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(i) Title of the thesis: Identification and functional analysis of genes involved in 

insecticide resistance in Leucinodes orbonalis Guenée (Lepidoptera: 

Crambidae). 

(ii) Department/Division/Institution where research work was done: Department of 

Agricultural Entomology, UAS, Raichur and Division of Genomic Resources, 

ICAR-NBAIR, Bengaluru. 

(iii) Institution/University to which thesis was submitted as a part of the doctoral 
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Dr. Prabhuraj A., Professor and Head, Department of Entomology, UAS, 

Raichur (Chairperson). 

Dr. M. Mohan, Principal Scientist, Division of Genomic Resources, ICAR-

NBAIR, Bengaluru (Co-chairperson). 

(v) Research problem: Brief description, scientific, technological, socio-economic 

relevance and priority (limit to 1 page). 

Brinjal is the second most important vegetable crop in the world. Brinjal is cultivated 

over 1.6 mha in India, which covers around 37 per cent of the world Brinjal growing 

area, with an average production of 50 million MT/ha and productivity of 18.5 

MT/ha. Brinjal crop is habitually and concurrently attacked by 53 important insect 

pests, out of which the shoot and fruit borer, Leucinodes orbonalis Guenee 

(Lepidoptera: Pyralidae) is the most destructive one. The larvae bore into the 

young shoots and fruits resulting in wilting of shoot and withering of leaves. The 

damaged fruit loses its marketable value.  

In India and Bangladesh, L. orbonalis causes severe yield losses up to 93 per cent 

despite best management practices. Incidence of L. orbonalis and fruit damage 

varies greatly depending on the prevailing climatic conditions and the nature of the 

cultivars. Surveys in India and Bangladesh indicated that farmers spray chemical 

insecticides up to 84 times during a 6-7 month cropping season. A very high level 

of pesticide load at a concentration 40-450 times higher than the MRL in marketed 

brinjal fruits poses major health concern to the consumers as well as growers. 



Although effective, repeated use of these controlling agents has fostered several 

environmental and health concerns, including disruption of natural biological control 

systems, outbreaks of other insect species, widespread development of resistance 

and undesirable effects on non-target organisms. L. orbonalis is also considered as a 

pest of quarantine significance to the number of countries outside its native range. L. 

orbonlais has high reproductive potential with overlapping generations. Studies 

reporting high level of insecticide resistance development in L. orbonalis might be 

attributed to the long-term indiscriminate use of various insecticides on brinjal 

The present pest control strategies and transgenic approaches have certain limitations 

and are not completely successful in suppressing insect pests. However, the 

sequence specific gene silencing via RNA interference (RNAi) holds great promise 

for effective management of L. orbonalis. RNAi is naturally occurring conserved 

process responsible for gene regulation and defence against pests. The sprayable 

formulations of RNAi gene products are already being developed and tested for few 

pest species elsewhere and have great relevance in the present investigation. The 

outcome of the present investigation could lead to development of sustainable pest 

management strategies to address the socio-economic issues faced by the farmers.   

(vi) What standard methods and modern procedures were used in the 

experimental work? (limit to one page). 

Identification of cultivar resistance in brinjal against L. orbonalis:  

Indigenous specialty cultivars such as Manjarigota, Mullubadane, Madhugiri Mulla, 

Eeranagere and Mattugulla and few popular hybrids (Gourav and Lalitha) of 

brinjal, were screened for their resistance / tolerance against L. orbonalis in open 

field condition for two seasons. Cumulative damage across the genotypes was 

analysed through SPSS and SAS to identify and extend the durability of cultivar 

resistance. Such cultivars become a base for developing molecular based pest 

management strategies.  

Development of cost effective method of mass rearing brinjal shoot and fruit 

borer, L. orbonalis:  

Potato based artificial rearing system has been standardised for easy rearing of 

larvae of L. orbonalis in large numbers for various studies. The mass production 

technology has been commercialized to private entrepreneurs and adopted by 



students and researchers working on brinjal varietal and insecticide toxicity 

screening against L. orbonalis  

Novel methods of detection of insecticide resistance in L. orbonalis:  

Concentration-mortality bioassays for the insecticides viz., fenvelarate (20% EC), 

emamectin benzoate (5% EC), phosalone (35% EC), thiodicarb (75% WP), 

flubendiamide (20% WG) and chlorantraniliprole (18.5% SC) were conducted 

based on their usage history on brinjal by farmers. A novel filter paper residue 

bioassay has been standardised for monitoring insecticide resistance on late second 

instar larvae of L. orbonalis.  

Standardization of procedures for the detection of biochemical basis of 

insecticide resistance development in L. orbonalis:  

Estimation of O-demethylase activity of cytochrome P450 monooxygenase was 

standardised by analysing the production of p-nitrophenol as per Kinoshita et al., 

1966. Estimation of carboxylesterase activity was determined using the method 

described by van Asperen (1962) with essential modifications and α-naphthyl 

acetate as a substrate. Estimation of glutathione S-transferase activity was 

determined using 1-chloro 2,4-dinitrobenzene (CDNB) as a substrate (Kao et al., 

1989) with essential modifications to suit the present assay conditions using ELISA 

reader. The native PAGE analysis of esterase isozymes with 10 per cent resolving 

gel was performed as per Davis (1964) to study the induction of esterase isozymes 

activities due to insecticide selection pressure. 

Mining and identification of target genes and their gene families from the draft 

genome and transcriptome of the pest insect, L. orbonalis:  

The in-house facility of HPC (High Performance Computing Facility) and CLC 

Genomics workbench available at ICAR-NBAIR have been utilised to handle the 

genome and transcriptome data. The cytochrome P450 monooxygenase (CYP), 

carboxylesterase (CE) and glutathione S-transferase (GST) hmm model (CYP-

PF00067; CE-PF00135, PF02230 and GST-C: PF00043; GST-N: PF02798, GST-

PF13417, PF14497, PF17171, PF17172) from the PFAM database 

(http://pfam.xfam.org) was used to search the L. orbonalis putative proteins using 

the hmmsearch program of the HMMER3 software package 

(http://hmmer.janelia.org). Based on multiple sequence alignment with 

CLUSTALW (https://www.genome.jp/tools-bin/clustalw) and a maximum 



likelihood tree (with 100 bootstraps) was built using MEGA7.9 software, CLC 

workbench and TreeDyn online server with D. melanogaster genome as a 

reference. Naming of all the CYP genes (72 full length sequences) of L. orbonalis 

was performed by Dr. David R. Nelson, University of Tennessee Memphis, USA. 

The nomenclature, sub class assignment for GST (34 genes) and carboxylesterase 

(96 genes) were performed with the help of published literature. 

Development and maintenance of homozygous insecticide susceptible and field 

populations of L. orbonalis 

The insecticide susceptible laboratory iso-female colony of L. orbonalis (Lo-S) 

(National Accession number: NBAIR-IS-CRA-01A) used in this investigation 

was originally collected during 2012 from brinjal fields near Bengaluru, India 

(12.97°N and 77.58°N) and being maintained continuously on potato-based diet 

without exposure to any insecticides at ICAR-NBAIR, Bengaluru. The rearing 

conditions were 27±2ºC, 60-70 per cent RH, and a photoperiod of 14:10 h (L:D). 

The field populations of L. orbonalis were collected from Varanasi, Bhubaneswar, 

Pune, Raichur and Dharmapuri, where the brinjal is grown in a large scale. All the 

populations were maintained under laboratory conditions for various biological, 

biochemical and gene expression studies.  

Validation of internal control genes for normalization of QRTPCR data 

Gene expression profiles of a target gene can provide valuable clues towards the 

understanding of its biological function. Reverse transcription quantitative real-

time PCR (qRT-PCR) is the best method for targeted gene expression analysis due 

to its sensitivity and reproducibility. However, calculating relative expression 

requires reference genes, which must be stable across various biological 

conditions. For this purposes, nine prospective genes namely, actin, 28S ribosomal 

protein S18c, mitochondrial isoform X2 (28SM), calnexin, β-tubulin, 28S 

ribosomal protein S3 mitochondrial (28SR3), TATA box binding protein (TATA), 

elongation factor-1α (EF-1α), glyceraldehyde-3-phosphate-dehydrogenase 

(GAPDH), and ubiquitin 60S ribosomal protein (Ubiquitin) were evaluated for 

their potential use as reference genes using standard procedure. 28SR3 and 

GAPDH were found highly suitable based on their stability and stable expression 

pattern.   



Selection of target genes for gene expression analysis and gene knock down 

studies  

 The metabolic genes (CPY, GST and CE) with known history of involvement in 

insecticide resistance in other insects were selected from the genome and 

transcriptome data sets of L. orbonalis and further confirmed with NCBI-BLASTX 

with 90% query coverage. The selected sequences were used for designing primers 

by Primer 3.0 plus software.  

The two genes CYP324F1 and CYP306A1were overexpressed in all the field 

population were picked up for RNAi knockdown experiments via dsRNA oral 

delivery.  

Standardization of dsRNA delivery: Among the delivery routes studied, the oral 

feeding of dsRNA via brinjal flower bud dip assay proved efficient. An unopened 

flower bud with ~1.5 cm with slant cut tip was rinsed in 0.1 per cent Triton-X
®

 

(Sigma Aldrich, USA). The same was washed twice in double distilled water, after 

it was dried and placed in 500 μL PCR tube containing calculated dsRNA and 

wrapped with para-film to avoid the leakage. This technique makes the entire 

flower bud contaminate with dsRNA and facilitates the insects to feed on only on 

the treated bud with concentration of 1, 0.5, 0.25, 0.1 and 0.05 μg/μL. The bioassay 

procedure also included negative control (nuclease-free water) and positive off-

target control (LacZ-dsRNA).  

(vii) Briefly describe the significant results obtained? (Not more than 3 pages) 

Brinjal shoot and fruit borer, Leucinodes orbonalis Guenée (Lepidoptera: Crambidae) is 

one of the difficult to manage insect pests despite best management practices. It is 

the major cause of loss of brinjal productivity in India, Bangladesh, Pakistan and 

Phillippines. It has complex genetic makeup, can develop resistance against 

insecticides quickly. Though brinjal is native to India and Sri Lanka, no true 

resistance source in the available cultivars has been documented due to the pest 

adaptation through co-evolution. The sole method of control adopted by farmers is 

the use of insecticides. Despite the heavy use of insecticides, more than one-third of 

the harvested fruits are unmarketable due to bore holes. Hence, the present 

investigation was undertaken to generate scientific data on the population dynamics 



of the L. orbonalis on different varieties under the climate change era and to 

decipher the insecticide resistance status and associated resistance mechanisms.  

Existence of very high levels of insecticide resistance against commonly used 

insecticides in certain field-collected populations were documented and the 

involvement of multiple metabolic enzymes in detoxification of the insecticidal 

molecules had been validated for the first time.  

The repertoire of pesticide detoxification genes and their gene families were extracted 

by genome and transcriptome mining and their roles in insecticide degradation were 

characterized by quantitative gene expression studies. Silencing of two important L. 

orbonalis genes were undertaken to prove that these genes had important role in 

detoxification. 

The following are the salient findings of the present investigation 

I. Among traditional brinjal cultivar screened the Eeranagere cultivar were showed 

tolerance against L. orbonalis. Hence this variety will perform as a donor parents in 

breeding programme for the development of commercial cultivar. 

II. The population dynamics of L. orbonalis showed a bimodal distribution. 

III. The diploid genome size of L. orbonalis is 944.52 Mb, over chicken RBC (2.33 pg) as 

a reference standard. The relationship of genome size with the insect morphological 

traits and host plant range showed no evident correlation between them (Fig. 1). 

Estimation of the genome size is the pre-requisite for sequencing of the whole 

genome of L. orbonalis. 

IV. The concentration-mortality bioassays revealed, 48.8 to 160 fold resistance to 

fenvalerate, 95.5 to 534.58 fold resistance to phosalone, 7.2 to 56 fold resistance to 

emamectin benzoate, 9. 4 to 22.8 fold resistance to thiodicarb, 29.5 to 303.0 fold 

resistance to flubendiamide and 1.6 to 8.60 fold resistance to chlorantraniliprole in 

different field populations of L. orbonalis tested as compared to laboratory-reared 

susceptible iso-female colony (Lo-S). 

V. The biochemical assays on detoxification enzymes revealed significant over-

production of CYP (O-demethylase) (5.4 to 18.5 fold), GST (4.1 to 8.9 fold) and CE 

(1.5 to 3.1 fold) in field-collected L. orbonalis populations as compared to 

susceptible Lo-S population. The study indicated the key role of biochemical factors 

in xenobiotic degradation, which results in moderate to very high level of resistance 

in field populations.  



VI. Among the four major esterase activity bands (E1 to E4), the high molecular weight E1 

and E2 bands were absent in Lo-S and Pune populations and faint in case of Varanasi 

population. However, the E1 band was very prominent and intense in other field 

populations indicating its over-production in resistant populations (Fig. 2). 

Additional band indicated gene duplication in these populations that may be 

associated with insecticide resistance. 

VII. Mining of the draft genome (de novo) and transcriptome dataset of L. orbonalis 

revealed that, 72, 94 and 34 full-length putative unigenes were coding for CYP, GST 

and CE respectively (Fig. 3,4 and 5). 

VIII. A total of 72 CYP genes were identified and assigned under four CYP clades based 

on closest BLAST hits following the international CYP gene nomenclature rules. 

Among them CYP324F1 novel gene was first ever reported for the living organism.  

IX. Homologous search revealed that out of 72 CYP genes, 34 had a potential to 

metabolize insecticides. Among them, 18 and 10 belonged to CYP3 and CYP4 

clades and these were involved in xenobiotic metabolism in insects (Fig. 3). 

X. The unigenes coding for CE were classified under 10 families including unclassified 

group. The homologous search indicated that, out of 94 CE unigenes of L. orbonalis, 

16 had the potential to metabolize insecticides (Fig. 4). 

XI. The full-length unigenes coding GST were classified under six families. The 

homologous search indicated that out of 34 GST unigenes of L. orbonalis, 25 were 

uniquely involved in insecticide degradation in other insects (Fig. 5).  

XII. Nine internal control genes were validated for their suitability in normalizing the 

target genes expression. 28S ribosomal protein S3 mitochondrial (28SR3) and 

glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) were found highly suitable 

based on their stability and stable expression pattern for normalization (Fig. 6). 

XIII. The quantitative gene expression studies with RT-qPCR revealed, differential 

expression of numerous genes under CYP and GST and few under CE in many of 

the field-collected L. orbonalis populations as compared to Lo-S population. A 

significant difference in expression pattern was noticed in the gene transcripts 

CYP324F1, CYP306A1, CYP6AB149 and CYP6CT1 (CYPs) (Fig. 7), contig2323-

0.22, contig14202-0.24, contig3755-0.39, contig3537-0.3, contig199-0.91, 

contig3023-0.16, contig3291-0.7, contig4841-1.1 and contig2323-0.23 (GSTs) (Fig. 

8) and contig11486-0.8 and contig4653-0.41 (CEs) (Fig. 9) compared to Lo-S. It 

indicated that evolution of multiple modes of insecticide resistance in L. orbonalis.  



XIV. Employing RNA interference (RNAi) technique by silencing of CYP324F1 and 

CYP306A1 genes through oral feeding of dsRNA resulted, 53.4 to 85.0 per cent 

down-regulation of these transcripts (Fig. 10) with larval mortality ranging from 

20.28 to 33.41 per cent at 1 μg/μL dsRNA concentration (Fig. 11).  

The data generated here has immense value in designing new tactics for the 

management of insecticide resistance in L. orbonalis. This is the first comprehensive 

study in the country as well as in the world on brinjal shoot and fruit borer, L. 

orbonalis, reporting various aspects viz., biological, biochemical and molecular 

phenomena holistically involved in insecticide degradation. 

            

Fig. 1. Flow cytometric fluorescence histograms of Leucinodes orbonalis cells. 

 

 

 

Fig. 2. The native PAGE of the esterase isozyme 

pattern of Leucinodes orbonalis; (1. Lo-S, 2. Pune, 

3. Varanasi, 4. Raichur, 5. Bhubaneswar, 6. 

Dharmapuri). 

 

 
Fig. 3. Phylogenetic relationship of 72 CYP450 

genes of L. orbonalis with selected D. 

melanogaster genes representing different clans. 

 

 



 

Fig. 4. Phylogenetic relationships of 94 

carboxylesterases genes of Leucinodes orbonalis 

with selected Drosophila melanogaster genes 

representing different classes. 

 

Fig. 5. Phylogenetic relationship of 34 glutathione 

S-transferase genes of Leucinodes orbonalis with 

selected Drosophila melanogaster genes 

representing six classes.  

 

  

Fig. 6. Analysis of gene expression stability values and ranking of reference genes using RefFinder algorithm in 

Leucinodes orbonalis. A) Developmental stages (B) Populations.  

 



 

Fig. 7. Expression profiles (Fold changes over Lo-

S population) of cytochrome P450 genes across 

field collected Leucinodes orbonalis populations 

using heat map (P-Pune; D-Dharmapuri; R-

Raichur; B-Bhubeneswar; V-Varanasi). The fold 

changes are indicated in different shades indicate 

significant difference as per Mann-Whiteney U-

test p-value<0.05. 

 

Fig. 8. Expression profiles (Fold changes over Lo-

S population) of glutathione S-transferase genes 

across field collected Leucinodes orbonalis 

populations using heat map (P-Pune; D-

Dharmapuri; R-Raichur; B-Bhubeneswar; V-

Varanasi). The fold changes are indicated in 

different shades indicate significant difference as 

per Mann-Whiteney U-test p-value<0.05. 

 

 

Fig. 9. Expression profiles (Fold changes over Lo-

S population) of carboxylesterases using heat 

map (P-Pune; D-Dharmapuri; R-Raichur; B-

Bhubeneswar; V-Varanasi). The fold changes are 

indicated in different shades indicate significant 

difference as per Mann-Whiteney U-test p-

value<0.05. 

 

Fig. 10. Molecular confirmation of ds-RNA effect 

in larvae after 92 hours of feeding at 1μg/μl 

concentration: A. Control versus ds-CYP324F1, 

B. Control versus ds-CYP306A1 and C. ds-LacZ 

versus target genes. 
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Fig. 11. Response of second instar larvae of Leucinodes orbonalis upon ds-RNA treatment; A. Control; B. LacZ 

control; C. ds-CYP324F1 and D. ds-CYP306A1 

 

(viii) In what way these results have made an original contribution to science and have impact 

 

 The traditional cultivar Eeranagere was identified as a tolerant cultivar against the L. 

orbonalis and can be used as a donor to develop resistant variety in breeding programme. 

 The integrated (biological, biochemical and molecular) analysis revealed and confirmed the 

existence of very high levels of multiple insecticide resistance among the field 

populations of L. orbonalis. 

 The diploid genome size of L. orbonalis was estimated at 944.52 Mb. The information on 

genome size was utilised in deciding the coverage and the platforms required for whole 

genome sequencing of L. orbonalis.    

 The present investigation identified from total 74, 34 and 94 genes, among them 34 

cytochrome p450 monooxygenese (CYP450), 25 glutathione S-transferaee (GST) and 16 

carboxylesterase (CE) genes from the genome that were involved in insecticide resistance.  

 The study identified a novel cyp gene, CYP324F1 from the genome of L. orbonalis. This 

cyp gene has not been identified from any other living system so far. 
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 Gene knock down studies revealed the significant role played by two cyp genes viz., 

CYP306A1 and CYP324F1 in degrading the insecticide molecules in addition to other 

physiological roles. 

The present study will serve as a strong base for development of sprayable nanoformulations 

of RNAi gene products for this important insect pest. It could be a viable alternative to 

conventional methods of control as well as transgenic approach. 
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Leucinodes orbonalis. Indian Journal of Entomology, 83: 1-4. 
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Abstract

Genome-wide analysis of cytochrome P450 monooxygenase
(CYP) genes from the advanced genome project of the
Leucinodes orbonalis and the expression analysis provided
significant information about the metabolism-mediated
insecticide resistance. A total of 72 putative CYP genes were
identified from the genome and transcriptome of L. orbonalis.
The genes were classified under 30 families and 46
subfamilies based on the standard nomenclature. In the
present study, a novel CYP gene, CYP324F1, was identified and
it has not been reported from any other living system so far.
Biochemical assays showed enhanced titers (5.81–18.5-fold) of
O-demethylase of CYP in five field-collected populations. We
selected 34 homologous CYP gene sequences, seemed to be
involved in insecticide resistance for primer design and

quantitative real-time PCR studies. Among the many
overexpressed genes (>10 fold), the expression levels of
CYP324F1 and CYP306A1 were prominent across all the field
populations as compared with the susceptible iso-female line.
Oral delivery of ds-CYP324F1 and ds-CYP306A1 directed
against CYP324F1 and CYP306A1 to the larvae of one of the
insecticide resistance populations caused reduced expression
of these two transcripts in a dose-dependent manner
(53.4%–85.0%). It appears that the increased titer of
O-demethylase is the result of increased transcription level of
CYP genes in resistant populations. The data provide insight
for identifying the novel resistance management strategies
against L. orbonalis. © 2020 International Union of Biochemistry and
Molecular Biology, Inc. Volume 0, Number 0, Pages 1–12, 2020
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1. Introduction
The ability of the insect pests to develop resistance against
multiple insecticidal molecules hampered the insect control
program [1]. The eggplant shoot and fruit borer, Leucinodes
orbonalis Guenée (Lepidoptera: Crambidae), a monophagous
insect pest, defy all the chemical control measures due to the
development of insecticide resistance [2, 3]. Repeated and
indiscriminate application of many chemicals also fostered sev-
eral environmental and health concerns, including disruption
of natural biological control systems [4, 5, 6].

Pesticide detoxification often occurs when toxins are mod-
ified into nontoxic compounds through reduction, oxidation,
conjugation reactions, and enhanced excretion of the altered
toxin molecules. The metabolic detoxification in insects gen-
erally involves three main groups of enzymes acting in three
phases (I–III) against a number of insecticides [7, 8]. Among
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Highlights

� Enhanced activity of cytochrome P450 monooxygenase
(CYP) in the midgut of Leucinodes orbonalis.

� Genome and transcriptome mining of L. orbonalis yielded
72 full-length putative CYP gene sequences.

� A novel CYP gene, CYP324F1, was identified.
� Overexpression of numerous CYP genes in field collected
populations of L. orbonalis.

� Silencing of CYP324F1 and CYP306A1 resulted in reduced
transcription activities in a dose-dependent manner.

all, the phase I reaction by cytochrome P450 monooxygenases
(CYPs) constitutes the largest gene superfamilies in all living
organisms and they are known to perform a large number of
highly diverse physiological and biochemical functions [7, 8,
9]. In insects, more than 1,700 CYP genes have so far been
identified and an insect genome normally contain from 10 to
>100 CYP genes [7]. CYPs have long been of particular interest
because they are critical for detoxification and/or activation
of xenobiotics such as drugs, pesticides, plant toxins, chemical
carcinogens, and mutagens. They are also involved in metab-
olizing endogenous compounds such as hormones, fatty acids,
and steroids [8, 9, 10]. The insect CYPs can be grouped into four
major phylogenetic clans viz., CYP2, CYP3, CYP4, and the mi-
tochondrial [11, 12]. The CYP2 clan consists of CYP15, CYP18,
CYP303–CYP307, CYP343, CYP359, and CYP369 families [8].
CYP306A1 is specifically involved in ecdysteroid biosynthesis
in the prothoracic glands of Bombyx mori and Drosophila
melanogaster [13]. Similarly, CYP3 clan is further subdivided
into many families viz., CYP6, CYP9, CYP28, CYP308–310,
CYP317, CYP321, CYP324, CYP329, CYP332, CYP336–CYP338,
and CYP345–CYP348 [14]. Among all, the members of CYP324
family are involved in detoxification of xenobiotics, in turn
associated with insecticide resistance mechanism [9, 12]. The
basal and upregulation of CYP gene expression can significantly
affect the disposition of xenobiotics or endogenous compounds
in the tissues of organisms and thus alter their pharmacologi-
cal/toxicological effects [15, 16]. It has been suggested that the
induction of CYP and their activities in insects help them in
adapting to changing environment and to cope with toxic effect
of insecticides [17].

The problem, together with the growing incidence of insect
resistance, has called attention to the need for developing
novel insecticides or management of insecticide resistance [18].
Hence, there is a quick need for more realistic and sustainable
tool for insect pest control such as gene silencing. The RNA
interference (RNAi) is one such method to develop target-
specific insect control [19, 20]. This technique could silence
the gene expression in nonmodel organisms, where the genetic
information is scanty [21].

In this study, we examined the CYP genes and their
potential role in detoxification of insecticides in field-collected

insecticide-resistant populations of L. orbonalis for the first
time. The quantitative real-time PCR (qRT-PCR) technique
was used to assess the expression pattern of CYP genes in
late second instar larvae. The functional validation of the
highly expressed CYP324F1 and CYP306A1 genes was done by
double-stranded RNA (dsRNA) feeding experiments.

2. Materials and Methods
2.1. Insecticide resistance and estimation of

O-demethylase activity of CYPCYP
The base-line susceptibility data generated by the senior
author to know the insecticide resistance status in different
field collected populations of L. orbonaliswas taken as a base for
conducting biochemical assays and gene expression analysis.
There was a large shift in the LC50 values against fenvalerate,
phosalone, thiodicarb, emamectin benzoate, flubendiamide,
and chlorantraniliprole, ranged from 1.6 to 534.6 in the field-
collected populations of L. orbonalis over the laboratory-reared
susceptible iso-female line (Lo-S) [22].

Twenty-five midguts from the starved 2nd instar larvae of
L. orobnalis were used to prepare the microsomal fraction as
per the standard procedure [23]. The O-demethylase activity, a
marker enzyme for measuring the CYPs, was determined spec-
trophotometrically by analyzing the production of p-nitrophenol
[24]. The 700 μL final reaction mixture in 50 mM phosphate
buffer (pH 6.8) composed of 10 μg of midgut microsomal frac-
tion, 2.9 mM p-nitroanisole (dissolved in dimethyl sulfoxide)
and 3.3 mM nicotinamide adenine dinucleotide phosphate. The
mixture was incubated for 60 Min at 30 °C. To this, 700 μL
ice-cold acetone and 0.2 mL of 0.5 M glycine–NaOH buffer (pH
9.5) were added to stop the reaction. The supernatant after
centrifugation was used to measure the absorbance at 410 nm.
The enzyme activity was determined using p-nitrophenol
standard curve [23].

2.2. Bioinformatics and naming of CYP genes
The CYP hmm model (CYP-PF00067) from the PFAM database
was used to search L. orbonalis predicted protein sequences
using the hmmsearch program from the HMMER3 software
package. The CDHIT and CLUSTAL OMEGAR® were used
to remove the redundancy and duplication. From the total
(72) putative CYP genes, 34 were selected based on their
known history of involvement in insecticide resistance in
other insects based on BlastX analysis (NCBI) with 90% query
coverage. The selected sequences were used for designing
primers by Primer 3.0 plus software (Table 1). To remove the
primer-dimer and confirm the efficiency, the OligoEvaluatorTM

(www.oligoevaluator.com) sequence analysis tool was used.
Naming of all the putative CYP genes of L. orbonalis was
performed by Dr. David R. Nelson, University of Tennessee
Memphis, USA.

2.3. RNA isolation from L. orbonalis larvae
The field populations of L. orbonalis larvae were collected
from intensive eggplant growing regions of India viz., Raichur

2 CYP450 and insecticide resistance in L. orbonalis
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TABLE 1
Primer details for amplification of cytochrome P450 genes of L. orbonalis

Sl

number Name of the gene

Primer sequence

5’ → 3’ Length GC (%) Tm (°C)

Sequence

length

Product

size

1. CYP337B22 F TTGATTTGTGTGTGGAACTGC 21 42.86 59.61 1,318 79

R TCGTCCGTAGGTTGTATCTGG 21 52.38 60.0

2. CYP6AE F GAGCCTTTTACGGGACAGAAC 21 52.38 60.12 852 57

R GTTTGATGATTTCGGGGTCTT 21 42.86 60.18

3. CYP6AE132 F TTACACGCTGCCTACTGGTCT 21 52.38 59.95 952 103

R CTGCTCTGGGTTTGGGAAGT 20 55.0 61.98

4. CYP305B1 F TCCGTTGGCGATATACACTTC 21 47.62 59.97 171 96

R ATTTTTCAATGCTCCATCGTC 21 38.12 59.04

5. CYP324F1 F GCATCTGGCTGTTCTGGAG 19 57.89 59.52 207 50

R AATCTCTGGGGAGTTGACGA 20 50.0 59.62

6. CYP4G204 F TCCACCAGTTCCTGTCATAGC 21 52.38 60.13 1,299 110

R GTATCCTGTAGGTGCCGATCA 21 52.38 59.97

7. CYP306A1 F GGGTGATGAAGACGTTGACAG 21 52.38 60.56 1,155 88

R AACAGGGACGATAGACCGAAT 21 47.62 59.84

8. CYP4M67 F GCCGTTGCTGCTATTTTAATG 21 42.86 59.77 774 101

R ACAGGTCCATTGTTACGCATC 21 47.62 59.87

9. CYP6AE132 F CAACGTCAAAAATGGGAAGAA 21 38.10 59.96 1,060 74

R CCAAGCTCAAACCAACCAATA 21 42.86 59.98

10. CYP9A140 F AATTGCTCAAGCCCTCATTTT 21 38.10 60.09 338 118

R TTCTTCAACCAGACGATCCTG 21 47.62 60.24

11. CYP4CG22 F CCAGCGTTTCACTTCAACATC 21 47.62 60.68 1122 92

R CCGACTTCCTCCTGTATCCTC 21 57.14 60.08

12. CYP4M69 F TGCCTCATGTTGTTAGCGAAT 21 42.86 60.65 748 79

R GGGAATCACCAAATACCTCGT 21 42.62 60.07

13. CYP6CT1 F AACAAAGCCAAACTCCATCCT 21 42.86 59.99 209 64

R CGAGACATTTCCTTGGTCCTT 21 47.62 60.48

14. CYP6AB F TGGGCACCTTATGAGAGTTTG 21 47.62 60.12 694 82

R CATGGCTCTAACACCAGCATT 21 47.62 60.15

15. CYP4AU F TGGAATGTTAGCGACGAAAAG 21 42.86 60.25 522 77

R TGCGTTTGATTGGTTCTGATT 21 38.10 60.1

16. CYP4L49_Lo F CTCTTCGGTTGTACCCTTCG 20 55.0 59.73 352 71

R CCATCCTGCTATATCCGTGTC 21 52.38 59.42

(Continued)
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TABLE 1
Continued

Sl

number Name of the gene

Primer sequence

5’ → 3’ Length GC (%) Tm (°C)

Sequence

length

Product

size

17. CYP9A142 (1aa

different)

F TCGACGTAAAAGACCTGACCA 21 47.62 60.67 336 59

R AAAAGCGCATGTTGCTATGAC 21 47.86 60.29

18. CYP9A142 (1aa

different)

F CTGCATGAGCTTGCCATAAAT 21 42.86 60.24 222 84

R CTTGCCGTCCTTCTTTTCTTC 21 47.62 60.36

19. CYP6AB149 F ACGTTAGTTGCTGCTCTCGAA 21 47.62 60.20 1,155 116

R TCATTTAGGGAATCTGCATCG 21 42.86 60.05

20. CYP367B1 (match

with gap)

F CCCTGAAAACACAAAGATCCA 21 42.86 60.12 1,354 119

R AGAACCTCCCTAAGCAATCCA 21 47.62 59.84

21. CYP6CT1 (another

contig)

F CCGAAGATGCACCAAAAACTA 21 52.38 60.1 207 88

R GATGGACTGGCACGGTATAAA 21 55.0 60.20

22. CYP324F1 F TACGTGGGTATCTGGCTGTTC 21 42.86 59.44 376 57

R GATCTCTGGGGAGTTGACGA 20 55 59.87

23. CYP367A1 F ACATTTACCAGAATGGCAGGA 21 47.62 59.95 611 107

R CCATATCAAGGTGGTGCAGTT 21 52.38 59.92

24. CYP9A141 F TGGATATGGTGGTTTCAGAGC 21 52.38 60.0 631 111

R CCTCAGTAGCTTTGTCGTTGG 21 47.62 59.38

25. CYP337B22 F CCAGATACAACCTACGGACGA 21 47.62 59.72 252 62

R CGCCAGCTACAAAGAAGAAGA 21 42.86 60.96

26. CYP354A23 F GAGCGTTTTATGGACGATGAG 21 42.86 60.21 801 63

R AACACCGAAAGCGAGGAATAA 21 52.38 60.10

27. CYP304F24 F GGAAATTGTGAAGGACGGTTT 21 42.86 60.24 1,207 118

R TAGGACGTGATAGTCGGATCG 21 42.86 60.25

28. CYP6AB150 F GCACTTCAGATGGACGAAAAA 21 47.62 59.87 216 79

R CATCCTTAGCACCAAAGCAAA 21 36.36 59.30

29. CYP354A23

(another contig)

F ATTTGGACGACGACACCATAG 21 38.10 58.16 238 120

R TTTGCATTTCAGGTTTTGTAGC 21 47.62 59.83

30. CYP367B1 F GTCAAGAAGCATCAGCAAAAA 21 42.86 60.91 309 60

R CTGGGTGGTAAGCCATCATTA 21 47.60 60.08

(Continued)
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TABLE 1
Continued

Sl

number Name of the gene

Primer sequence

5’ → 3’ Length GC (%) Tm (°C)

Sequence

length

Product

size

31. CYP367B1 F CGATTCAACCCTGAAAACACA 21 42.86 59.87 492 88

R AGAACCTCCCTAAGCAATCCA 21 52.38 60.32

32. CYP9A80 F ACATTCGCAAAGGAGAAGTCA 21 52.38 59.72 1,343 66

R GATATAGCTCGGGATCGTGGT 21 42.86 60.05

33. CYP9A142 F GAGTCCAGCATTCACCAGTTC 21 42.86 60.10 472 105

R TCCGCCTCCTTGATTCTATTT 21 47.62 59.91

34. CYP337B22 (2aa

different)

F CCAGATACAACCTACGGACGA 21 52.38 60.00 748 62

R CGCCAGCTACAAAGAAGAAGA 21 47.62 59.78

(16.2120°N, 77.3439°E), Dharmapuri (12.0933°N, 78.2020°E),
Bhubaneswar (20.2961°N, 85.8245°E), Pune (18.5204°N,
73.8567°E), and Varanasi (25.3176°N, 82.9739°E). Insects were
reared under laboratory conditions at 27 ± 2 °C, 60%–70% RH
and photoperiod of 14:10 H (L:D) on natural diet and the F1

individuals were used for isolation of RNA for gene expression
studies. Iso-female line designated as Lo-S (National Accession
number: NBAIR-IS-CRA-01a) derived from Bengaluru popu-
lation (Karnataka, Bengaluru: 12.9716°N, 77.5946°E), being
maintained since October 2012 at Insect Genomic Resources
Laboratory of ICAR-NBAIR, Bengaluru was used as susceptible
control.

Total RNA was isolated from late second instar larvae
using ISOLATE II RNA mini kit by following the manufacturer
guidelines (Bioline, Taunton, Massachusetts, USA). To remove
the DNA contamination, it was treated with RNase free DNase
I (Fermentas Life Sciences, Waltham, Massachusetts, USA) and
purified through Phenol-Chloroform (25:25) extraction [25].
The purity and concentration of total RNA was measured using
spectrophotometer (NanoDrop Lite-1000; Thermo Scientific,
Vilnius, Lithuania, Germany) and denatured agarose gel [26].

2.4. cDNA synthesis
RNA samples with an A260/A280 ratio ranging from 1.8 to
2.0 and A260/A230 ratio >2.0 were used for the preparation
of complementary DNA (cDNA). The first strand of cDNA was
synthesized from 4 μg of total RNA along with Oligo (dT)18
primer and nuclease-free water using Revert-AID first-strand
cDNA synthesis kit (Thermo ScientificTM, Vilnius, Lithuania,
Germany) following the supplier’s guidelines and stored at
−80 °C for future use.

2.5. qRT-PCR studies
The synthesized cDNA was diluted 10 times prior to using
it for qRT-PCR. The relative expression of target gene was

studied using qRT-PCR with 20 μL reaction consisted of 10 μL
2× SYBR® Premix EX TaqTM II (Tli RNaseH Plus; TAKARA®,
Nojihigashi, Shiga, Japan), 1 μL cDNA, 1 μL of gene-specific
primer each (forward and reverse), and make up the volume by
nuclease-free water. The thermal condition used for qRT-PCR
as follows: one cycle of 95 °C for 5 Min; 35 cycles of 95 °C for
30 Sec, 53 °C for 45 Sec, and 72 °C for 1 Min; a final cycle
of 72 °C for 10 Min using Light Cycler 480II (Roche Applied
Science, Basel, Switzerland). Each sample including control (no
template) and internal control was performed in triplicates.
The resultant PCR products were electrophoresed on 1.5%
agarose gel in a 1.0× TAE buffer. Relative expression levels for
the CYP genes were calculated by the 2−��CT method [27]. The
28SR3 (28S ribosomal protein S3 mitochondrial) gene was used
as an internal control to normalize the expression of target
genes [28]. Procedure and protocol followed was amenable
with Minimum Information for Publication of Quantitative
Real-Time PCR (MIQE) [29].

2.6. Cloning and synthesis of dsRNA of target genes
The coding sequences of CYP324F1 and CYP306A1 were
amplified using first-strand cDNA (1:10 diluted) as a template
with PCR master mix of 25 μL composing 10× Taq buffer,
2.5 mM dNTPs, 10 picomoles of forward and reverse primers
(CYP324F1-F, CYP324F1-R and CYP306A1-F, CYP306A1-R) for
corresponding gene (Table 2), 1 unit of Taq DNA polymerase
(TaKaRa, Nojihigashi, Shiga, Japan) and nuclease-free water.
PCR was performed in a thermal cycler (AB-Applied Bio
Systems, Waltham, Massachusetts, USA) with parameters used
as follows: initial denaturation at 94 °C for 5 Min, 35 cycles of
94 °C for 35 Sec; annealing for 30 Sec (CYP324F1—58.35 °C
and CYP306A1—61.75 °C); extension at 72 °C for 1 Min, and
final cycle of 72 °C for 10 Min with a no template control.
PCR amplicons were eluted from 1.5% agarose gel using
NucleoSpin Extract II (Macherey-Nagel, GmbH & Co. KG, Düren,
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TABLE 2
Primer details for upregulated genes, internal target/positive control genes used in dsRNA experiments

Sl

number Name

Primer

sequence

5’ → 3’ Length GC (%) Tm (°C)

Sequence

length

Product

size

qRT-PCR Primers

1. CYP324F1 F GCATCTGGCTGTTCTGGAG 19 57.89 59.52 207 50

R AATCTCTGGGGAGTTGACGA 20 50.0 59.62

2. CYP306A1 F GGGTGATGAAGACGTTGACAG 21 52.38 60.56 1,155 88

R AACAGGGACGATAGACCGAAT 21 47.62 59.84

3. LacZ F ACAATTTCCATTCGCCATTCA 21 38.10 58.3 534 –

R ATGACCATGATTACGCCA 18 44.44 55.3

4. 28SR3 F CAAAACTGGATGTGTGGGAGT 21 47.62 60.1 224 71

R GTTAGCTGGTGGTTGCAGTGT 21 52.38 62.6

dsRNA Primers

5. CYP324F1 ds-F TAATACGACTCACTATAGGG

AGAGAATTTGGATGCGCAAGCTG

43 44.6 72.8 207 203

ds-R TAATACGACTCACTATAGGG

AGAAACAGTGAACAAGTTTAGTCC

44 40.48 69.5

6. CYP306A1 ds-F TAATACGACTCACTATAGGG

AGACTGGTGCTGCGGTTGACTTG

43 48.84 74.0 1,155 515

ds-R TAATACGACTCACTATAGGG

AGAACGTGAGGATTCCTCGGCCT

43 48.384 72.2

7. LacZ ds-F TAATACGACTCACTATAGGG

ACAATTTCCATTCGCCATTCA

41 39.02 70.0 534 452

ds-R TAATACGACTCACTATAGGG

ATGACCATGATTACGCCA

38 42.11 69.5

Germany), then ligated into TA cloning vector (pTZ57R/T) and
transformed into DH5α strain (Escherichia coli) by following the
manufacturer guidelines (Fermentas, St. Leon-Rot, Germany).
Subsequent blue-white colony screening, the plasmids were
isolated from the positive clones after overnight incubation
using GenJETTM Plasmid MiniPrep kit (Fermentas, GmbH) and
were confirmed from 1.5% agarose gel.

A unique dsRNA region of two target genes (CYP324F1 and
CYP306A1) was selected to minimize the off-target effect from
the draft genome and sequence-specific primers were designed
using Primer 3.0 Plus software and tailed with T7 promoter
region at 5’ end. dsRNA template was synthesized by sequence-
specific primer (ds-CYP324F1 and ds-CYP306A1) along with the
PCRmaster mix and cycling conditions as explained earlier. The
PCR reaction volume was made up to 50 μL, the DNA template
used in that was candidate CYP genes containing EcR plasmid
clones (diluted 1:500 times, ∼100 ng), with respective primer

annealing temperature. The amplified product was resolved
using 1.5% agarose gel. The DNA was eluted using NucleoSpin®

Extract II (Macherey-Nagel, GmbH) and used as template
(1 μg) for dsRNA synthesis with MEGAScript RNAi kit (Life
Technologies, Darmstadt, Germany) following manufacturers
guidelines. The quantification and integration of dsRNA were
done by NanoDrop Lite-1000 (Thermo Scientific, Vilnius,
Lithuania, Germany) and 1.5% agarose gel, respectively. The
off-target control dsRNA, which is specific to bacterial LacZ,
was synthesized using the similar protocol [30].

2.7. Oral delivery of dsRNA
Eggplant flower bud bioassay technique was employed for the
oral delivery of dsRNA. An unopened flower bud (∼1.5 cm) with
slant cut tip was rinsed in 0.1% Triton X-100 (Sigma–Aldrich,
St. Louis, Missouri, USA) and then washed twice in double
distilled water. The stalks of the buds after shade drying were
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TABLE 3
Mixed function oxidase activity in midgut of L. orbonalis

L. orbonalis population

source

GPS coordinates of the

location collected

O-demethylase activity

ug//min/ mg protein

Fold variation

Raichur 16.2120°N, 77.3439°E 1341.6 ± 23.5 18.5

Dharmapuri 12.0933°N, 78.2020°E 873.6 ± 14.2 12.04

Pune 18.5204°N, 73.8567°E 396.2 ± 13.5 5.46

Varanasi 25.3176°N, 82.9739°E 421.8 ± 11.8 5.81

Bhubaneswar 20.2961°N, 85.8245°E 944.6 ± 26.6 13.02

Bangalore (Lo-R) 13.0358°N, 77.5970°E 72.5 ± 3.9 –

placed in 500 μL PCR tube containing known concentration
of dsRNA. This technique allowed the entire flower bud
contaminated with dsRNA. The 100 μL dsRNA solutions of 1,
0.5, 0.25, 0.1, and 0.05 μg/μL were filled in the individual tubes.
Freshly molted and starved second instar larva of insecticide-
resistant Dharmapuri population was cautiously transferred
to the treated buds individually under three replications. The
bioassay procedure also included negative control (nuclease-
free water) and positive off-target control (LacZ-dsRNA). The
larval mortality was taken at 24, 48, 72, and 96 H.

2.8. qRT-PCR to measure gene knockdown
The silencing of target gene was examined by performing qRT-
PCR.Total RNA from each treatment was isolated at 48 and 72 H
of feeding from the surviving larvae. RNA extraction and cDNA
synthesis were done as above. The 20 μL reaction composed
of 10 μL 2× SYBR® Premix EX TaqTM II (Tli RNaseH Plus;
TAKARA®, Nojihigashi, Shiga, Japan), 10 mM of each primers
(qRT-CYP324F1 and qRT-CYP306A1) (Table 2), and 2 μL of
diluted cDNA (1 ng/μL) as a template. The 28SR3 was used as a
reference gene [28]. The final volume was made up with adding
nuclease-free water. For each target gene, no template control
and off-target control under three technical replicates were
performed. The qRT-PCR analysis was conducted by following
cycles viz. 95 °C for 5 Min (denaturation); 40 cycles of 95 °C for
30 Sec and 60 °C for 1 Min for primer annealing in a Light Cycler
480 II (Roche Applied Science). The relative expression of the
silenced target genes was calculated by 2−��ct method [27].

2.9. Statistical analysis
The data presented in the current study were analyzed using
the IBM-SPSS 24.0 software package [31].For dsRNA treatment,
Student’s t-test was used with significant at P < 0.05 statistical
differences.

3. Results
3.1. Activities of detoxification enzymes
Differences in the titer of O-demethylase activity were ana-
lyzed using p-nitroanisole as a substrate. Significantly elevated

FIG. 1
Distribution of CYP subfamilies under different

families of CYP450.

activities (5.46–18.5-fold) were noted in the field collected
populations over the susceptible Lo-S population of L. or-
bonalis (Table 3). Field populations collected from Raichur,
Bhubaneswar, and Dharmapuri showed 18.5-, 13.0-, and
12.0-fold increased enzyme activity.

3.2. Bioinformatics and gene identification
Field populations of L. orbonalis were analyzed to see the
expression pattern of CYP genes and compared with insecticide
susceptible iso-female line. Through genome and transcriptome
mining, 147 putative CYP genes were identified. The number
of putative CYPs reduced from 147 to 72 after the removal of
redundancy and repetition by CD-HIT and CLUSTAL OMEGA®.
The CYP sequences were classified under Clan2 (eight), Clan3
(27), Clan4 (20), Mitochondrial CYP clan (10), and ungrouped
(seven). Further, the genes were subdivided into 30 families
and 46 subfamilies (Fig. 1). CYP6 clan has the highest number
of CYP genes (nine) followed by CYP9 (eight). Eighteen families
were represented by single gene. The gene sequences used in
the present experiments for designing primers and performing
expression analysis ranged from 171 to 1,354 bp. Thirty-four
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FIG. 2
Transcription profiling of cytochrome P450 genes in field collected populations of L. orbonalis depicted as fold change over the

susceptible Lo-S colony. (A) Pune, (B) Dharmapuri, (C) Raichur, (D) Bhubaneswar, and (E) Varanasi.

FIG. 3
Differential expression of CYP450 genes in five field collected populations of L. orbonalis over susceptible populations.

unigenes relating to insecticide resistance were identified
based on BlastX search for genes from the closely related
species in the NCBI database (having >90% identity). Of these,
18 belonged to CPY3 clan (mainly involved in metabolism of
xenobiotics) and 10 belonged to CYP4 clan (having role in
xenobiotic metabolism and physiological function).

3.3. Differentially expression of cytochrome P450
genes

Quantitative expression analysis was performed for 34 putative
CYP genes using total RNA extracted from the late second instar
larvae of five field-collected L. orbonalis populations along with
susceptible Lo-S. Tenfold changes in the expression of four
genes (CYP6AB149, CYP6CT1, CYP306A1, and CYP324F1) were
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FIG. 4
Expression profiles (fold changes over Lo-S

population) of cytochrome P450 genes across field

collected Leucinodes orbonalis populations using

heat map (P, Pune; D, Dharmapuri; R, Raichur; B,

Bhubaneswar; V, Varanasi). The fold changes are

indicated in different shades indicate significant

difference as per Mann–Whitney U-test P

value < 0.05.

observed over the cut-off value (Figs. 2 and 3). CYP306A1
and CYP324F1 expressed most abstemiously. Overexpression
of CYP306A1 (304.1-, 122.7-, 16.3-, 36.7-, and 12.6-fold) and
CYP324F1 (31.2-, 133.3-, 106.8-, 103.4-, and 97.8-fold) were
observed in all the field collected L. orbonalis populations
(Figs. 3 and 4).

3.4. Target gene silencing
The oral delivery of dsRNA (ds-CYP306A1 and ds-CYP324F1)
specific to CYP306A1 and CYP324F1 using five different
concentrations viz., 1, 0.5, 0.25, 0.1, and 0.05 μg/μL caused
dose-dependent larval mortality that ranged from 5.7% to
85.0% (Figs. 5A and 5B). There was no difference in the relative
expression of target genes in the positive nontarget (ds-LacZ)
and untreated control (Fig. 5).

Post-treatment observation of ds-CYP324F1 resulted in
20.3% mortality with 1 μg/μL concentration at 96 H of feeding.

Similarly, ingestion of ds-CYP306A1 caused 33.4% mortality
at 1 μg/μL concentration (Fig. 6). There was no significant
mortality in case of off-target control (ds-LacZ) as well as
untreated in control experiments (Figs. 5A and 5B). The
molecular confirmation revealed that there was a complete
silencing of the target genes after ingestion of ds-CYP324F1
and ds-CYP306A1 by the early second instar larvae over both
the control populations after RNA extracted from dead larva
(Figs. S1A, S1B, and S1C).

4. Discussion
L. orbonalis is the key pest of eggplant and one of the dif-
ficulties to control insect pests. Many field populations have
developed multiple insecticide resistance and defy insecticidal
treatments [32]. In insects, the metabolic resistance appears
due to the quantitative mechanism viz., change in the level of
production of transcripts [33, 34]. The increased production of
O-demethylase, the marker enzyme for measuring the activity
of CYP (5.46–18.5-fold), indicated the involvement of CYP genes
in insecticide resistance in field-collected L. orbonalis popula-
tions. CYP-mediated insecticide resistance is not uncommon in
insect pests [33].

Seventy-two putative CYP genes were identified and named
from the genome and transcriptome dataset of L. orbonalis
and classified under different clans. Similar to L. orbonalis, 90
CYP genes were reported from D. melanogaster [35], 111 from
Anopheles gambiae [36], 48 from Apis mellifera [37], and 143
from Tribolium castaneum [38]. The number of CYP genes in L.
orbonalis from the present study was also comparable to many
other lepidopteran insects. Total of 84, 90, 72, and 36 CYP
genes were identified from B. mori, Plutella xylostella, Chilo
suppressalis, and Cnaphalocrocis medinalis [39, 40, 41,42].

CYP2 clan has diverse families viz., CYP15C, CYP18A, CYP
303A, CYP305A, CYP306A, and CYP307A. The genes CYP306A1
and CYP307A1 of CYP2 clan and CYP314A1, CYP315A1, and
CYP302A1 of mitochondrial P450 clan participate in the
ecdysteroid biosynthesis [43]. The CYP306A1 is specifically
involved in ecdysteroid biosynthesis in the prothoracic glands
of B. mori and D. melanogaster [43, 44]. Similarly, identification
of CYP307A1 has revealed the Black Box reaction involved in
synthesis of a new signal compound essential for ecdysteroid
biosynthesis [45]. CYP306A1 gene was abstemiously expressed
in all the five populations of the L. orbonalis (Figs. 2, 3, and 4).

The largest CYP3 clan consists of CYP6, CYP9, CYP28,
CYP308-310, CYP17, CYP21, CYP324 families and CYP 395–
400 families [9]. The family CYP6 (11) and CYP9 (9) constitute
27.77% of all the CYP genes in L. orbonalis. In the present study,
CYP324F1 was expressed uniformly with minimum of 10-fold
changes over control in all the population (Figs. 2, 3, and 4).
Similarly, CYP6Bs was involved in detoxifying diverse plant
allelochemicals in various insects [46, 47, 48, 49]. CYP6A2 and
CYP6G1were reportedly involved in insecticides resistance in D.
melanogaster [50, 51, 52, 53]. The overexpression of CYP6AE14
and CYP6B7 upon xanthotoxin and tomatine induction was
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FIG. 5
Relative expression of (A) CYP324F1 and (B)

CYP306A1 after dsRNA treatment.

FIG. 6
Percentage mortality of L. orbonalis after treating

with dsRNA.

observed in Helicoverpa armigera [54]. In the present study, a
novel CYP gene, CYP324F1 was identified from the genome of
L. orbonalis. CYP324F1 has not been reported from any other
living system so far.

The RNAi efficiency varies among the insect species. A
small amount of dsRNA induces a greater systemic response
in T. castaneum and dipteran insects [21, 55, 56, 57, 58,
59, 60], whereas poor response was observed in case of
lepidopteran insects [61, 62]. The ds-CYP306F1 induced 33.4%
larval mortality (Fig. 6B) with 5.7%–53.5% fold changes at
different concentration of L. orbonalis (Figs. 5B and 6B).
Similarly, silencing of Lm-TSP and chitin synthase-1 genes
induced the mortality in locusts [63, 64], VTE and IAP genes
in Acyrthosiphon pisum [60]. The larval mortality due to
ingestion of ds-CYP324A1 was 20.28% and the reduction in
gene expression was from 31.1% to 85% in a dose-dependent

manner (Figs. 5A and 6A). Similarly, ingestion of ds-CYP9A105
silenced the expression of CYP9A105 and partly reversed the
susceptibility of Spodoptera exigua larvae to the pyrethroid
insecticides [62].

The partial silencing of two important CYP genes in the
present study has the implications in possible restoration of
susceptibility to insecticides. The possible role of CYP306A1 in
ecdysterioid synthesis in the prothoracic gland of L. orbonalis
also cannot be ruled out. The data obtained from the present
study can be used for developing novel management tools to
control the L. orbonalis.
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Abstract 
The shoot and fruit borer, Leucinodes orbonalis is the major insect pest of eggplant, causes severe yield loss up to 90 per cent. Chemical 

insecticides remain the sole option for control of L. orbonalis, adopted by most of the farmers. Indiscriminate use of various insecticides led 

to insecticide resistance and subsequent control failure. The pesticide usage history on eggplant revealed that, the farmers from Dharmapuri 

area sprayed 22.6 times (5.4 insecticides), followed by Raichur and Guntur area with 21.6 times (8.9 insecticies) and 21.4 times with 7.9 
insecticides. The L. orbonalis collected from the hilly tracts of Almora and Pune received no or negligible amount of insecticides. The dose-

mortality bioassays on field-collected populations of L. orbonalis indicated, varying levels of resistance development against phosalone 

(139.6 to 526.6 fold), flubendiamide (31.9 to 363.9 fold), fenvalerate (37.2 to 128.7 fold), emamectin benzoate (9 to 46 fold) and thiodicarb 
(7.2 to 22.8 fold) as compared to susceptible iso-female colony (Lo-S). Continous and indiscriminate use of the insecticides poses increased 

selection pressure that leads to development of insect resistance to insecticide. 

Keywords : Eggplant, Leucinodes orbonalis, insecticide resistance, usage pattern.  

Introduction 

The eggplant, Solanum melongena is native to India, 

widely cultivated in many Asian countries (Doijode, 2001; 

Tsao and Lo 2006; Anonymous 2014). India stands second in 

production after China with 0.66 million hectares and a 

production of 12.4 million tonnes (Anonymous, 2017). West 

Bengal, Odisha, Gujarat, Bihar, Madhya Pradesh, 

Chhattisgarh, Karnataka, Maharashtra, Andhra Pradesh, 

Haryana, Assam, Uttar Pradesh, Jharkhand and Tamil Nadu 

are the leading states for commercial eggplant production.  

Eggplant crop is damaged by more than 53 important 

insect pests, out of which 8 species are considered as major 

pests causing severe damage to the crop. The eggplant shoot 

and fruit borer, Leucinodes orbonalis Guenée (Lepidoptera: 

Crambidae) is a chronic pest of eggplant that damages the 

crop throughout the crop season (Biswas et al., 1992; 

Bhadauria et al., 1999; Muthukrishnan et al., 2005). Yield 

losses up to 88.7 per cent have been reported in many 

countries despite best management practices (Haseeb et al., 

2009, Mishra et al., 2014). Due to cryptic nature of the 

larvae, farmers generally adopt calendar-based prophylactic 

insecticidal sprays to avoid cosmetic damage on the fruits 

(Chatterjee and Roy, 2004; Sharma et al., 2004; Mishra and 

Dash, 2007). Out of 13-14 per cent of pesticides used on 

vegetables in India, eggplant receives the maximum pesticide 

sprays after chilli (Kodandaram et al., 2013). Due to 

continous pesticide application evidence of insecticide 

resistance has been documented in L. orbonalis (Kodandaram 

et al., 2015; Kariyanna et al., 2019). The large population 

size and year-round multiplication capacity of L. orbonalis 

coupled with continuous exposure to various chemicals 

might further accelerate resistance evolution in this pest. The 

present study attempted to analyse the insecticide usage 

pattern on eggplant and level of insecticide resistance in L. 

orbonalis against selected insecticides. 

 

Materials and Methods 

Insect collection and maintenance 

The field populations of L. orbonalis were collected 

from intensive eggplant growing regions of India viz., North 

India: Varanasi (18.5204° N, 73.8567° E), Delhi (16.2120° 

N, 77.3439° E), Almora (16.2120° N, 77.3439° E); Central 

India: Nagpur (16.2120° N, 77.3439° E); Eastern India: 

Bhubaneshwar (20.2961° N, 85.8245° E); Western India: 

Pune (18.5204° N, 73.8567° E); South India: Raichur 

(16.2120° N, 77.3439° E), Guntur (16.2120° N, 77.3439° E), 

Dharmapuri (12.0933° N, 78.2020° E) and Coimbatore 

(16.2120° N, 77.3439° E) (Fig. 1) during 2016-2019. 

Collected field populations were reared under laboratory 

conditions at 27 ± 2 ºC, 60-70 per cent RH, and a 

photoperiod of 14:10h (L:D) on a natural diet (Fig. 2) and the 

F1 individuals were used for bioassay and biochemical 

studies. The iso-female line (Lo-S) derived from the 

Bengaluru area (12.9716° N, 77.5946° E) has been 

maintaining (since October 2012) at insect genomic 

resources laboratory at ICAR-NBAIR was used as 

susceptible control and designated as Lo-S. 

Data on insecticide usage pattern 

The insecticides that are very frequently used on the 

eggplant to control L. orbonalis were recorded from local 

farmers. The details on types, numbers and frequency of 

insecticides used along with insecticides rotation pattern and 

damage percentage were collected from each location (Table 

1; Fig. 1). 

Insecticide resistance bioassays 

The commonly used commercial formulations viz., 

fenvalerate (20% EC), emamectin benzoate (5% EC), 

phosalone (35%), thiodicarb (75%) and flubendiamide (20%) 

were selected based on their usage history on eggplant by 

farmers for the control of L. orbonalis. The filter paper 

residue assay (Cheng et al., 2010) with crucial adjustments 
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was used for insecticide resistance bioassays on early second 

instar larvae of L. orbonalis larvae. Based on the preliminary 

bioassay five to seven appropriate concentrations of each of 

the selected insecticides were prepared. Filter paper discs of 

approximately 4.5 cm diameter were immersed in the 

required dilutions and vertically dried under shade for 1 hour. 

Then paper discs placed individually in the plastic containers 

~5 cm diameter and 10-second instar larvae were allowed on 

each concentration in three to four repetitions (Fig. 3). After 

24 hours of incubation, the larvae were shifted to an 

untreated natural diet (Fig. 4). The mortality of larvae was 

recorded from 48 hours. The filter paper residue assay was 

found simple, precise and consistent in larval mortality for 

contact insecticides and hence this method was adopted 

subsequently in all dose-mortality bioassays. The larval 

mortality data were grouped and used for probit analysis by 

POLO software (Leora, 1994). For each population, the 

lethal concentration to kill 50% of the test larvae (LC50) was 

assessed.  The resistance ratios (RR) were analysed by using 

the formula: LC50 of field population/LC50 of the Lo-S 

population. 

 
Fig. 1 : Leucinodes orbonalis populations collected from different part of India 

 
Results and Discussion 

Insecticide history during crop period 

The insecticides used by the farmers in the surveyed 

location were more diverse and greater numbers than the 

recommended. Among the eleven collected population (Fig. 

1) the Raichur population having highest insecticide uasage 

history (8.88), followed by Coimbatore (8), Dharmapuri 

(7.62), Delhi (7.3), Guntur (7.28), Varanasi (7), Nagpur (7) 

and Bhuvaneshwar (5.33). In contrary, Pune (0.9) (in hilly 

area) and Almora (0.7) were reported less number of 

insecticides. The highest number of sprays observed in 

Coimbatore (22.8) and Dharmapuri (22.62 times), the result 

was concurrence with 15-time insecticide spray on eggplant 

and cauliflower, 13 and 12 times spray in chilli and bhendi 

crop respectively (Jeyanthi and Kombairaju, 2005). 

Insecticide usage pattern and evolution of resistance in eggplant shoot and fruit borer, Leucinodes orbonalis 

guenée (Lepidoptera: crambidae) in India  
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Fig. 2 : Improved rearing method of L. orbonalis using natural host 

 
Fig. 3 : Larvae of L. orbonalis released on Filter paper discs for 24 hours 

 
Fig. 4 : Larvae of L. orbonalis allowed on natural potato diet for 48-72 hours after filter paper incubation 

 to record the mortality 

The overall insecticide usage history in eggplant 

growing area of India revealed that, the emamectin benzoate 

is the most commonly used insecticides (12%) in all the 

locations followed by chlorantraniliprole (10%) (Fig. 5). The 

spinetoram, fenvalerate, acephate moderately using 

insecticides (~8%) and corboryl, chlorpyriphos, dimethoate, 

alphamethrin, triazophos contributing 2 per cent or less in 

managing L. orbonalis. Similarly, highest number of 

organophosphates and amide group of insecticide to manage 

insect pests in eggplant and cauliflower were from Himachal 

Pradesh (Kumar et al., 2017 and Gaganpreet et al., 2018). In 

bhendi neonicotinoids and combinations of insecticides were 

largely used to manage sucking pest (Meenambigai et al., 

2017) and pyrethroids were the most commonly used 

insecticides on eggplant followed by organophosphate 

(Jeyanthi and Kombairaju, 2005). 

Kariyanna B. et al. 
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Table 1 : Insecticides usage pattern against L. orbonalis on eggplant 

Sl. 
No. 

Place of 
collection 

Commonly used insecticides 
Number of 

farmers 
interviewed 

Number of 
sprays / crop 

season 
(mean ±SE) 

Number of 
insecticides 

used 
(mean ±SE) 

1. Almora Organic by default, rarely fenvalerate 12 0.7 ±0.06 1.0 

2. Bhubaneshwar 
Acephate, phosalone, chlorantraniliprole, emamectin 

benzoate, flubendiamide, acetamaprid 
6 18.83 ±2.57 5.33 ±0.33 

3. Coimbatore 

Phosalone, acetamaprid, acephate, emamectin benzoate, 

flubendiamide, spinetoram, fipronil, deltamethrin, 

fenvalerate 

5 22.8 ±1.71 8 ±0.7 

4. Delhi 

Chlorantraniliprole, endosulfon, profenophos, corboryl, 

chlorpyriphos, deltamethrine, dimethoate, emamectin 

benzoate, endosulfan 

3 20 ±1.15 7.3 ±0.8 

5. Dharmapuri 
Fipronil, emamectin benzoate, phosalone, fenvalerate, 

phosalone, chlorantraniliprole, flubendiamide, dimethoate  
8 22.62 ±2.18 7.62 ±0.37 

6. Guntur 

Acetamaprid, acephate, emamectin benzoate, spinetoram, 

deltamethrin, cartap-hydrochloride, fipronil, 

alphamethrin, profenophos 

7 21.42 ±1.32 7.28 ±0.52 

7. Nagpur 

Emamectin benzoate, acetamaprid, fipronil, acephate, 

fenvalerate, cartap-hydrochloride, spinetoram, 

chlrorantraniliprole 

6 18.33 ±1.05 7±0.5 

8. Pune 
Largely organic, ocaasionally treated with spinetoram and 

fipronil 
10 3.7 ±1.32 0.9 ±0.31 

9. Raichur 

Fipronil, acephate, alphamethrin, profenophos, 

acetamaprid, cartap-hydrochloride, emamectin benzoate, 

spinetoram, triazophos, monocrotophos, 

chlorantraniliprole 

9 21.55 ±1.38 8.88 ±0.58 

10. Varanasi 

Spinosad, fenvalerate, deltamethrin, phosalone, 

flubendiamide, cartap-hydrochloride, chlorantraniliprole, 

emamectin benzoate 

5 20 ±0.7 7 ±0.54 

11. 
Bengaluru 

(Lab S) 

Insecticide susceptible (Being maintained since 2012) 
- - - 

 
Insecticide resistance monitoring   

The usage pattern of insecticide to manage L. orbonalis 

indicated that, the insecticides groups viz., organophosphate, 

carbamate, pyrethroids, synthetic actinomycetes derived 

chemicals, amide and cartap hydrochloride were commonly 

used in most of the eggplant growing location. The LC50 

helps to determine the resistance ratio against the applied 

insecticides. In present study, the dose-mortality bioassays 

with insecticides like fenvalerate, phosalone, emamectin 

benzoate and flubendiamide demonstrated different levels of 

toxicity against the filed collected L. orbonalis compared Lo-

S (Table 2).  

 

 
Fig. 5 : Frequency of pesticide used across the eleven eggplant growing regions of India 

Insecticide usage pattern and evolution of resistance in eggplant shoot and fruit borer, Leucinodes orbonalis 

guenée (Lepidoptera: crambidae) in India  
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The bioassay using fenvalerate depicted that, the LC50 

of Nagpur (128.7 ppm) was highest followed Delhi (114.2 

ppm) and least observed in case of Coimbatore (37.2 ppm) 

populations over Lo-S (table 2) and the range of LC50 

observed from 1.62 to 259.2 ppm. Similar trend was 

observed (35.0 ppm to 226.33 ppm) against cypermethrin 

10EC on L. orbonalis (Ranjith Kumar, 2014). 

For phosalone the highest LC50 was Nagpure (632.0 

ppm) followed by Delhi (483.3 ppm) and least was from 

Coimbatore (167.5 ppm) population over Lo-S (table 2). 

Phosalone insecticide has widest LC50 range from 1.2 to 

632.0 ppm in all the populations. The result was supported 

with a maximum range of LC50 from 140.5 to 1322.5 ppm 

against monocrotophos on 14 L. orbonalis populations across 

India (Ranjith Kumar, 2014). But the spectrum of LC50 was 

comparatively low when quinolphos used as insecticide 

against fourteen L. orbonalis populations (Ranjith Kumar, 

2014).  

Thiodicarb displayed the highest LC50 in Guntur (264.2 

ppm) followed Nagpur (262.8 ppm) and least was observed 

in Coimbatore (83.2 ppm) population over Lo-S (table 2). 

The thiodicarb LC50 range was 83.2-264.2 ppm in all the 

tested populations. The data was supported with the LC50 of 

50-313.53 ppm in 14 population collected across India 

(Ranjith Kumar, 2014). 

The LC50 of flubendiamide was highest in Nagpur (83.7 

ppm) followed by Delhi (53.0 ppm) and least was observed 

in Coimbatore (7.34 ppm) over Bengaluru (Lo-S) (table 4). 

The range of LC50 was 7.34-83.7 ppm in all the tested 

populations. Similalry, for Punjab local populations 11.2 ppm 

were reported (Kodandaram et al., 2013) and 2.10-28.20 ppm 

in 14 L. orbonalis species tested across India (Ranjith 

Kumar, 2014). 

Emamectin benzoate displayed the least LC50 value 

compared to other insecticides, in which highest was 

observed in Delhi (0.46 ppm) followed by Nagpur (0.38 

ppm) and least was observed in Coimbatore (0.06 ppm) 

population over Lo-S (table 4). Among all the chemicals use 

the emamectin benzoate has shown greater mortality with 

least LC50 value (0.06-0.46 ppm) and fold changes (9-46 

folds) against all the tested field populations (Table 2). 

Similar toxicity range of LC50 value (302.8 ppm) was 

reported in neonate L. orbonalis larvae (Anil and Sharma, 

2010) and from 0.061 to 0.24 ppm in Leucinodes spp in 

Punjab (Kaur et al., 2014). 

 
Table 2 : Insecticide resistance pattern in field populations of L. orbonalis  

F. limits 
Insecticide Population 

LC50 
(ppm) 

Slope ±SE 
Lower upper 

χ
2 heterogeneity 

(DF) 
Resistance ratio 

Guntur 93.9 3.2± 0.2 56.8 125.5 3.93 (3) 58.1 

Coimbatore 61.2 2.8± 0.56 30.8 97.5 1.02 (4) 37.2 

Nagpur 208.5 2.2 ± 0.56 103.5 603.2 2.87 (3) 128.7 

Delhi 185.7 3.1 ±0.53 98.05 412.9 6.35 (4) 114.2 

Fenvalerate 

Bengaluru (Lo-S) 1.62 2.2 ± 0.42 0.85 3.57 2.62 (4) - 

Guntur 191.1 1.9± 0.2 109.1 281.1 3.91 (3) 159.3 

Coimbatore 167.5 2.3± 0.34 123.8 245.2 7.0 (4) 139.6 

Nagpur 632.0 2.1 ± 0.09 315.8 2560.5 0.74 (3) 526.6 

Delhi 483.3 1.93± 0.14 243.7 957.5 0.96 (3) 402.8 

Phosalone 

Bengaluru (Lo-S) 1.2 1.2± 0.21 0.521 2.42 1.91 (3) - 

Guntur 0.19 1.1± 0.10 0.07 0.26 1.2 (3) 19 

Coimbatore 0.06 1.3± 0.14 0.03 0.09 0.62 (4) 9 

Nagpur 0.38 2.9 ± 0.21 0.220 1.390 8.62 (4) 38 

Delhi 0.46 1.91 ± 0.19 0.231 0.953 3.77 (3) 46 

Emamectin benzoate 

Bengaluru (Lo-S) 0.01 1.4  ± 0.07 0.004 0.051 3.17 (3) - 

Guntur 264.2 2.2 ± 0.21 122.1 468.1 2.4 (3) 22.8 

Coimbatore 83.2 1.6 ± 0,32 42.78 193.2 6.9 (4) 7.2 

Nagpur 262.8 1.9 ± 0.14 145.9 534.6 7.3 (4) 22.6 

Delhi 106.5 1.82 ±  0.39 55.37 278.4 2.4 (3) 9.17 

Thiodicarb 

 

Bengaluru (Lo-S) 11.61 1.73±0.32 5.462 23.56 4.7 (3) - 

Guntur 42.9 1.72 ± 0.10 22.4 94.02 2.9 (3) 186.5 

Coimbatore 7.34 0.99 ± 0.10 3.23 16.72 6.2 (4) 31.9 

Nagpur 83.7 2.11 ± 0.21 40.00 253.9 3.9 (3) 363.9 

Delhi 53.0 1.92 ± 0.28 26.91 118.0 3.7 (3) 230.4 

Flubendiamide 

 

Bengaluru (Lo-S) 0.23 1.21 ± 0.26 0.09 1.01 2.1 (3) - 

 
Conclusion 

The present investigation revealed that, the insecticide 

usage pattern across India with the extent of insecticide 

resistance in various field collected populations of L. 

orbonalis. Thus, it is important to examine each possible 

factor that leads to the evolution of insecticide resistance. 

Lack of resistance in certain populations does not exclude 

resistance risk in the future. Hence, the insecticide resistance 

management strategies should essentially include atleast 

moderately tolerate eggplant cultivar, monitoring of 

population by pheromone traps, need-based application of 

effective and softer insecticides in rotation with 

biopesticides, botanicals and bioagents. Understanding the 

level of insecticide resistance before a control measure is 

deployed would help in effective resistance management of 

L. orbonalis. 

Kariyanna B. et al. 
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The shoot and fruit borer, Leucinodes orbonalis (Lepidoptera: Crambidae) is the
major cause of low productivity in eggplant and insecticides being the mainstay
of management of L. orbonalis. However, field control failures are widespread due
to the evolution of insecticide resistance. Taking advantage of the whole genome
sequence information, the present study investigated the level of insecticide resistance
and the expression pattern of individual carboxylesterase (CE) and glutathione
S-transferases (GSTs) genes in various field collected populations of L. orbonalis.
Dose-mortality bioassays revealed a very high level of resistance development
against fenvalerate (48.2–160-fold), phosalone (94-534.6-fold), emamectin benzoate
(7.2–55-fold), thiodicarb (9.64–22.7-fold), flubendiamide (187.4–303.0-fold), and
chlorantraniliprole (1.6–8.6-fold) in field populations as compared to laboratory-reared
susceptible iso-female colony (Lo-S). Over-production of detoxification enzymes viz.,
CE and GST were evident upon enzyme assays. Mining of the draft genome of
L. orbonalis yielded large number of genes potentially belonging to the CE and GST
gene families with known history of insecticide resistance in other insects. Subsequent
RT-qPCR studies on relative contribution of individual genes revealed over-expression of
numerous GSTs and few CEs in field populations, indicating their possible involvement
of metabolic enzymes in insecticide resistance. The genomic information will facilitate
the development of novel resistance management strategies against this pest.

Keywords: Leucinodes orbonalis, insecticide resistance, genome, arboxylesterase, gene expression, glutathione
S-transferase, carboxylesterase
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HIGHLIGHTS

- High levels of multiple insecticide resistance in field collected
Leucinodes orbonalis populations.

- Enhanced midgut activities of carboxylesterase and
glutathione S-transferase enzymes.

- Qualitative changes in esterase banding pattern in
resistant populations.

- Mining and retrieval of 94 carboxylesterase and 33 glutathione
S-transferase full length gene sequences from draft assembled
genome and transcriptome of L. orbonalis.

- Over-expression of large number of glutathione S-transferase
and few carboxylesterase genes in resistant field collected
populations.

INTRODUCTION

Eggplant or aubergine (Solanum melongena), also called as
brinjal, is one of the most popular vegetable crops in south-
east Asia especially India, China, and Bangladesh. The most
important limiting factor in brinjal cultivation is the damage
caused by shoot and fruit borer, Leucinodes orbonalis Guenee
(Lepidoptera: Crambidae). It was first described from India and
now it is distributed all over Asia, Africa, and in few parts of
Europe (Mally et al., 2015). In India and Bangladesh, it causes
severe yield losses up to 93% despite best management practices
(Kodandaram et al., 2017; Prodhan et al., 2018). Surveys in
India and Bangladesh indicated that farmers spray chemical
insecticides up to 84 times during a 6–7 month cropping season.
A very high level of pesticide load at a concentration 40–
450 times higher than the maximum residue limit (MRL) in
marketed brinjal fruits poses major health concerns (Srinivasan,
2008; Latif et al., 2010; Kariyanna et al., 2020b). It is also
considered as a pest of quarantine significance to the number
of countries outside its native range. L. orbonalis has high
reproductive potential with overlapping generations. Studies
reporting high level of insecticide resistance development in
L. orbonalis might be attributed to the long-term indiscriminate
use of various insecticides on eggplant (Kodandaram et al., 2017;
Shirale et al., 2017).

Resistant insects overcome the toxic effect of insecticide
molecules by adopting one or more mechanisms ranging from
cuticular thickening, nerve impenetration, altered production of
metabolic enzymes, target site insensitivity, enhanced excretion
through ABC transporters as well as by gut symbionts (Mohan
et al., 2015). The enhanced detoxification of insecticides by
metabolic enzymes viz., carboxylesterases (CE) and glutathione
S-transferases (GSTs) are commonly reported in resistant
populations of many insect species and mites (Ranson et al., 2002;
Enayati et al., 2005; Oakeshott et al., 2005; Perry et al., 2011;
Das and Dutta, 2014; Akıner and Ekşi, 2015; Benoit et al., 2015).
The resistant individuals metabolize the insecticides faster due
to higher catalytic rate or enhanced production of the enzyme
as a consequence of increased transcription or gene duplication
(Panini et al., 2016; Kariyanna et al., 2020a). The GSTs are
phase II metabolic enzymes and are distributed in most of the

animals (Hayes and Pulford, 1995). Among several subclasses
of GST, the enzymes which are frequently associated with the
insecticide resistance are Delta and Epsilon classes (Friedman,
2011; Lumjuan et al., 2011). Similarly, enhanced metabolism of
organophosphates, carbamates, and pyrethroids are frequently
associated with CEs through gene amplification, upregulation,
mutations by coding sequence, or a combination of all these
mechanisms (Zhang et al., 2012; Cui et al., 2015).

Considering the economic and social impact of L. orbonalis,
genetically modified eggplant expressing insecticidal cry1Ac gene
from Bacillus thuringiensis has been developed (Shelton et al.,
2018), but, a moratorium on its commercialization was imposed
by Indian Government due to public concern. Though Bt
eggplant is commercialized in Bangladesh way back in 2014, yet
the area under cultivation is <2500 Ha (Shelton et al., 2018) due
to various reasons. Baring Bt brinjal, the insecticides remain the
sole method of controlling L. orbonalis in all the eggplant growing
countries. With the availability of genome sequence, the present
study investigated the level of insecticide and the expression
pattern of CE and GST genes from field collected insecticide
resistant L. orbonalis populations, to pinpoint the key metabolic
genes involved in insecticide degradation.

MATERIALS AND METHODS

Insect Collection and Maintenance
The field populations of L. orbonalis larvae were collected during
2017–2018 from intensive eggplant growing regions of India
viz., Raichur (16.2120◦ N, 77.3439◦ E), Dharmapuri (12.0933◦

N, 78.2020◦ E), Bhubaneshwar (20.2961◦ N, 85.8245◦ E), Pune
(18.5204◦ N, 73.8567◦ E), and Varanasi (25.3176◦ N, 82.9739◦ E).
All the field populations were reared under laboratory conditions
at 27 ± 2◦C, 60–70% relative humidity (RH), and a photoperiod
of 14:10 h (L:D) on a natural diet and the F1 individuals were used
for bioassay and biochemical studies. The insecticide susceptible
iso-female line (National Accession number: NBAIR-IS-CRA-
01A), designated as Lo-S (65th generation) was originally
derived from L. orbonalis collected near Bengaluru (12.9716◦

N, 77.5946◦ E) and maintained at insect genomic resources
laboratory at ICAR-NBAIR.

Insecticide Resistance Bioassays
Insecticides fenvalarate (20% EC), emamectin benzoate (5% EC),
phosalone (35%), thiodicarb (75%), flubendiamide (20%), and
chlorantraniliprole (18.5%) were selected for conducting dose-
mortality bioassays based on their usage history on brinjal
by farmers. Filter paper residue assay (Cheng et al., 2010)
with essential modifications was used for insecticide resistance
bioassays on early second instar larvae of L. orbonalis. Five
to seven appropriate concentrations of each of the selected
insecticides were prepared based on the dose bracketing
technique. The filter paper discs (4.5 cm diameter) were dipped
in the appropriate dilutions and dried vertically under shade
for 1 h. Then, the discs were placed individually in plastic
containers (5 cm diameter) and 10 larvae were released in
each container. Moistened filter paper discs without insecticide
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TABLE 1 | Primer details for carboxylesterase (CE) genes.

Sl. No Sequence Primer sequence 5′→3′ Length GC (%) Tm (◦C) Sequence length Product size E (%)

1. Contig8459-0.14 F GTGTCAAACGTGTTCAGAATC 21 43 54 2796 100 91.43

R TACCCAGGAAAGTAGTGTAGT 21 43 54

2. Contig12636-0.8 F CTTGCACTCTGTTCACTAACT 21 43 54 2712 95 88.17

R TCTGTCGTCGTTGTTGTATTC 21 43 54

3. Contig11486-0.8 F TCACATGAGACTGGGTAGAA 20 48 55 3936 95 103.22

R CTCTGTAGTGTCTGTCGTAGA 21 45 54

4. Contig4177-0.23 F AACCTGTTCTCACAAGCTATC 21 48 55 1146 95 98.05

R AGTCTAGTACCTCTCAGGATTG 22 45 55

5. Contig5480-0.2 F TCCCTCACACTAACGAAAGA 20 45 55 6498 95 98.12

R TCCAGGTATTCAGGAGTGATAG 22 45 55

6. Contig11205-0.1 F AACGTGGAACCTTACTTCAC 20 45 54 597 100 97.60

R CACCTTCGTCTTCGTTGTAA 20 45 54

7. Contig4653-0.41 F TGCAAGTGACTGTGAACGAAG 21 48 58 2417 179 101.88

R AGCGTTACCAGGGATGTCTTT 21 48 58

8. Contig132-0.69 F ATCCCTCTGGAACCTCAAAAA 21 43 54 3375 179 88.81

R GGGAACATTCTGAAAGGGAAG 21 48 54

9. Contig3761-0.1 F TGTGGGCTAACTTCGCTAAAA 21 43 55 681 233 90.70

R TTCGATTTTTCTCACCACACC 21 43 56

10. Contig3761-0.2 F CCTGGCTCTGAAACTGACTTG 21 52 55 1251 150 99.31

R TTGATAGGAGGAGCAGCGTAA 21 43 55

11. Contig9545-0.25 F CAAAGAACTTCAACTTCACT 20 35 49 555 193 101.67

R TTTTTCGTCAGGTTTGTGAGG 21 43 55

12. Contig9545-0.26 F TCCTTCATTCCTGCAAAGAGA 21 43 55 804 167 100.15

R AGTAGTCACCCACCACGTCAG 21 57 60

13. Contig11588-0.37 F CTGGTAACGCTGGTATCAAA 20 45 54 1269 111 97.11

R CAGCTGATTGACCGAAGATAG 21 48 55

14. Contig5480-0.52 F ACCAATCAGACGACTCACACC 21 52 59 1863 157 90.48

R GCGATGTTCACCAGTTTTGAT 21 43 55

15. Contig5480-0.3 F GGTCCTGTGAAAGGTTACAA 20 45 55 663 94 92.15

R TGTATTTGTCAGCACCAGTAG 21 43 55

16. Contig11205-0.4 F GAAGGTGAAATCGTGAACAAC 21 43 54 225 165 97.11

R TTGGTATGATGATGAACCGTGT 22 41 56

were used in control. After 24 h, the larvae were transferred to
untreated natural diet. All the assays were replicated and repeated
at least thrice on alternate days. The mortality of the larvae
was assessed after 48 h. The pooled larval mortality data were
subjected to probit analysis using the software POLO (LeOra,
1987) and the lethal concentration to kill 50% of the test larvae
(LC50) was calculated for each population. Resistance ratios
(RRs) were calculated with the following formula: LC50 of field
population/LC50 of insecticide susceptible Lo-S population.

Preparation of Midgut Homogenate
The starved late second instar larvae were used for the
preparation of midgut homogenate. Midguts were dissected
and homogenized with homogenization buffer (0.1 M sodium
phosphate buffer pH 7.8 containing 1 mM each of DTT,
EDTA, PTU, and PMSF). The content was centrifuged at
12,000 rpm for 20 min and the clear supernatant was used as
a enzyme source for estimating the titers of carboxylesterase
and GST. The total protein content of the preparations
was assessed by Coomassie brilliant blue G-250 dye-binding

method using bovine serum albumin (BSA) as the standard
(Bradford, 1976).

Assays on Carboxylesterase and
Glutathione S-Transferase
The activity of carboxylesterase was determined using the method
described by van Asperen (1962) with essential modifications
and α-naphthyl acetate as a substrate. The assay mixture
in a 96 well microplate (iMark, Biorad microplate reader)
consisted of an appropriate amount of midgut homogenate,
0.1 M sodium phosphate buffer pH 7.8 and 800 µl of
3 mM α-naphthyl acetate containing 0.3 mM eserine. The
mixture was incubated at 30◦C for 30 min. Finally, 200 µl of
0.1% tetrazotized o-dianisidine (Fast blue B) in 3.5% sodium
dodecyl sulfate was added and incubated for 20 min at room
temperature in dark. The α-naphthol formation was measured
at 590 nm and the enzyme activity was computed from
α-naphthol standard curve.

Glutathione S-transferase activity was determined using
1-chloro-2,4-dinitrobenzene (CDNB) as a substrate (Kao et al.,
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TABLE 2 | Primer details for glutathione S-transferase (GST) genes.

Sl. No Sequence Primer sequence 5′→3′ Length GC% Tm (◦C) Sequence length Product size E (%)

1. Contig7206-0.56 F GCCTCAAGACTGCATGAAAAG 21 48 56 600 223 98.59

R GTCAGCCAGAGTGATTTCGTC 21 52 58

2. Contig2323-0.22 F TTCACCTCCTTGCAGATCAGT 21 48 58 375 160 87.80

R GAAGTCACCGTCTTTCAGCAG 21 52 58

3. Contig8855-0.81 F ACGACATCCTGAACACTCTGC 21 52 59 657 165 98.93

R TTCTCCATTGTCTCACCCAAG 21 48 57

4. Contig2841-0.35 F CGCTATGAGATTCTGCCCTTAC 22 50 57 762 120 104.58

R GAGAAGTCGAACAGCCATTCA 21 48 57

5. Contig2596-0 F TGCTACCTGGTGGACAAATTC 21 48 57 639 236 92.92

R CCCATTTAGTGTCGTTCAGGA 21 48 56

6. Contig14202-0.24 F TATCCTGGCTCTGAACGCTAA 21 48 58 717 171 105.55

R TCGTCCAGGTATTCCACAGTC 21 52 59

7. Contig1970-0.34 F GACGCTCTGAGACTGTTCGAC 21 57 60 564 190 96.96

R CTTCGTAACCAGGAGCAGTTG 21 52 58

8. Contig1510-0.48 F ATCGGTTGGCTGAACACTATG 21 48 57 726 227 95.00

R AAAGTAGCCAGCATTTGAGCA 21 43 57

9. Contig2478-0.25 F TCTGGGACTCACACGCTATCT 21 52 56 654 208 100.59

R ATTTGAGCCAGGTTTTCAGGT 21 43 60

10. Contig3755-0.39 F CGCTATCATGCAATACGTGTG 21 48 56 654 183 102.61

R AGACCCAGAGGAGTTCTTTCG 21 52 59

11. Contig3537-0.3 F ACAAATTCAACCTGCTGCCTA 21 43 56 423 227 96.58

R CAGTTTACCAGCGAAGTGACC 21 52 58

12. Contig10769-0.3 F TCACTGGCTATCGCTAGATACA 22 45 57 621 116 98.89

R CGTTTGACCAGAAGTCGAAGAT 22 45 57

13. Contig1010-1.18 F GACGCTCTGAGACTGTTCGAC 21 57 60 648 190 98.00

R CTTCGTAACCAGGAGCAGTTG 21 52 58

14. Contig9166-0.22 F ACAAATCAGTGGCTGCTAAA 20 40 54 345 97 95.31

R GGCAGGTAGTACAGTTTGATAG 22 45 54

15. Contig6423-0.33 F TGCTACCTGGTGGACAAATTC 21 48 57 645 236 89.22

R CCCATTTAGTGTCGTTCAGGA 21 48 56

16. Contig199-0.91 F TGTGAAAGCTCTGGGTGAATC 21 48 57 567 233 99.14

R GAAGTCCACGTTCATGTCGAT 21 48 57

17. Contig8048-0.1 F TCAATCGAAGAAGACCTGGAA 21 43 55 486 150 98.83

R CAGCAGTTGAGGGTACACGTT 21 52 60

18. Contig11878-0.11 F TGCTACCTGGTGGACAAATTC 21 48 57 540 236 98.55

R CCCATTTAGTGTCGTTCAGGA 21 48 56

19. Contig7006-0 F CGCTAGATACCTGGCTAACAAA 22 45 56 606 98 92.55

R CCCAGAAGTCGTAGATGTTCAG 22 50 57

20. Contig3023-0.16 F GCTGCTTACGAAGGTAGAATG 21 48 55 618 173 99.14

R GCAGGGAAGTGTTCTTTAGGG 21 52 58

21. Contig2596-0 F TGCTACCTGGTGGACAAATTC 21 48 57 639 235 101.31

R CCCATTTAGTGTCGTTCAGGA 21 48 56

22. Contig2478-0.15 F CATCACACGCTATCACTACTT 21 43 54 456 102 97.25

R GCAGTCTTTGGTCGATTCT 19 47 54

23. Contig3291-0.7 F TATCGTGTCAGGTATCCAAC 20 45 53 402 179 92.16

R GTCAGCCAGAGTCAGTTGGTC 21 57 60

24. Contig4841-1.1 F TGGACGACACTAGACCTAAA 20 45 54 327 81 93.78

R GTTGGATACCTGACACGATAG 21 48 54

25. Contig2323-0.23 F CTCACACGCTATCACTACTTAC 22 45 54 645 101 95.56

R GCAGTCTTTGGTCGATTCT 19 47 54

1989). The assay mixture composed of 50 mM each of CDNB and
L-glutathione reduced and 10 µl gut homogenate. The change in
absorbance was measured at 340 nm for 5 min and the enzyme

activity in terms of nmoles of CDNB conjugated per minute per
mg protein using the molar extinction coefficient of 5.3 mM−1

(optimized for the path length: 0.55 cm).
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TABLE 3 | Resistance pattern of field populations of L. orbonalis against various insecticides.

Insecticide Population LC50 (ppm) Slope ± SE Fiducial limits χ2 heterogeneity (DF) Resistance ratio

Lower Upper

Fenvalerate Bhubaneswar 259.2 2.6 ± 0.52 125.61 623.8 7.01 (3) 160

Raichur 93.2 3.1 ± 0.2 2 56.1 125.8 3.92 (3) 57.5

Dharmapuri 78.4 2.5 ± 0.23 53.2 145 2.81 (3) 48.3

Pune 5.9 2.1 ± 0.11 2.51 16.32 2.91 (3) 3.6

Varanasi 153.2 1.6 ± 0.23 75.2 432.4 3.37 (4) 94.6

Bengaluru (Lo-S) 1.62 2.2 ± 0.42 0.85 3.57 2.62 (4) –

Phosalone Bhubaneswar 641.5 2.61 ± 0.22 283.51 2564.6 6.90 (3) 534.6

Raichur 190.2 1.9 ± 0.2 1 110.1 280.5 3.90(3) 158.5

Dharmapuri 113 3.3 ± 0.56 56.4 203.2 0.89 (3) 94.2

Pune 8.81 1.7 ± 0.08 4.34 24.81 3.48 (3) 7.3

Varanasi 435.8 1.9 ± 0.21 210.5 1202.8 1.37 (3) 363.2

Bengaluru (Lo-S) 1.2 1.2 ± 0.21 0.521 2.42 1.91 (3) –

Emamectin benzoate Bhubaneswar 0.072 1.4 ± 0.09 0.291 0.204 3.4 (3) 7.2

Raichur 0.1 1.1 ± 0.10 0.07 0.2 1.19 (3) 10

Dharmapuri 0.07 1.5 ± 0.31 0.03 0.1 2.66 (3) 7

Pune 0.012 1.8 ± 0.09 0.005 0.045 1.07 (3) 1.2

Varanasi 0.55 1.2 ± 0.28 0.231 1.821 6.89 (4) 55

Bengaluru (Lo-S) 0.01 1.4 ± 0.07 0.004 0.051 3.17 (3) –

Thiodicarb Bhubaneswar 211.6 1.71 ± 0.83 116.23 621.78 1.91 (3) 18.2

Raichur 263.2 2.1 ± 0.21 121.3 467.9 2.3 (3) 22.7

Dharmapuri 161.9 2.05 ± 0.30 83.82 341.7 7.2 (3) 13.9

Pune 23.6 2.0 ± 0.12 32.01 184.8 1.3 (3) 2.03

Varanasi 112 2.2 ± 0.18 56.82 456.8 1.7 (4) 9.6

Bengaluru (Lo-S) 11.61 1.73 ± 0.32 5.462 23.56 4.7 (3) –

Flubendiamide Bhubaneswar 69.7 1.20 ± 0.08 36.34 173.35 3.7 (3) 303.0

Raichur 43.1 1.72 ± 0.10 22.39 93.72 2.9 (3) 187.4

Dharmapuri 61.5 1.3 ± 0.13 35.65 129.39 7.2 (3) 267.4

Pune 6.79 1.10 ± 01.0 3.02 17.93 14.6 (4) 29.5

Varanasi 61.3 1.79 ± 0.08 20.32 173.8 17.5 (4) 266.5

Bengaluru (Lo-S) 0.23 – – – – –

Chlorantraniliprole Bhubaneswar 2.29 0.66 ± 0.16 0.28 6.4 4.08 (3) 6.9

Raichur 0.80 0.59 ± 0.16 0.02 2.9 2.80 (3) 2.4

Dharmapuri 2.84 0.63 ± 0.15 0.41 7.94 4.92 (3) 8.6

Pune 1.76 0.6 ± 0.16 0.12 5.59 3.08 (3) 5.3

Varanasi 0.60 0.47 ± 0.15 0.002 3.2 5.68 (3) 1.6

Bengaluru (Lo-S) 0.33 0.81 ± 0.26 0.003 1.24 1.55 (3) –

TABLE 4 | Metabolic enzymes activities in the midgut of L. orbonalis populations.

L. orbonalis population Glutathione -S- transferase Carboxylesterase

Specific activity
(nMoles/min/mg protein)

Fold variation as
compared to Lo-S

Specific activity
(µMoles/mg/min)

Fold variation as
compared to Lo-S

Bhubaneswar 70.5 ± 3.6* 5.6 6.02 ± 0.21* 2.8

Raichur 73.0 ± 3.6* 5.8 6.83 ± 0.21* 3.2

Dharmapuri 112.3 ± 11.2* 8.9 5.78 ± 0.33* 2.7

Varanasi 51.8 ± 2.8* 4.1 3.52 ± 3.4 1.7

Pune 103.4 ± 9.5* 8.2 3.28 ± 0.33 1.5

Bengaluru (Lo-S) 12.62 ± 1.3 – 2.12 ± 0.13 –

*Indicates significant differences by Mann–Whiteney U-test (p < 0.05) as compared to Lo-S population.
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FIGURE 1 | The Native PAGE of the esterase isozyme pattern of L. orbonalis
(1. Lo-S, 2. Pune, 3. Varanasi, 4. Raichur, 5. Bhubaneswar, 6. Dharmapuri).

Esterase Isozyme Studies
The native polyacrylamide gel electrophoresis (PAGE) with
10% resolving gel was performed as per Davis (1964) to

visualize the esterase isozymes from the 2nd instar midgut
larval homogenates of the L. orbonalis populations tested.
Midgut homogenates with 20 µg protein were loaded onto
the native PAGE and run at a constant voltage of 70 for
1.5 h. Gel was briefly stained with freshly prepared 0.05%
(w/v) α-naphthyl acetate and 0.1% (w/v) fast blue B in 50 mM
phosphate buffer pH 7.8.

Genome Mining and Phylogenetic
Analysis
The draft assembled genome (NCBI Bioproject ID:
PRJNA377400) of L. orbonalis was used as query for extracting
the gene sequences of glutathione S-transferases (GSTs) and
carboxylesterases (CEs). The hmm model for carboxylesterase
and GST (CE-PF00135, PF02230, and GST-C PF00043, GST-
N PF02798, GST-PF13417, PF14497, PF17171, PF17172)

FIGURE 2 | Phylogenetic relationships of 94 CE proteins of L. orbonalis with selected D. melanogaster protein representative of seven characterized
carboxylesterase classes. Putative CE proteins in L. orbonalis were identified using hmmsearch against PFAM CE families (CE PF00135). The Maximum likelihood
tree was constructed using CLC workbench.
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were obtained from PFAM database1. A total of 94 and 33
putative CE and GST sequences were mined using hmm
search with HMMER3 software package2. Among them,
the genes with known history of involvement in insecticide
resistance in other insects were selected and further confirmed
with NCBI BLASTX. The GST and CE protein sequences of
Drosophila melanogaster was downloaded from its genome
database (Marygold et al., 2013), GenBank3 and Uniprot4.
We combined these putative GST protein sequences with
D. melanogaster’s annotated protein sequences for each of
the six subclasses of GST (Epsilon, Sigma, Omega, Delta,
Zeta, and Theta). The sequences were multiple aligned using
CLUSTALW and a maximum likelihood tree with 1000
bootstrap value was constructed using MEGA75 and TreeDyn
online server6 was used to visualize the tree. Similarly, 94
CE protein sequences under seven subclasses (α-esterases,
gliotactin, glutactin, neurolignin, juvenile hormone esterases,
acetylcholinesterases, and cricklet) were combined, multiple
aligned using MAFFT online server using conserved domain
feature and phylogenetic tree of CE genes from L. orbonalis using
D. melanogaster as a reference were constructed with the help
of CLC workbench (QIAGEN Bioinformatics7) using maximum
likelihood approach.

1http://pfam.xfam.org
2http://hmmer.janelia.org
3http://www.ncbi.nlm.nih.gov/
4http://www.uniprot.org/
5http://www.megasoftware.net
6www.treedyn.org
7https://www.qiagenbioinformatics.comproductsclc-main-workbench

Quantitative Real-Time PCR
The late 2nd instar larvae were used for RNA extraction
(ISOLATE II RNA mini kit) by following the manufacturer’s
guidelines (Bioline). Purity and concentration of total RNA
were measured in a spectrophotometer (NanoDrop Lite, Thermo
Fisher Scientific) and denatured agarose gel (Masek et al., 2005).
RNA samples with an A260/A280 ratio ranging from 1.8 to 2.0
and A260/A230 ratio >2.0 were used for cDNA preparation. First
strand of complementary DNA was synthesized from 4 µg of total
RNA using Revert AID first strand cDNA synthesis kit (Thermo
Fisher ScientificTM, Lithuania) following the suppliers guidelines
and stored at −80◦C till further use.

qPCR primers for 25 GST and 16 CE gene sequences were
designed using Primer 3.0 software. The detailed information of
the primers used in the current study is listed in Tables 1, 2.
To remove the primer dimer and confirm the efficiency,
OligoEvaluatorTM sequence analysis tool (accessed on July 20188)
was used. Primer specificity analysis was observed by single
peak in the melting curve and single band from the agarose
gel of the all candidate genes of CE and GST ranged from
90.36 to 104.58% (Tables 1, 2). Quantitative real-time PCR
(RT-qPCR) amplifications were performed in 20 µL reaction
consisted of 10 µL 2×SYBR R© Premix EX TaqTM II (Tli RNaseH
Plus, TAKARA R©, Japan), 1 µl cDNA and gene specific primer
pair. The parameters used for RT-qPCR are: One cycle of 95◦C
for 3 min; 35 cycles of 95◦C for 30 s, 53◦C for 45 s, and
72◦C for 1 min; a final cycle of 72◦C for 10 min using Roche
480II machine. All the samples including control (no template)

8http://www.sigmaaldrich.com/life-science/custom-oligos/custom-dna/learning-
center/calculator.html

FIGURE 3 | Transcription profiling of carboxylesterase genes in field collected populations of L. orbonalis depicted as fold change over the susceptible Lo-S colony.
(A) Bhubaneswar, (B) Dharmapuri, (C) Pune, (D) Raichur, (E) Varanasi.
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and internal control were performed in triplicates. The PCR
products were electrophoresed on 2.0% agarose gel in a 1.0×TAE
buffer. Relative expression levels for the CE and GST genes
were calculated by 2−11CT method. The 28SR3 (28S ribosomal
protein S3 mitochondrial) (Kariyanna et al., 2019) gene was used
as an internal control to normalize the expression of target genes.

RESULTS

Insecticide Resistance Monitoring
The LC50 values against fenvalerate, phosalone, thiodicarb,
emamectin benzoate, flubendiamide and chlorantraniliprole
indicated that there is a large shift in susceptibility of field-
populations of L. orbonalis as compared to the laboratory
reared susceptible iso-female colony (Lo-S). The field
collected populations exhibited 3.6–160-fold resistance against
fenvalerate, 7.3–534.6-fold resistance against phosalone,
7.0–55.0-fold resistance against emamectin benzoate, 2.0–22.7-
fold resistance against thiodicarb, 29.5–303.0-fold resistance
against flubendiamide, and 1.6–8.6-fold resistance against
chlorantraniliprole. However, the susceptibility level of all the
field populations and the Lo-S did not vary significantly against
chlorantraniliprole based on the overlapping fiducial limit
values. High level of resistance development against phosalone
and flubendiamide was observed in L. orbonalis collected from
Varanasi whereas other field populations, the RRs were non-
significant as compared to Lo-S. L. orbonalis populations from
Bhubaneswar showed a significantly very high levels of resistance
against fenvalerate, phosalone and flubendiamide as compared
to Lo-S. The population of L. orbonalis collected from high hills
near Pune recorded less RR and the susceptibility status was
almost on par with Lo-S population (Table 3).

Activities of Detoxification Enzymes
Quantitative differences in the titer of GST and CE were
determined using α-naphthyl acetate and 1-chloro-2,4-
dinitrobenzene (CDNB) as substrates, respectively. Significant
level of elevated GST activities (4.1–8.9-fold) was observed
in field collected L. orbonalis as compared to susceptible Lo-
S population. However, the overproduction of CE has not
pronounced much (1.5–3.2-fold), but there was a significant
level of overproduction in two field populations based on
Mann–Whiteney U-test. The results indicated that GST activity
was altered more profoundly than the CE (Table 4).

The qualitative differences in carboxylesterase isozymes were
visualized under native PAGE after incubation of the gels in the
α-naphthyl acetate as a substrate. Among the four major esterase
activity bands (E1 to E4), the high molecular weight E1 and E2
bands were absent in Lo-S and Pune populations and faint in
case of Varanasi population. However, the E1 band was very
prominent and intense in other field populations indicating its
over-production nature (Figure 1).

Differential Expression of CE Genes
Ninety-four CE genes were identified from the genome and
transcriptome sequences of L. orbonalis. They were classified

under seven subfamilies viz., α-esterases, gliotactin, glutactin,
neurolignin, juvenile hormone esterases, acetylcholinesterases,
and cricklet like orthologs (Figure 2). The length of the gene
sequences ranged from 225 to 6498 bp. Expression profiling of
16 genes (homologous to resistant genes in other insects with
≥90% query coverage) was examined from the mRNA samples
derived from late second instar larvae of five field-collected
L. orbonalis populations by RT-qPCR. The CE genes contig11486-
0.8 and contig4653-0.41 were over-expressed more than 10-fold
as compared to susceptible Lo-S population (Figures 3, 4).

Differential Expression of Glutathione
S-Transferase Genes
Mining of genome and transcriptome data of L. orbonalis yielded
33 unigenes codings for GSTs. Lengths of the identified GST
unigene sequences ranged from 370 to 5,048 bp. The phylogenetic
analysis revealed that the predicted GST genes are represented
under all six classes of GST viz., Epsilon (10 genes), Sigma
(6 genes), Omega (5 genes), Delta (8 genes), Zeta (3 genes),
and Theta (1 gene) (Figure 5). RT-qPCR analysis of 25 GST
genes (homologous to other insects resistant genes) revealed that
many of them were over-expressed in larvae collected from the
field. The GST genes named contig2323-0.22, contig14202-0.24,
contig3755-0.39, contig3537-0.3, contig199-0.91, contig3023-
0.16, contig3291-0.7, contig4841-1.1, and contig2323-0.23 were

FIGURE 4 | Expression profiles (fold changes over Lo-S population) of
carboxylesterase genes across field collected L. orbonalis populations (P,
Pune; D, Dharmapuri; R, Raichur; B, Bhubaneswar; V, Varanasi). The fold
changes are indicated in different shades indicate significant difference as per
Mann–Whiteney U-test p-value < 0.05.
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FIGURE 5 | Phylogenetic tree of 34 predicted L. orbonalis glutathione S-transferase proteins with D. melanogaster genes representative of the six characterized
GST classes. Putative GST proteins in L. orbonalis were identified using hmmsearch against PFAM GST families (GST-C PF00043, GST-N PF02798), the Maximum
Likelihood tree with 1000 bootstraps was constructed using MEGA7 and TreeDyn online server was used to visualize the tree. Number on each node is bootstrap
values in percent. Scale = 1 amino acid substitution per site.

very highly expressed (>50-fold) in one or more resistant
field-collected L. orbonalis populations (Figures 6, 7) over the
susceptible Lo-S population.

DISCUSSION

Damage caused by L. orbonalis is the major limiting factor
in realizing maximum productivity of eggplant in many
Asian countries including India, China, and Bangladesh.
The high reproductive potential and shorter life cycle of
the pest coupled with the evolution of multiple insecticide
resistance pose a major challenge in profitable cultivation of
eggplant (Prodhan et al., 2018). The insecticide resistance levels
detected in the field collected populations ranged from low
(>10-fold) to moderate (10–100-fold) and high (>100-fold)

against fenvalerate (48.2–160-fold), phosalone (94–534.58-fold),
emamectin benzoate (7–55-fold), thiodicarb (9.64–22.67-fold),
and flubendiamide (29.51–363.91-fold). The resistance levels
reflect the occurrence of differential selection pressure associated
with long term history of insecticide use against L. orbonalis.
However, the response to chlorantraniliprole was similar among
the resistant field collected populations with RRs below 10-
fold. The efficacy of chlorantraniliprole has been reported
earlier (Kodandaram et al., 2013; Munje et al., 2015). The
chlorantraniliprole and flubendiamide are anthranilic and
phthalic diamides, respectively, are the newer insecticides
with little or no cross-resistance among them and also with
other classes of insecticides. They are the activators of the
ryanodine receptor.

Insect employs various mechanisms to nullify the toxic effect
of xenobiotic compounds. Insect metabolic enzymes play a major
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FIGURE 6 | Transcription profiling of glutathione -S- transferase genes in field collected populations of L. orbonalis depicted as fold change over the susceptible
Lo-S colony. (A) Bhubaneswar, (B) Dharmapuri, (C) Pune, (D) Raichur, (E) Varanasi.

FIGURE 7 | Expression profiles (fold changes over Lo-S population) of glutathione -S- transferase genes across field collected L. orbonalis populations (P, Pune; D,
Dharmapuri; R, Raichur; B, Bhubaneswar; V, Varanasi). The fold changes are indicated in different shades indicate significant difference as per Mann–Whiteney
U-test p-value < 0.05.
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role in detoxification of plant allelochemicals and pesticidal
compounds in addition to other physiological roles. Insect pests
have evolved large reservoirs of various detoxification enzymes.
Glutathione S-transferases mediated detoxification can be direct
or by the metabolism of secondary products generated from
other detoxification enzymes. The insecticides are metabolized
rapidly into readily excretable water-soluble metabolites by
reductive dehydrochlorination or by conjugation with reduced
glutathione (Pavlidi et al., 2018). The carboxylesterase is a phase-1
detoxification enzyme that mainly hydrolyses organophosphates,
carbamates, and synthetic pyrethroids.

The quantitative mechanisms underlying metabolic resistance
is characterized by over-production due to gene amplification
or transcriptional upregulation (Mohan et al., 2015; Feyereisen,
2015; Pavlidi et al., 2018). A qualitative mechanism occurs as a
result of changes in the enzymatic characteristics. The present
investigation on the enhanced metabolism of insecticides in
resistant populations of L. orbonalis resistance is very prominent
as inferred by elevated GST (1.2–2.6-fold) and carboxylesterases
(6.3–13.1-fold) titers. The involvement of CEs and GSTs in
insecticide resistance is commonly reported in many other insect
species (Mohan et al., 2015; Pavlidi et al., 2018).

With the advent of genome and transcriptome information,
multiple GSTs and carboxylesterases encoding genes have been
characterized from insects and mites such as Plutella xylostella,
Culex spp., Tribolium castaneum, Bombyx mori, Leptinotarsa
decemlineata, Tetranychus cinnabarinus, Musca domestica and
in many other insect species (Yang and Liu, 2011; Wang et al.,
2014; Cui et al., 2015; Meisel and Scott, 2018; Pavlidi et al.,
2018). L. orbonalis genome has large expansion of CE and GST
genes which is comparable to many other insects. However, the
GSTs have prominent role in insecticide resistance as compared
to CEs. mRNA level of at least nine GSTs were over-expressed
>50-fold where as none of the CEs showed very high levels
of expression in the field collected resistant populations. The
over-expression of few CE genes in field populations, especially
from Varanasi, Raichur, and Bhubaneswar, also aligned with
additional high molecular weight esterase band (E1) probably
contributed to overall resistance. A similar high molecular weight
esterase band associated with B-esterase type was reported from
diamondback moth (Mohan and Gujar, 2003). In addition
to qualitative changes in esterase banding pattern, there is a
significant increase in the production of the CEs in at least
three field populations. The over-production and appearance of
new esterase isozymes might be the consequence of increased
transcription or gene duplication events (Malathi et al., 2015;
Panini et al., 2016).

Most of the GST gene expansions are from epsilon and
delta subclasses together accounting for 18 genes (54.5%)
out of 33 genes identified from the draft genome of
L. orbonalis. These two GST subclasses are insect-specific,
widely expanded in many other insect species whereas other
classes have wider taxonomic distribution (Friedman, 2011).
There were at least nine GSTs over-expressed >50-fold in
one or more of the field-collected resistant populations of
L. orbonalis. In Anopheles gambiae, Apis mellifera, B. mori,
D. melanogaster, Nasonia vitripennis, and T. castaneum

respectively 28, 8, 23, 37, 19, 35 GSTs and 51, 24, 76, 35,
41, 49 CEs were identified (Yu et al., 2008, 2009; Oakeshott
et al., 2010). Similarly, the gene expansion of cytochromoe
p450 monooxygenases (CYP) and their role in insecticide
resistance in L. orbonalis were recently documented (Kariyanna,
2019; Kariyanna et al., 2020a). Together with the results of
present and earlier studies it is very much evident that multiple
metabolic enzymes contribute toward overall insecticide
resistance in L. orbonalis. However, in many insect species
including L. orbonalis, it is difficult to distinguish whether the
expansion of these metabolic genes and their involvement in
insecticide detoxification are driven from ancestry or adaptation
to stress or both.

CONCLUSION

In conclusion, the present study provides the first genomic
level information on GST and CE gene families of L. orbonalis
and their role in insecticide resistance. The information further
supports insect resistance management through use of reduced
risk pesticides including biologicals.
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ABSTRACT

Shoot and fruit borer Leucinodes orbonalis Guenée (Lepidoptera: Crambidae) is the key pest of brinjal. 
The present study on its population dynamics in relation to brinjal cultivars revealed significant variation 
in fruit damage (6.73% to 60.26%). The least damage was observed on Eeranagere (23.02%) and maximum 
on Mullubadane (27.92%). The infestation varied at different growth stages; least (<22.00%) between 8-11th 
and 35-38th standard meteorological weeks (SMW) in rabi and kharif seasons, respectively. The maximum 
damage (35.14%) was observed at 50th SMW during rabi 2017 and 43rd and 44th SMW (~35.60%) during 
kharif 2018; the least damage was in rabi (24.83%) compared to kharif (26.39%). The wind velocity and 
maximum temperature had a significant negative relation with fruit damage during the rabi season; but 
in kharif morning relative humidity and minimum temperature had a significant negative association. 

Key words: Leucinodes orbonalis, brinjal, cultivars, Eeranagere, Mullubadane, population dynamics, seasons, 
correlation coefficient, wind velocity, temperature, relative humidity 
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Brinjal is the second important solanaceous 
vegetable after tomato (FAO, 2017) and India is the 
largest producer of it in entire South Asia (Anonymous, 
2017). The brinjal is attacked by 53 insect pests, and 
among these, the most destructive and regular pest is 
the shoot and fruit borer Leucinodes orbonalis Guenée 
(Biswas et al., 1992; Bhadauria et al., 1999). Its damage 
results in wilting of the shoot and withering of leaves 
(Haseeb, et al., 2009; Mishra et al., 2014); and causes 
severe yield loss to the extent up to 90% (Kodandaram 
et al., 2017; Prodhan et al., 2018), with severity 
being in the autumn season (Atwal, 1976). The pest 
distribution and abundance vary with weather factors 
determining the population density (Indirakumar et 
al., 2016; Kassi et al., 2019). Without observing the 
level of incidence farmers use mixture of conventional 
insecticides to manage the L. orbonalis, that leads 
to resistance development against many insecticide 
(Chatterjee and Roy, 2004, Sharma et al., 2004; Mishra 
Dash, 2007; Kariyanna et al., 2019; 2020a; 2020b). 
Hence the ecofriendly approach is to adopt resistant 
cultivars along with other strategies (Lit, 2009), but 
no proper resistant varieties are available for the shoot 
and fruit borer (Srinivasan, 2008; Yousafi et al., 2013). 
This study evaluates seven commonly grown brinjal 
cultivars against L. orbonalis under the changing 
weather conditions. 

MATERIALS AND METHODS

The field trial was conducted for two seasons from 
September-2017 to March-2018 (rabi) and July to 
November-2018 (kharif), at the research farm of ICAR-
National Bureau of Agricultural Insect Resources, 
Yelahanka, Bengaluru (13°03″N,77°34″E, 924 masl). 
Seven cultivars viz., Gourav and Lalitha (hybrids in 
Karnataka), Manjarigota (improved cultivar from UAS, 
Dharwad), Mullubadane, Madhugiri Mulla, Eeranagere 
and Mattugulla (local cultivars of Karnataka) were 
raised by adopting the randomized complete block 
design (RCBD) tool. The plot size was 4x 5 m with 
60x 60 cm spacing under unprotected condition,  
replicated thrice using RCBD design. The first crop was 
taken during rabi (2017-18) and the second one in the 
subsequent kharif  (2018). Observation on fruit damage 
was recorded from the 9th week after the transplantation 
and continued till 22nd week. Fruits (both damaged and 
healthy) were harvested at weekly interval and the % 
fruit damage (based on bore holes and fecal pellets) 
observed. The weekly data of the weather parameters 
viz., maximum and minimum temperature, morning 
and afternoon RH, wind velocity, sunshine hours, 
total rainfall were obtained from the Department of 
Agrometeorology, University of Agricultural Sciences, 
Bengaluru. The data on damage were subjected to 
angular transformation before ANOVA (Snedecor and 
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Cochran, 1956; Sokal and Rohlf. 1995); and means 
separated by CD values (Sokal and Rholf, 1981) using 
SAS software (SAS Institute Inc., 2015). The influence 
of weather parameters on damage was analysed through 
Karl Pearson’s correlation analysis and step-down 
correlation and coefficient of determination using the 
IBM-SPSS 24.0 Software Package (IBM-CROP, 2016).

RESULTS AND DISCUSSION

During rabi 2017-18, the fruit damage by L. 
orbonalis on the evaluated cultivars varied from 21.76 
to 27.8%, with the least being in Madhugiri Mulla; 
during kharif, 2018, Eeranagere was the least damaged 
(22.43%). Such variations in cultivers was also reported 
by Javed et al. (2017). During rabi, the least damage 
(20.13%) was observed at 11th standard meteorological 
week (SMW) and it was on par with 9th (20.37%) and 
8th (20.51%) SMW; while the maximum of 35.14% was 
observed in the 50th SMW. During kharif maximum 
damage (~35.60%) occurred during 43rd and 44th SMW 
(Fig. 1). These observations on the peak infestation in 
October is known (Oomen and Kumar, 2004; Jat et al., 
2002); also from October to December (Shukla and 
Khatri, 2010; Kumar and Sing, 2012). During rabi, 
incidence revealed a decreasing trend with increase 
in temperature, and decreased rainfall irrespective of 
cultivars; while during kharif, it was due to decrease 
in temperature and increased rainfall. 

During rabi, the wind and temperature influenced the 
incidence more. In cultivars  Manjarigota, Mattugulla 
and Mullubadane, the incidence was observed to show 
significant negative correlation with the wind velocity 
(r= -0.69, -0.57 and -0.63, respectively); while, Gourav 
(r= -0.56) and Lalitha (r= -0.62) registered a significant 
negative relation with maximum temperature. The 
multiple regression revealed that weather factors 
influenced 33-58% of the fruit damage (Table 1). Earlier 

work (Kumar et al., 2004; Mannan et al., 2015; Kassi 
et al., 2019) observed that the weather parameters 
influenced the dynamics of L. orbonalis. During kharif, 
morning RH and minimum temperature exhibited a 
negative effect on damage in all the cultivars; it was 
significant in Eeranagere (r= -0.71) and Mattugulla (r= 
-0.74) with morning RH. Multiple regression revealed 
that, the weather factors contributed to 48-88% of L. 
orbonalis fruit damage (Table 1); during rabi, wind 
velocity showed a significant negative correlation 
in most of the cultivars (r= -0.55 ̶ -0.69), also with 
maximum temperature (r= -0.41  ̶-0.62). But, no such 
relations were observed in case of Eeranagere and 
Madhugiri Mulla (Table 1). Similar trends with rainfall, 
wind velocity, maximum and minimum temperature 
are known (Singh et al., 2011; Anjali et al., 2012; 
Indirakumar et al., 2016). Rainfall had no significant 
effect, as observed by Kassi et al. (2019) and contrary 
to the observations of others (Naik et al. 2011; Singh 
et al. 2009; Shukla and Khatri, 2010).

The cultivar Eeranagere was the best with least 
fruit damage (23.02%). Likewise, Pusa Purple Long-
74 and Navkiran and accessions like EG058, BL009, 
and hybrid Turbo were found superior (Mathur et al., 
2012; Srinivasan, 2008). The fruit damage was more 
in Mullubadane (27.92%) followed by Mattugulla 
(27.50%) and the results are in line with the varieties 
like Krishna and Kanahya (Choudhary et al., 2018); 
also Ft Long and FI Round hybrids (Tapa et al., 2009). 
Among the two seasons, the rabi-winter had lesser fruit 
damage (24.83%) compared to kharif (26.39%). In the 
kharif, the crop was found more vulnerable (Malshe 
et al., 2016).

ACKNOWLEDGEMENTS

The study was supported by the Department 
of Science & Technology, Ministry of Science & 

    
 

y = -0.9581x + 32.018

0
5

10
15
20
25
30
35
40

Pe
rc

en
ta

ge
 F

ru
it 

da
m

ag
e

SMW

Rabi 2017-18

y = 1.0366x + 18.616

0
5

10
15
20
25
30
35
40

Pe
rc

en
ta

ge
 F

ru
it 

da
m

ag
e

SMW

Kharif 2018

Fig. 1. Fruit damage by L. orbonalis in cultivars over standard meteorological weeks
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Abstract
The eggplant shoot and fruit borer, Leucinodes orbonalis Guenée (Lepidoptera: Crambidae) is a monophagous and
destructive insect pest of eggplant. L. orbonalis developed multiple insecticide resistance that led to frequent field
control failures in many countries. The possible reversal of resistance in L. orbonalis requires an understanding of
the expression dynamics of individual genes conferring resistance to insecticides through gene expression analysis.
The availability of reference genes (RG) to normalize transcript data of target genes, achieved by reverse transcrip-
tion quantitative real-time polymerase chain reaction (RT-qPCR), is mandatory. Hence, the present study investigated
the stable expression pattern of nine putative reference genes viz., actin, 28S ribosomal protein S18c, mitochondrial
isoform X2 (28SM), calnexin, β-tubulin, 28S ribosomal protein S3 mitochondrial (28SR3), TATA box binding protein
(TATA), elongation factor-1α (EF-1α), glyceraldehyde-3-phosphate-dehydrogenase (GAPDH), and ubiquitin 60S ri-
bosomal protein (Ubiquitin) to select the most stable genes that could be used as reference genes for target transcript
gene normalization. Different algorithms such as ΔCt, geNorm, NormFinder and BestKeeper were used to assess
gene expression stability. By integrating these data into online RefFinder tool, 28SR3 and GAPDH, were chosen as
highly suitable RGs based on their stable expression pattern.

Keywords Leucinodes orbonalis . Reference genes . RT-qPCR . Normalization . 28SR3 .GAPDH

Abbreviations
28SM 28S ribosomal protein S18c, mitochondrial

isoform X2
28SR3 28S ribosomal protein S3 mitochondrial
TATA TATA box binding protein
EF-1α Elongation factor-1α

GAPDH Glyceraldehyde-3-phosphate-dehydrogenase
Ubiquitin Ubiquitin 60S ribosomal protein
RG Reference gene
M value Expression stability value
Cq Qquantification cycle
RT-qPCR Quantitative reverse-transcription

polymerase chain reaction
GST Glutathione S-transferase
NTC No template control

Introduction

Eggplant, Solanum melongena L. popularly known as
brinjal or aubergine is a popular vegetable crop cultivat-
ed across the world. The damage caused by shoot and
fruit borer, L. orbonalis (Lepidoptera: Crambidae) is a
major limiting factor in realising maximum productivity
of eggplant. The larva bores into the petiole and midrib
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of leaves and also the tender shoots resulting in
drooping and withering of stems. The tunnelling and
larval excrement make the fruits unfit for human con-
sumpt ion . Losses due to feed ing damage by
L. orbonalis ranged from 20.7 to 88.7% in South-
Asian countries (Haseeb et al. 2009; Mishra et al.
2014).

Since 1980’s, L. orbonalis became resistant to many clas-
ses of insecticides viz., organophosphates, pyrethroids, carba-
mates and amides (Shirale et al. 2017). One of the causes for
rapid development of insecticide resistance in L. orbonalis is
the existence of stronger innate defence system to detoxify the
toxic glycoalkaloids produced by eggplant. Although
L. orbonalis has remained a devastating pest of eggplant for
more than four decades, no genomic information on this pest
was available till the present experiment.

At the molecular level insecticide resistance is gener-
ally conferred by one or more point mutations in genes
governing allelochemical metabolism like cytochrome
P450 monooxygenase, glutathione S-transferese,
carboxylesterase and at the target sites (Mohan et al.
2015). In light of the availability of genome information
now, it is possible for genome wide identification and
characterization of genes governing insecticide resis-
tance. This can be achieved in a quick and accurate
manner by employing quantitative real-time PCR (RT-
qPCR) and subsequent gene knockdown studies (Wong
and Medrano 2005; Espy et al. 2006; Bustin et al.
2010). For a reliable estimate of target gene transcrip-
tion using RT-qPCR, validation of an appropriate refer-
ence genes (RGs) is a precondition (Vandesompele et al.
2002). Reference genes must be const i tut ively
expressed, not changing across experimental conditions
considered under study, which could simply means
across cell types, tissues or organs.

Multiple algorithms such as geNorm, BestKeeper, and
NormFinder are being employed to study the stability of
reference genes in diverse systems (Shakeel et al. 2017).
The NormFinder model assesses the standard deviation
for individual gene and correlates it with target gene
expression (Andersen et al. 2004). The BestKeeper
shows highest stability index for the suitable reference
genes and compare the genes across all treatments based
on the analysis of a stability index (Pfaffl et al. 2004).
Similarly, the geNorm model evaluates the best pair of
suitable reference genes by assessing the gene expres-
sion stability value (M) for each gene. This model
works on the principle of mean pairwise variation be-
tween genes across all samples. The genes with least M
va lue (<0 .15 ) a re cons ide red as more s t ab l e
(Vandesompele et al. 2002). The ΔCt algorithm com-
pares the individual sample basic Cq values and the rela-
tive expression of gene pairs (Silver et al. 2006). The overall

stability of the RGs could be ranked using comprehensive
RefFinder tool. To assess the most stable reference genes suit-
able for normalization of target gene expression in
L. orbonalis, nine candidate reference genes were selected
and transcript stability evaluated.

Materials and methods

Insect culture

The susceptible laboratory iso-female strain of
L. orbonalis used in this investigation was originally
collected during 2012 from fields of eggplant in
Bengaluru, India (12.97° N and 77.58° E), and being
maintained on potato-based diet system at ICAR-
National Bureau of Agricultural Insect Resources,
Bengaluru. The rearing conditions were 27 ± 2 °C, 60–
70% RH, and a photoperiod of 14:10 h (L:D). The
insecticide resistant L. orbonalis population used in this
s t udy wa s co l l e c t e d f r om eggp l an t f i e l d o f
Bhubaneshwar district (20.29″ and 85.82″) where the
crop usually receives a high level of pesticides sprays
every season because of extensive eggplant cultivation
compered to other regions and crop present throughout
the season. We have used two experimental conditions
to assess gene stability: 1) developmental stage (3rd and
4th instar larvae of the susceptible population) and 2)
susceptible versus resistant population (3rd instar larvae
of susceptible laboratory and resistant field population)..

RNA extraction and cDNA synthesis

The total RNA was extracted by using 50 mg of third
instar larva by Isolate II RNA mini kit (Bioline, USA)
by following manufacturers guidelines. Three biological
replicates were used for each experimental conditions
and the experiment was repeated twice. The quality
and purity of RNA were assessed by using NanoDrop
(NanoDrop Lite, Thermo scientific, USA) and denatured
agarose gel (Masek et al. 2005). The RNA samples
(1806–2105 ng/μL) with an A260/A280 ratio ranging
from 1.8 to 2.0 and A260/A230 ratio > 2.0. DNA con-
tamination was removed from the RNA by using DNase
I, RNase-free (Thermo Scientific, USA) by following
manufacturers instructions. cDNA synthesis was carried
out by using RevertAid First Strand cDNA Synthesis kit
(Thermo Scientific, US). Briefly, for 20 μL reaction
contains the following reagents: 4 μg of total RNA,
0.5 μM of Oligo (dT)18 primer, 1x Reaction buffer,
RiboLock RNase Inhibitor (20 U), 1 μM dNTPs and
RevertAid M-MuLV RT (200 U). The reaction was in-
cubated at 42 °C for 60 min followed by 70 °C for
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5 min. The synthesized cDNA was diluted to 1:10 with
nuclease-free water and stored at −80 °C till further use.

Quantitative real-time PCR

Nine candidate RGs were chosen to study their expression
stability: actin, 28S ribosomal protein S18c mitochondrial
isoform X2 (28SM), calnexin, β-tubulin, 28S ribosomal pro-
tein S3 mitochondrial (28SR3), TATA box binding protein,
elongation factor-1a (EF1a), glyceraldehyde 3 phosphate de-
hydrogenase (GAPDH) and ubiquitin 60s ribosomal protein
(Ubiquitin) (Table 1).

Primer 3.0 software was used to design the gene-specific
primers. OligoEvaluator™ sequence analysis tool was used to
study the primer dimer, secondary structure as well as efficien-
cy (OligoEvaluator™: accessed on July 2018; http://www.
sigmaaldrich.com/life-science/custom-oligos/custom-dna/
learning-center/calculator.html). The PCR amplifications were
executed in 20 μL reactions containing 10 μL 2 × SYBR®
Premix EX Taq™ II (Tli RNaseH Plus, TAKARA®, Japan),
0.2 μM of each forward and reverse primers, 2 μL of diluted
cDNA (40 ng/reaction) and 5.5 μL of water. Three technical
replicates, including no-template controls (NTCs) used to as-
sess contaminations and primer dimers, were considered per
samples. Three Five-fold serial dilutions of cDNA template
were considered to perform a standard curve using, 10(−1/
slope)-1)*100 to calculate primer efficiency (Pfaffl 2001) by mea-
suring the quantification cycle (Cq), using Light Cycler 480II
(Roche Applied Science, Switzerland) equipment by following
PCR parameters: one cycle of 95 °C for 3 min; 35 cycles of
95 °C for 30 s, 50 °C for 45 s and 72 °C for 1 min; a final cycle
of 72 °C for 10 min. The subsequent PCR products were elec-
trophoresed on 2.0% agarose gel in a 1.0 × TAE buffer with 0.
5 μg/mL of ethidium bromide..

Analysis of gene expression stability

To select the most stable genes to be used as RGs, four
algorithms viz., NormFinder (Andersen et al. 2004),
BestKeeper (Michael 2003; Pfaffl et al. 2004), geNorm
(Vandesompele et al. 2002) and ΔCt (Silver et al.
2006)) were employed and the web-based RefFinder
tool was used to incorporate all these algorithms for
comparison.

Results

Selection of suitable reference genes and source

Nine candidate reference genes belonging to five func-
tional groups, that includes two genes encoding struc-
tural proteins (Actin and β-tubulin), three genes

encoding ribosomal proteins (28SM, 28SR3 and ubiqui-
tin 60s), one encoding a metabolic enzyme (GAPDH), a
chaperone protein (Calnexin), a transcription factor
(TATA) and a protein factor (EF-1α) were selected
(Tables 1 and 2) from de novo genome and tran-
scriptome sequence assemblies of L. orbonalis previous-
ly published (BioProject ID: PRJNA377400; BioSample:
SAMN06858697 and GenBank accession number
PQWD00000000).

Primers efficiency and specificity

For all candidate reference genes, PCR amplification was car-
ried out to assess primer specificity and efficiency. For primer
specificity analysis, the presence of a single peak in melting
curve was investigated followed by an agarose gel electropho-
resis to confirm the presence of a single band. Primer efficien-
cy of all the nine candidate genes ranged from 91.11 to
100.74% (Table 1). The regression coefficient (R2) values
ranged between 0.96 and 0.998 indicated there were no inhib-
itory contaminants present in the cDNA. The melting curves
displayed that a single product generated from the qPCR.

Stability of reference genes

The Cq values in the present investigation ranged from 17 to
33 cycles (Table 2). Highly expressed gene was actin that
showed a Cq average of 17.5, with a minimum value of 15.6
and a maximum of 21.02 followed byGAPDH (20.16) and β-
tubulin (20.49).Ubiquitin was the most abundantly expressed
gene with an average Cq value of 21.9 cycles (Fig. 1a & 1b).

The expression level of the nine candidate RGs under two
different experimental conditions was analyzed by using four
algorithms (geNorm, NormFinder, BestKeeper and ΔCt). The
stability values were obtained by employing integrated
RefFinder tool (Tables 3 and 4).

geNorm

Based on this model, GAPDH genes was the most stably
expressed genes followed by 28SR3 and β-tubulin with M
value below 0.9, under both the experimental conditions
(Table 3; Fig. 2a, b). The pairwise variation value was calcu-
lated by the geNorm algorithm described that the pairwise
variation V6/7 value is more than V5/6 (Fig. 3a, b). It clearly
depicts that an increasing trend of variation in relation to de-
creased stability after adding moderately unstable sixth gene
(Fig. 3). Hence, five candidate RGs viz., (Actin, β-tubulin,
28SM, 28SR3 and TATA) are pre-requisite for perfect normal-
ization. Adding a sixth RG gene has no impact on the normal-
ization factor (Fig. 3a, b).
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NormFinder

Under this algorithm, the most stably expressed gene is
GAPDH followed by 28SR3 across the experimental condi-
tions (Table 3). The gene expression stability value of
GAPDH is 0.290 for developmental stages and 0.487 for pop-
ulations tested.

BestKeeper

In the present study, all candidate RGs showed expression level
less than the cut-off value (<0.3). The expression cut-off of β-
tubulin was the least, followed by ubiquitin and 28SR3 across
the experimental conditions (Table 3). β-tubulin, ubiquitin and
28SR3 were the most stably expressed genes having a cut-off
value less than one (SD < 1) as compare to other RGs.

RefFinder

It is the web-based comprehensive online program that inte-
grates results obtained from all other algorithms viz.,
BestKeeper, Normfinder, geNorm and the ΔCt. It ranks the

RGs on the basis of their geo-mean constancy. The RGs rank-
ings recorded in order of descending constancy across devel-
opmental stages and populations are depicted (Tables 3 and 4).
For L. orbonalis growth stages, the cumulative ranking
achieved with RefFinder was 28SR3, GAPDH, β-tubulin,
ubiquitin, calnexin, EF-1α, actin, TATA and 28SSM
(Fig. 4a). The comprehensive stability ranking across the pop-
ulations was 28SR3, GAPDH, β-tubulin, ubiquitin, calnexin,
EF-1α, actin, TATA and 28SSM, (Fig. 4b). This integrated tool
indicates that for L. orbonalis, 28SR3 and GAPDH genes
could be adopted as appropriate RGs for normalization of
target gene expression.

Discussion

A stable and highly expressed single RG would fulfill
the essentiality of computing mRNA transcript level for
the given gene of interest. However, for accurate nor-
malization of gene expression data, it is suggested to
use at least two or three RGs (Vandesompele et al.
2002). The present study employed four different algo-
rithms viz., BestKeeper, geNorm, NormFinder, ΔCt and
integrated these data into the RefFinder tool for com-
prehensive analysis. The expression pattern of the RGs
was unique but a similar trend was noticed when
analysed with different methods. Among the nine can-
didate RGs, expression of 28SR3 and GAPDH were
highly stable and corroborate with earlier reports (Kim
et al. 2003; Zhang et al. 2009; Chen et al. 2016).
However, with the ΔCt method, the GAPDH was found
to express more stable than 28SR3. Since the ΔCt uses
raw Cq values as an input data source, might have
resulted in false positives as also reported earlier
(Livak and Schmittgen 2001; Mehdi-Khanlou and Van-
Bockstaele 2012; Chen et al. 2016). In eukaryotes, the
ribosomal RNA (rRNA) genes are highly conserved and

Table 2 The stability values of the reference gene by ΔCt-Method

Reference genes Experimental conditions

Developmental Stages (±SE) Populations (±SE)

Actin 17.65 ± 0.51 17.65 ± 2.14

28SM 29.53 ± 1.12 29.53 ± 1.27

Calnexin 28.17 ± 1.24 28.16 ± 0.22

β-tubulin 20.49 ± 1.37 20.49 ± 1.04

28SR3 25.15 ± 1.16 25.15 ± 0.74

TATA 33.12 ± 1.96 33.12 ± 2.65

EF-1 29.90 ± 2.09 29.9 ± 0.82

GAPDH 20.19 ± 1.07 20.19 ± 1.2

Ubiquitin 20.31 ± 1.86 20.31 ± 0.25

Fig. 1 Cq values of reference genes by ΔCt algorithm under different conditions in L. orbonalis. a) developmental stages and b) Populations

Biologia



commonly used reference genes (Eickbush and Eickbush
2007). The ribosomal protein, 28SR3, involved in the
translation process and protein production revealed the
maximum stability amongst studied genes. RT-qPCR
studies with Apis mellifera and Cimex lectularius used
RPL18 as the reference gene gene due to its stable
expression (Scharlaken et al. 2008; Mamidala et al.
2011). The ribosmal protein genes, RP4 and RP18 were
found suitable for the gene expression studies in
Leptinotarsa decemlineata (Shi et al. 2013). The 18S
and 28S are commonly suggested as reference genes
for human liver, lung, spleen and small intestine be-
cause of their stable expression pattern across mamma-
lian tissues (Goidin et al. 2001; Thellin et al. 1999).
Though the expression of 28SR3 gene is highly stable
and to be best used as an reference gene in experiments
with L. orbonalis, another ribosomal protein 28SM
could not qualify the criteria.

GAPDH, a metabolic enzyme with considerable roles
in diverse physiological activities (Sirover 1997), re-
vealed to be stably expressed as the 28SR3. GAPDH
was used as reference gene for gene expression in many
insects and vertebrates (Van-Hiel et al. 2009, Hornakova
et al. 2010, Jiang et al. 2010, Lord et al. 2010,
Mamidala et al. 2011, Rajarapu et al. 2011; Cardoso
et al. 2014: Chapman and Waldernstrom 2015, Reim
et al., 2013). In contrary, the GAPDH was found as
one of the most unstable reference gene in other groups
of insects (Bagnall and Kotze 2010; Hornakova et al.
2010; Chapuis et al. 2011). The differences in ranking
of reference genes could also be due to the algorithms
used and also with respect to the co-regulated reference
genes. Studies on insects with optimal selection of RGs
for gene expression experiments are species-specific and
highly dependent on the experimental conditions and
requi re assessment of re fe rence genes befo re

Table 3 Analysis of gene expression stability values and rankings of the reference gene

Reference
genes

NormFinder BestKeeper geNorm RefFinder Comprehensive

Developmental
stage

Populations Developmental
stage

Populations Developmental
stage

Populations Developmental
stage

Populations

28SR3 0.461 (2) 0.939 (3) 0.32 (3) 0.74 (3) 0.54 (2) 0.95 (3) 1.19 (1) 1.19 (1)

GAPDH 0.290 (1) 0.487 (1) 0.43625 (6) 1.2 (6) 0.54 (1) 0.72 (1) 1.57 (2) 1.57 (2)

Calnexin 1.149 (6) 0.976 (4) 0.5625 (8) 1.04 (5) 0.76 (3) 0.72 (2) 3.66 (3) 3.66 (3)

β-tubulin 1.391 (7) 1.773 (8) 0.023 (1) 0.23 (1) 1.26 (6) 1.78 (7) 4.56 (5) 4.56 (5)

Ubiquitin 0.771 (4) 0.764 (2) 0.07 (2) 0.26 (2) 1.13 (5) 1.41 (6) 4.16 (4) 4.16 (4)

EF-1 0.667 (3) 1.098 (5) 0.425 (5) 0.82 (4) 0.94 (4) 1.09 (4) 4.68 (6) 4.68 (6)

Actin 1.106 (5) 1.191 (6) 0.7125 (9) 2.15 (8) 1.51 (7) 1.25 (5) 7 (7) 7 (7)

28SM 3.306 (9) 2.315 (9) 0.40125 (4) 1.28 (7) 2.3 (9) 2.43 (9) 8 (8) 9 (9)

TATA 1.651 (8) 1.490 (7) 0.54625 (7) 2.65 (9) 1.8 (8) 2.05 (8) 9 (9) 8 (8)

Table 4 Analysis of gene expression stability rankings of the reference gene using RefFinder tool

Algorithm Ranking* / Treatment details 1 2 3 4 5 6 7 8 9

ΔCt-Method Developmental stage
(combined)

28SR3 GAPDH β-tubulin Ubiquitin EF-1 Calnexin Actin TATA 28SM

Population (combined) 28SR3 GAPDH β-tubulin Ubiquitin EF-1 Calnexin Actin TATA 28SM

BestKeeper Developmental stage
(combined)

28SR3 Calnexin GAPDH β-tubulin Ubiquitin EF-1 Actin TATA 28SM

Population (combined) 28SR3 Calnexin GAPDH β-tubulin Ubiquitin EF-1 Actin TATA 28SM

Normfinder Developmental stage
(combined)

GAPDH 28SR3 Ubiquitin EF-1 β-tubulin Calnexin Actin TATA 28SM

Population (combined) GAPDH 28SR3 Ubiquitin EF-1 β-tubulin Calnexin Actin TATA 28SM

geNorm Developmental stage
(combined)

28SR3 | GAPDH β-tubulin EF-1 Ubiquitin Calnexin Actin TATA 28SM

Population (combined) 28SR3 | GAPDH β-tubulin EF-1 Ubiquitin Calnexin Actin TATA 28SM

RefFinder integrative
ranking

Developmental stage
(combined)

28SR3 GAPDH β-tubulin Ubiquitin Calnexin EF-1 Actin TATA 28SM

Population (combined) 28SR3 GAPDH β-tubulin Ubiquitin Calnexin EF-1 Actin TATA 28SM
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undertaking gene expression studies on a new insect
(Zhu et al. 2014; Zhai et al. 2015; Velada et al. 2014;
Petriccione et al. 2015; Koramutla et al. 2016). In desert
locust Schistocerca gregaria, the gene expression stabil-
ity of nine reference genes in the brain of nymphs and
adults were assessed. Multiple genes viz., Actin,
Ef1α100E, GAPDH, and Rp49 were considered as high-
ly suitable to be used as reference genes (Van-Hiel et al.

2009). The use of multiple reference genes would per-
mit more precise and consistent normalization of gene
expression data (Vandesompele et al. 2002).

L. orbonalis is a devastating insect pest of eggplant in Asia
and other continents. With the availability of de novo genome,
transcriptome information, the 28SR3 and GAPDH could be
used as appropriate candidate RGs for normalizing gene ex-
pression and gene knockdown experiments.

Fig. 2 Analysis of gene expression stability (M) and ranking of reference genes using geNorm algorithm in L. orbonalis. a) developmental stages and b)
Populations

Fig. 3 The Pairwise variation (V) analysis of the RGs by geNorm in
L. orbonalis developmental stages (a) and populations (b). The pairwise
variation (Vn/n1) among the normalization factors NFn and NFn1 (along

x-axis) was analysed. Every bar depicts the deviation in normalization
when adding reference genes

Fig. 4 Analysis of gene expression stability values and ranking of RGs using RefFinder algorithm in L. orbonalis. a) developmental stages (b)
populations
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A B S T R A C T

Genome size estimation is the first step involved in the complete genome sequencing project. Knowledge on
genome size is also useful in research work related to genetics, molecular biology, and systematics. Though there
are many methods of genome estimation, the Propidium Iodide (PI) based flow cytometry is simple and gives an
accurate estimation. In the present investigation, the diploid genome size of four insect species viz., cotton
leafhopper, Amrasca biguttula biguttula (392.47 Mb) (Cicadellidae: Hemiptera), bean pod borer, Maruca vitrata
(1489.63 Mb) (Crambidae: Lepidoptera), tomato pinworm, Tuta absoluta (1128.61Mb) (Gelechiidae:
Lepidoptera) and eggplant shoot and fruit borer, Leucinodes orbonalis (944.52Mb) (Crambidae: Lepidoptera)
were estimated using chicken RBC (2.33 pg) as a reference standard. The relationship of genome size with the
insect morphological traits and host plant range showed no evident correlation between them.

1. Introduction

An organism cell nucleus being a core element that carries a her-
editary blueprint called genetic material. The obvious essentiality of
genetic material is the role in cell cycle duration, cell size, and adap-
tivity under different selection pressure and so on (Leitch and Bennett,
2007). These make the genome size information, a critical for many
fields of research that deals with taxonomy, evolutionary changes (Kron
et al., 2007) and genome sequencing projects (Rabinowicz and
Bennetzen, 2006). The C-value or genome size refers to the amount of
DNA present in a cell which is constant for each organism and varies
across eukaryotes over 64,000-fold (Pellicer et al., 2018). Eukaryotic
genomes not only contain genetic information but also act as structural
components that determine nuclear properties and influence various
biological features such as cell size, developmental rate, and develop-
mental complexity (Gregory and Hebert, 1999; Koshikawa et al., 2008).
Genome size is described by either mass (pg) or the number of base
pairs (bp) (Gregory, 2005). So far, the genome sizes of 8005 animal
species have been recorded in the animal genome size database (Ac-
cessed 15 December 2018) (Gregory, 2018). Compared to those of
mammals and birds, the genome sizes of invertebrates remain poorly
studied. Of the nearly 1000000 described insect species, the genome

sizes of 1345 (0.134%) insects are known with the coverage of species
under Lepidoptera and Hemiptera are only around 6.5% each (Gregory,
2018).

Flow cytometry is a convenient and reliable method that has been
used to estimate nuclear genome size in many organisms, including
plants, animals, and insects (Waring, 1965; Bennett et al., 2003). The
variation in genome size in extant species is on the level of ten to
hundred thousand folds (Gregory, 2018). DNA flow cytometry explains
the use of flow cytometry for the estimation of DNA quantity in cell
nucleus. Flow cytometry analyses microscopic particles in suspension
that are compelled to move a single flow file within a fluid stream
through the focus of intense light. Scattered light pulses and fluores-
cence are collected and converted to electric pulses by optical sensors
and classified.

The cotton leafhopper, Amrasca biguttula biguttula (Cicadellidae:
Hemiptera), eggplant shoot and fruit borer, Leucinodes orbonalis
(Crambidae: Lepidoptera), bean borer, Maruca vitrata (Crambidae:
Lepidoptera) are all originated from India but invaded many other
countries across the globe. Whereas the tomato pinworm, Tuta absoluta
(Gelichiidae: Lepidoptera) have originated from Peru in South America
and invaded many other countries including India. All these insects
cause severe yield losses in cotton, eggplant, legumes, and tomato
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respectively not only in their country of origin but in all the invaded
countries so far (Tonnang et al., 2015).

One of the major rationales for genome size estimation of these
insect species is due to their economic importance as dreaded pests of
crops and for further work on their genome as well as transcriptome
sequencing. Using flow cytometry, it is possible to create a precise and
accurate estimate of the diploid genome size of an insect that is useful
for genomics, genetics, molecular or cell biology and systematics.
Genome size estimation is a basic component in complete genome se-
quencing and also approximate estimators of the cost and difficulty of
genome sequencing programs for the non-model organisms. Bennett
et al. (2000) said that the knowledge on the prior estimation of genome
size is also essential for gene cloning.

In this study, the diploid genome size of the four economically
important insect species was estimated by Propidium Iodide (PI)-based
flow cytometry. To our knowledge, we present the first data set that
relates the diploid genome size of all the four insect pests and their
relation with morphological parameters and host plant range.

2. Materials and methods

2.1. Test insects collection and maintenance

The cotton leafhopper, A. biguttula biguttula, and tomato pinworm,
T. absoluta were and maintained on cotton and tomato plants respec-
tively under net-house conditions at the experimental farm of ICAR-
National Bureau of Agricultural Insect Resources (NBAIR), Bengaluru,
India. L. orbonalis larvae were reared on potato tuber-based artificial
diet. The larvae of M. vitrata were reared on soybean-cowpea-wheat-
germ based diet developed by Wang et al. (2013) with little modifica-
tions. The insect obtained from isogenic populations were used in flow
cytometry analysis.

The moths of T. absoluta, L. orbonalis, M. vitrata, and the leafhopper,
A. biguttula biguttula derived from single isogenic line were released (1:1
sex ratio) in separate oviposition cages provided with fresh host plants/
paper towel for mating and egg laying. The cotton wads soaked in sugar
solution (0.2%) and honey (0.5%) served as food for the moths. The
plant parts/paper towel containing the freshly laid eggs were removed
daily and kept for hatching. Newly hatched larvae or the nymphs
(leafhopper) were transferred to specimen jars with respective host
plants diet. Rearing was continued until the emergence of the adults.
The information on the host range of the test insects was obtained from
various literature sources.

2.2. Morphometric measurements

The body measurements of the insect species were made for all the
stages using stereoscopic microscope (Carl-ZEISS (Zoom 1:10), Model:
Discovery. V8, Camera: Axiocam.105 colour) supported with ZEN
software. Antennal length, eye width, length and breadth of 20 adults
were measured. Correlation between the morphological parameters,
number of host plants and the mean genome size were estimated with
the Spearman rank correlation using the program SPSS 16.0 (IBM Corp,
2016).

2.3. Preparation of samples for flow cytometry

Intact nuclei suspension for each insect species was prepared by
complete homogenization of dissected head samples in 400 μl of
Galbraith buffer (45mM MgCl2; 30mM sodium citrate; 20mM MOPS;
0.1% (w/v) Triton X 100; pH 7.0) (Galbraith et al., 1983). The homo-
genate was passed through a 20μ nylon filter to obtain the cells free
from debris. The final volume of the suspension was made to 1.5ml
using the Galbraith buffer. For further enrichment of the nuclei popu-
lation, cells were centrifuged at 1500 rpm for 2min and the pelleted
cells were resuspended in 1.5 ml of hypotonic solution (Distilled water
containing 0.1% trisodium citrate, 40 μg/ml RNAse, 25 μg/ml propi-
dium iodide and 0.03% NP40/igepal) for 15min.

2.4. Flow cytometry analysis

The samples were subjected to flow cytometry analysis (BD FACS™,
USA) (Li et al., 2015) for estimating the genome size. The measure-
ments of relative fluorescence intensity of stained nuclei were per-
formed on a linear scale and 5000–20000 nuclei were analysed for each
sample (Galbraith et al., 1983). Nuclei from chicken (Gallus domesticus)
red blood cells (2.3 pg/2C) were used as an internal reference standard.
The estimates of three replicate samples of each insect species were
subjected to statistical analysis using simple mean variance analysis in
SPSS 16.0 (IBM Corp, 2016).

2.5. Data analysis

Results were obtained in the form of a histogram of relative fluor-
escence correlating the relative DNA content after comparison with
nuclei of a reference standard, whose genome size is known (Galbraith
et al., 1983). The absolute DNA content of a sample was calculated on
the values of the G1 peak means

=

×

Sample 2C DNA content
(sample G1 peak mean)

(standard G1 peak mean)

standard 2C DNA content (pg DNA)

3. Results

3.1. Genome size estimation

The genome sizes of four economically important insect species
were estimated by flow cytometry. The chicken erythrocyte cells were
the reference standard (Fig. 1). All the samples were replicated thrice
and showed good reproducibility. The estimated genome sizes of the
lepidopteran insects viz., L. orbonalis, T. absoluta and M. vitratta were
944.52, 1128.61 and 1489.63Mb respectively. The genome size of
hemipteran insect, A. biguttula biguttula was estimated at 392.47Mb
(Table 1). The fluorescence histograms of genome size assessments
were depicted in the form of G1 peak mean (Figs. 1–3). These data
indicate that the lepidopteran insects have relatively bigger genome
size than the hemipteran bug.

Table 1
Genome size estimates of economically important insect species.

Insect species Family/Order Principal host plant(s) 2C- value (pg) n Diploid genome size (Mb)

T. absoluta Gelechiidae: Lepidoptera Tomato 1.165919 3 1128.61 ± 2.98
L. orbonalis Crambidae: Lepidoptera Brinjal 0.975744 3 944.52 ± 10.07
A. biguttula biguttula Cicadellidae: Hemiptera Cotton, ladies finger 0.405444 3 392.47 ± 3.11
M. vitrata Crambidae: Lepidoptera Cowpea, lima bean, common bean, pigeon pea 1.538874 3 1489.63 ± 5.64
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3.2. Correlation of genome size with morphology and host range

The morphological data were obtained based on the adult size
measurement, which includes eye width (EW), antennal length (AL),
body length (BL), and body width (BW) of all insects. Correlation be-
tween the insect morphology and genome size depict that, there was no
influence of morphology on insect genome size. Because, the small

insect like T. absoluta has greater genome size compared to L. orbonalis,
which belong to the same order Lepidoptera with different morphology.
Similarly, the diploid genome sizes of all four insects did not correlate
with their host plant range viz., 22, 21, 25 and 13 of T. absoluta, L.
orbonalis, A. biguttula biguttula and M. vitrata (Table 2) respectively
(https://www.plantwise.org).

Fig. 1. Flow cytometric fluorescence histogram of reference chicken RBC cells.

Fig. 2. Flow cytometric fluorescence histograms of Leucinodes orbonalis (A) and Tuta absoluta (B) cells.
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4. Discussion

To explore the genome size, we performed C-value measurements
for four important insect pest species (three from Lepidoptera and one
from Hemiptera) using flow cytometry. Flow cytometry, a mere com-
parative analysis depends on the selection of the standard references.
Galbraith et al. (1983) observed differential staining intensity of PI to a
type of DNA. In their observation on the binding capacity of PI among
plants and animals, they observed that PI binds more to methylated
DNA than unmethylated DNA. PI being a non-base pair specific fluor-
ochrome irrespective of species, its binding saturates in 1hr and the
stain remains constant for 1–24 h (Bennett et al., 2003).

Rapid analyses of flow cytometry for estimating the size of haploid
genome with known standard facilitated many researchers to predict
the genome size of unknown organisms. Loureiro et al. (2007) con-
firmed the genome size of B. tabaci (640–680Mb) with D. melanogaster

(176Mb) as a standard. Similar findings were obtained on other im-
portant insects like the honey bee, Aphis melliferra (234.7Mb) (Ardila-
Gracia et al., 2010), mosquito Anopheles gambiae (264Mb) (Holt et al.,
2002) and Bombyx mori (508Mb) (Rasch, 1974).

The genome size of two different orders viz., Lepidoptera and
Hemiptera displayed greater variation in this study. Alfsnes et al.
(2017) depicted the genome size varies both within and between
taxonomic levels in animals as well as plants. Over the evolution, du-
plication of the whole genome or accumulation of noncoding elements
like transposable and repetitive elements would influence the small or
large genome size. The lack of correlation between phylogeny and host
plant range is questionable, as it has been reported that phylogeneti-
cally related insects are associated with phylogenetically related host
plants and this association is ancient (Kergoat et al., 2005, 2012). Si-
milarly, Insecta and Crustacea a weaker association between genome
size and phylogeny, suggesting life cycle strategies and habitat as more

Fig. 3. Flow cytometric fluorescence histograms of Amrasca biguttula biguttula (A) and Maruca vitratta (B) cells.

Table 2
Correlation analysis of genome size with respect to morphology and host range.

Species Eye Circumference Antennal Length Body Width Body Length Host range R2

T. absoluta 0.87 ± 0.41 (r= 0.55) 3.84 ± 0.36 (r=−0.55) 1.01 ± 0.04 (r=−0.58) 2.77 ± 0.03 (r=−0.50) 22 ± 0.04 (r=−0.25) 0.36
L. orbonalis 3.84 ± 0.04 (r= 0.26) 18.3 ± 0.08 (r= 0.25) 10.3 ± 0.03 (r= 0.22) 25.52 ± 0.05 (r=−0.25) 21 ± 0.04 (r=−0.52) 0.61
A. biguttula biguttula 1.01 ± 0.36 (r=−0.23) 1.27 ± 0.41 (r=−0.23) 7.5 ± 0.02 (r=−0.23) 3.74 ± 0.04 (r= 0.22) 25 ± 0.21 (r=−0.25) −0.24
M. vitrata 2.77 ± 0.04 (r=−0.34) 17.43 ± 0.02 (r= 0.45) 10.95 ± 0.21 (r= 0.37) 23.76 ± 0.03 (r=−0.20) 13 ± 0.04 (r= 0.09) 0.51

R. Gandhi Gracy, et al. Biocatalysis and Agricultural Biotechnology 20 (2019) 101188

4



important determinants (Alfsnes et al., 2017).
Considering all the obvious variations, differences in the DNA re-

ferences standard and dyeing time explains the probable distortions of
genome sizes from their accurate values. Hence, we suggest a closely
related species as a standard reference and staining time of PI for
15min. In our unpublished data on whole-genome sequencing of L.
orbonalis, we discovered more than 35.4% of the genome is repeat-rich,
non-coding DNA sequence. Determining the complete genome sequence
of these important pests will fetch informative data. Many factors af-
fects genome size, such as polyploidy, accessory chromosomes, endo-
duplications (Uozu et al., 1997; John and Miklos, 1988; Ullmann et al.,
2005), intron size (Moriyama et al., 1998), presence of microsatellites
(Warner and Noor, 2000) and transposons (Vieira et al., 2002).

No correlation between the genome size and the insect's host plant
range could be derived in the present study. In contrast, Calatayud et al.
(2016) reported that the genome size was influenced not only by host
plant range but also by climatic from 21 distantly related lepidopteran
insects. On the contrary, a negative correlation was reported between
host plant range and genome size in Helicoverpa species (Zhang et al.,
2019). The evolution of solanaceous specialist H. assulta (430Mb) from
the generalists H. virescens (408Mb), H. armigera (394 or 337Mb) and
H. zea (363Mb) indicates that the expansion of host plant range is in-
versely correlated with the genome size in this closely related terminal
lineage (Kogan et al., 1978; Fitt, 1989; Mitter et al., 1993; Jallow et al.,
2004; Cho et al., 2008; Zhang et al., 2019).

Hence, the main mechanisms contributing to genome size variations
are polyploidy and accumulation of DNA sequence repeats (Pellicer
et al., 2018) rather than the insects' morphological features or host
plant range. The causes of expansion and shrinkage of genome size will
require a closer look on their genetic make-up that includes the number
and length of repeats comprising transposons and microsatellites and
also the size of introns between the coding regions. Further, whole
genome sequencing projects would focus on these elements for the
reason for genome size variations between and among species to draw a
conclusion on genome evolution and parameters that influence their
variations.
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