylesterases and their
role in the metabolism of insecticides. Journal of Pesticide Science 30, 75--83
(2005). https://doi.org/10.1584/jpestics.30.75

Heidari, R. et al. Hydrolysis of pyrethroids by carboxylesterases from Lucilia
cuprina and Drosophila melanogaster with active sites modified by in vitro
mutagenesis. Insect biochemistry and molecular biology 35, 597-609 (2005).
https://doi.org/10.1016/j.ibmb.2005.02.018

Wang, S. et al. Functional analysis of a carboxylesterase gene associated with
Isoprocarb and Cyhalothrin resistance in Rhopalosiphum padi (L.). (2018).
https://doi.org/10.3389/fphys.2018.00992

Babu, S. R. & Singh, B. Resistance in Spodoptera litura (F.) to Insecticides and

Detoxification Enzymes. Indian Journal of Entomology, 1-5 (2022).
https://doi.org/10.55446/ije.2022.519

Niehl, A., Soininen, M., Poranen, M. M. & Heinlein, M. Synthetic biology
approach for plant protection using ds RNA. Plant biotechnology journal 16, 1679-
1687 (2018). https://doi.org/10.1111/pbi.12904

Wang, M. et al. Bidirectional cross-kingdom RNAI and fungal uptake of external
RNAs confer plant protection. Nature plants 2, 1-10 (2016).
https://doi.org/10.1038/nplants.2016.151

Palli, S. R. RNA interference in Colorado potato beetle: Steps toward development
of dsRNA as a commercial insecticide. Current Opinion in Insect Science 6, 1-8
(2014). https://doi.org:10.1016/].c0is.2014.09.011

Bolognesi, R. et al. Characterizing the mechanism of action of double-stranded
RNA activity against western corn rootworm (Diabrotica virgifera virgifera
LeConte). (2012). https://doi.org/10.1371/journal.pone.0047534

Wang, K., Peng, Y., Fu, W., Shen, Z. & Han, Z. Key factors determining variations
in RNA interference efficacy mediated by different double-stranded RNA lengths
in Tribolium castaneum. Insect molecular biology 28, 235-245 (2019).
https://doi.org/10.1111/imb.12546

Bachman, P. M. et al. Characterization of the spectrum of insecticidal activity of a
double-stranded RNA with targeted activity against Western Corn Rootworm
(Diabrotica virgifera virgifera LeConte). Transgenic research 22, 1207-1222
(2013). https://doi.org/10.1007/s11248-013-9716-5

Liu, D. a. RNAIi of Mannosidase-Ia in the Colorado potato beetle and changes in
the midgut and peritrophic membrane. Pest Management Science (2022).
https://doi.org:10.1002/ps.7145

130



181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

N, M. et al. Clay nanosheets for topical delivery of RNAI for sustained protection
against plant viruses. Nature plants 3 (2017).
https://doi.org:10.1038/nplants.2016.207

Christiaens, O., Whyard, S., Vélez, A. M. & Smagghe, G. Double-Stranded RNA
Technology to Control Insect Pests: Current Status and Challenges. Frontiers in
Plant Science 11, 451-451 (2020). https://doi.org:10.3389/fpls.2020.00451

Whyard, S., Singh, A. D., & Wong, S. Ingested double-stranded RNAs can act as
species-specific insecticides. Insect Biochemistry and Molecular Biology 39, 824--
832, pmid = 19815067 (2009). https://doi.org:10.1016/].ibmb.2009.09.007

Vogel, E., et al. RNA interference in insects: Protecting beneficials and controlling
pests. Frontiers in Physiology 10, 1912 , pmid = 30687124 (2019).
https://doi.org:10.3389/FPHYS.2018.01912/BIBTEX

Jahns, H. et al. Stereochemical bias introduced during RNA synthesis modulates
the activity of phosphorothioate siRNAs. Nature Communications 6, 1-9 (2015).
https://doi.org:doi:10.1038/ncomms7317

Barbeta, B. L., et al. Plant cyclotides disrupt epithelial cells in the midgut of
lepidopteran larvae. Proceedings of the National Academy of Sciences of the
United States of America 105, 1221--1225 , pmid = 18202177 (2008).
https://doi.org:10.1073/pnas.0710338104

Dominguez-Arrizabalaga, M., Villanueva, M., Escriche, B., Ancin-Azpilicueta, C.
& Caballero, P. Insecticidal activity of Bacillus thuringiensis proteins against
coleopteran pests. Toxins 12, 430 (2020). ttps://doi.org/10.3390/toxins12070430

Chen, C. et al. Volatile DMNT directly protects plants against Plutella xylostella
by disrupting the peritrophic matrix barrier in insect midgut. eLife 10, 1-66 (2021).
https://doi.org:10.7554/ELIFE.63938

Giunti, G. et al. Non-target effects of essential oil-based biopesticides for crop
protection: Impact on natural enemies, pollinators, and soil invertebrates.
Biological Control, 105071 (2022).
https://doi.org/10.1016/j.biocontrol.2022.105071

Baudrot, V. et al. Trophic transfer of pesticides: The fine line between predator—
prey regulation and pesticide—pest regulation. Journal of Applied Ecology 57, 806-
818 (2020). https://doi.org/10.1111/1365-2664.13578

de Castro, A. A. et al. Lethal and behavioral effects of synthetic and organic
insecticides on Spodoptera exigua and its predator Podisus maculiventris. PloS one
13, 0206789 (2018). https://doi.org/10.1371/journal.pone.0206789

Dutton, A. et al. Uptake of Bt-toxin by herbivores feeding on transgenic maize and
consequences for the predator Chrysoperla carnea. Ecological Entomology 27,
441-447 (2002). https://doi.org/10.1046/j.1365-2311.2002.00436.x

Lima, A. F. et al. Searching for bioactive compounds from Solanaceae: lethal and
sublethal toxicity to Spodoptera frugiperda and untargeted metabolomics
approaches. Journal of Pest Science (2021). https://doi.org/10.1007/s10340-021-
01453-5

131



132



