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Abstract: Background: The brown planthopper (BPH) is a monophagous sap-sucking insect pest
of rice that is responsible for massive yield loss. BPH populations, even when genetically homoge-
nous, can display a vast range of phenotypes, and the development of effective pest-management
strategies requires a good understanding of what generates this phenotypic variation. One poten-
tial source could be epigenetic differences.

Methods: With this premise, we explored epigenetic diversity, structure and differentiation in
field populations of BPH collected across the rice-growing seasons over a period of two consecu-
tive years. Using a modified methylation-sensitive restriction assay (MSRA) and CpG island am-
plification-representational difference analysis, site-specific cytosine methylation of five stress-re-
sponsive genes (CYP6A4Y1, CYP6ERI, Carboxylesterase, Endoglucanase, Tf2-transposon) was es-
timated, for identifying methylation-based epiallelic markers and epigenetic variation across BPH
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Results: Using a cost-effective and rapid protocol, our study, for the first time, revealed the epige-
netic component of phenotypic variations in the wild populations of BPH. Besides, results showed
that morphologically indistinguishable populations of BPH can be epigenetically distinct.

Conclusion: Screening field-collected BPH populations revealed the presence of previously unre-
ported epigenetic polymorphisms and provided a platform for future studies aimed at investigating
their significance for BPH. Furthermore, these findings can form the basis for understanding the
contribution(s) of DNA methylation in providing phenotypic plasticity to BPH.

Keywords: Phenotypic plasticity, seasonal polymorphisms, methyltransferases, epialleles, Nilaparvata lugens, brown planthop-
per.

1. INTRODUCTION

The brown planthopper (BPH; Nilaparvata lugens) is
one of the most damaging and devastating pests of rice and
is responsible for huge economic losses to farmers [1]. It is a
small (2-3.5 mm in body length), brownish, monophagous
sap-sucking (phloem-feeding) insect that exclusively feeds
on rice and has become a major threat to global rice produc-
tion. The life cycle of the BPH comprises of an egg (laid on
either side of the midrib of the leaf sheath of rice plants),
which hatches into a nymph that eventually matures into an
adult [2]. BPH adults exhibit density-dependent wing dimor-
phism with macropterous (long-winged) and brachypterous
(short-winged) forms. Macropterous insects have the ability
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to migrate over long distances. Furthermore, owing to its mi-
gratory nature, shorter life cycle, high reproductive rate, and
remarkable stress resilience, BPH has invaded almost all
rice-growing ecosystems. Currently, the use of pesticides ap-
pears to be the most convenient option for its immediate con-
trol. However, pesticides not only add to the production
costs but also negatively impact the environment. Moreover,
the indiscriminate use of broad-range chemical pesticides se-
riously threatens human health [3]. In addition, their exces-
sive use imposes selection pressure on insect populations,
thereby leading to the emergence of highly virulent and resis-
tant strains, which further compounds the problem of pest
management [4]. Besides, “pesticide breakdown” appears to
be an evolutionary inevitability, especially for migratory
pests like BPH [5]. Collectively, all these factors lead to the
necessity of developing effective management strategies that
not only aim at reducing the ecological fitness of BPH and
delaying the evolution of resistant/virulent strains but also
take into account the interests of farmers, society, and the en-
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vironment. But before we embark on identifying and devel-
oping suitable and, more importantly, effective pest-manage-
ment strategies, we must possess adequate information on
the pre-existing genetic and phenotypic variation within
BPH populations, which are important determinants of their
ecological distribution, evolution, and capacity to adapt to
environmental fluctuations.

Being highly migratory, BPH populations often invade
and colonise different agro-climatic zones of the world [6].
Their capacity to rapidly adapt to different environments
and ability to tolerate various biotic and abiotic stresses indi-
cate the existence of physiological, biochemical and/or ge-
netic plasticity within BPH populations, which, under cer-
tain circumstances, allows some individuals to survive better
and outperform other members of the population and there-
by, leading to adaptation [7]. Previous studies have demons-
trated that BPH in the subtropical and temperate regions
with almost round-the-year rice cultivation shows seasonal
variations, which is linked to the region’s cropping pat-
tern(s) [8, 9]. These changes are induced by changes in light
intensity and temperature across seasons, which influence
BPH flight and form (Brachypterous (short-winged) or
Macropterous (long-winged)). Additionally, Satpathi et al.
[10] and Claridge et al. [11] have shown that environmental
variations lead to changes in food consumption and utilisa-
tion rates, fecundity and reproductive rate, mean generation
length and population doubling time. These observations
have been reinforced by data obtained from several other
studies on BPH populations found in the tropical and temper-
ate regions of Asia [12-15]. However, the molecular basis
for these variations observed in BPH populations remains
largely unexplored.

Phenotypic variation in insect populations not only
serves as the basis for adaptation and selection but is also
central to its ecology and evolution [16]. Usually, phenotyp-
ic alterations result from morphological, biochemical, or be-
havioural changes at the individual level in response to spe-
cific environmental cues [17]. Such alterations can cause
substantial changes in the developmental trajectory and/or
modifications in an insect's phenotypic state or activity (e.g.,
metabolism) under hostile environments — all of which can
contribute to its remarkable resilience to stress [16, 18]. Al-
though such variations are essentially an outcome of the in-
herent genetic variations, it is also, to some extent, influ-
enced by external environmental factors [19]. Generally, it
is observed that a genetically homogenous insect population
can be phenotypically diverse due to the differences in cli-
mate, dietary resources and other external environmental fac-
tors [16]. While on the one hand, BPH shows highly effi-
cient and rapid strategies to adapt to fluctuating environmen-
tal conditions (abiotic as well as biotic), on the other hand, it
is difficult to gauge how such a wide array of responses is
possible considering that BPH individuals lack sufficient ge-
netic diversity within BPH populations [20], to affect such
diverse adaptations. Therefore, it seems reasonable to be-
lieve that other mechanisms are likely contributing to its fit-
ness and adaptability. In this regard, our earlier study has al-
ready reported and indicated that seasonal shifts in BPH mi-
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crobiome structure and composition underlie its adaptation
and survivability across changing climatic conditions [21].
However, such phenotypic changes in BPH populations
across seasons are also possible through the action of epige-
netic processes, such as DNA methylation, which, without
changing the DNA sequence, can result in altered insect
phenotypes as a response to external environmental stimu-
lus/stimuli [22, 23].

Considering that virulence in BPH is under polygenic
control [24] and mechanisms, such as DNA methylation,
can potentially induce or suppress the activity of these
genes, variation in DNA methylation patterns can alter the
phenotype and contribute towards the rapid adaptive re-
sponse(s) of BPH. DNA methylation as a response to envi-
ronmental cues involves the covalent addition of a methyl
group to the 5-carbon position of a cytosine residue resulting
in the formation of 5-methylcytosine (5mC) in a reaction ca-
talysed by DNA methyltransferase (DNMT) enzymes [25].
This phenomenon is highly conserved in eukaryotes; howev-
er, unlike higher organisms with high levels of DNA methy-
lation, insects generally display low levels of methylation
ranging from 0-14% [26]. BPH belongs to the order
Hemiptera — an order that is represented by insect species
with the second-highest levels of DNA methylation across
all insect orders studied thus far [27]. Besides, it has been re-
ported that planthoppers possess a functional DNA methyla-
tion machinery with all of its three DNA methyltransferase
(DNMTI, DNMT2, DNMT3) genes active [28-30]. In addi-
tion, our earlier studies have already shown the role of
demethylation/methylation in conferring adaptive advan-
tages to BPH [9, 31]. However, to what extent BPH popula-
tions undergo epigenetic changes with changing environmen-
tal conditions across seasons is still unclear.

While genetic variation is mainly responsible for most of
the heritable phenotypic variations, a part of this can also be
an outcome of epigenetic influence [9, 32-35]. Currently,
there is no available information in this regard. Therefore,
we deemed it pertinent to investigate the levels of epigenetic
diversity between and within BPH populations, which could
account for their varied virulence and phenotypes. We be-
lieve that understanding and deciphering these epigenetic
variations present within BPH is crucial for our understand-
ing of BPH populations, survival strategies, and their capaci-
ty to respond to hostile environments. Besides, the informa-
tion obtained from such studies could also be exploited to re-
liably distinguish populations of BPH, which, currently, is
not consistently possible using conventional molecular biolo-
gy tools. Moreover, owing to the continuous and rapid emer-
gence of highly virulent/resistant BPH strains, the differenti-
ation of populations at the intraspecific level is crucial for
understanding biodiversity, speciation and adaptive changes
in BPH. Additionally, the information regarding these mech-
anisms could also be utilised to develop effective manage-
ment strategies for this economically important pest of rice.

With this view, the present study attempts to assess and
identify environmentally-induced epigenetic variations
within and between the BPH populations found during the
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different rice-growing seasons. To establish the presence of
intra- and inter-population variations in DNA methylation,
we used a modified methylation-sensitive restriction assay
(MSRA [36-40];), coupled with CpG island amplifica-
tion-representational difference analysis, as a tool for screen-
ing the site-specific cytosine methylation of CpG islands
within five selected stress-responsive genes, in the BPH pop-
ulations collected over different rice growing seasons. The
CpG sites analysed for methylation/demethylation in the pre-
sent study have been previously shown to be associated with
the BPH’s rapid adaptive nature to pesticide and nutritional
stresses [9]. In addition, it has also been demonstrated that
the demethylation of CpG sites (corresponding to the five
stress-responsive genes analysed in the present study) af-
fects BPH survival under hostile environments [9].

The technique employed in the present study enables
rapid detection of the methylation status of any genomic re-
gion prone to methylation. We successfully implemented
this technique in our study for the rapid and cost-effective
identification of methylation-based epiallelic markers con-
tributing to adaptive epigenetic variation in the wild popula-
tions of BPH. In addition, the insights thus obtained with re-
gard to methylation as an additional source of variation,
along with the methylation status of these genes, are dis-
cussed in relation to its influence on insect adaptation and
how such adaptations are integral to deciphering the re-
sponse(s) of BPH populations to changing climatic condi-
tions. We believe it is crucial to understand the link between
seasonal weather systems and patterns and population fluctu-
ations of this highly migratory insect pest of rice so as to an-
ticipate likely variations in BPH populations and, subse-
quently, use this information to devise and deploy appropri-
ate pest management strategy(ies). Further, when extended
to other insect models, the information obtained from this
study can form the basis for establishing a correlation be-
tween methylation-based epigenetic variation and adaptive
genetic diversity in insect populations.

2. MATERIALS AND METHODS

2.1. BPH Populations

In the Northern regions of India, rice is mainly sown dur-
ing May—June and harvested during October—November.
Therefore, to elucidate epigenetic diversity within and
among BPH populations, BPH insects found in Delhi
(28.52° N, 77.16° E) during the rice-growing seasons (in
June, August and November), collected for two consecutive
years (2017-2018), were analysed. Here, it is worth mention-
ing that the external climatic conditions (e.g., temperature,
rainfall, and humidity) vary significantly across these
months. For instance, while the average temperature, humidi-
ty and rainfall during the month of June are 38°C, 80% and
55%, respectively, it comes down to 20°C, 25% and 2% in
November, and these changes can drastically impact the
BPH epigenome. Moreover, BPH is generally not found in
Delhi during winter months (i.e., January till April) as the
Northern parts of India experience harsh winters with tem-
peratures dipping to less than 8°C, which is lethal for BPH
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[21]. Therefore, we analysed BPH populations found in Del-
hi during the peak rice growing season (i.e., in June, August
and November). The rice plants were mostly in the tillering
or in the grain-filling stage when the BPH individuals were
collected. These insects collected at different time points
(across the rice growing season in Delhi) constituted the six
populations of BPH (i.e., June-17’ and June-18°, Aug-17’
and Aug-18’, Nov-17" and Nov-18’ collected insects) anal-
ysed in the present study. The naturally occurring BPH indi-
viduals (~100/population) feeding on rice plants were ran-
domly collected from the same rice fields (where the field
management practices, including fertilization, pesticide (imi-
dacloprid and a mixture of profenophos and cypermethrin)
spraying and weeding, were routinely followed) within the
same locality (during both 2017 and 2018) and stored in
100% ethanol at -20°C till further use. Our previous studies
have shown that BPH exhibits huge epigenetic diversity
across its life stages [9]. Therefore, to negate the effect of
differences in the methylation status due to different life
stages, we restricted our analysis to the BPH adults.

2.2. Genomic DNA Extraction and Quantification

As the primary objective of this study was to establish
the presence of intra- and inter-population variations with re-
gard to DNA methylation, genomic DNA was extracted
from the whole body of the eight BPH individuals of each
population using the tissue DNA extraction kit (Vivantis,
Malaysia), as per the manufacturer’s instructions. DNA was
quantified on the NanoDrop Spectrophotometer (Thermo
Fisher Scientific, USA), and the quality was assessed by gel
electrophoresis (0.8% TBE agarose gel) [41]. Next, genomic
DNA from four BPH individuals of a population were
pooled in equal amounts. Each pool representing a popula-
tion contained DNA from | macropterous male, 1 macropter-
ous female, 1 brachypterous male and 1 brachypterous fe-
male. All subsequent analyses were carried out on pooled
DNA samples, representing each population in duplicate.
This allowed the determination of the environmentally-in-
duced epigenetic variations vis-a-vis their DNA methylation
patterns between and within BPH populations, irrespective
of their form, sex and lineage.

2.3. Shortlisting of Genes and CpG Island Prediction

The genes shortlisted for screening in this study were
CYP6AYI (AY1), CYP6ERI (ERI), Carboxylesterase (Est),
Endoglucanase (EG) and Tf2-transposon (Tf2). These genes
were selected based on their functional relevance and in-
volvement in BPH survival and fitness and their potential
role in mediating rapid adaptations in BPH (Table 1). Fur-
ther, as previously shown that BPH has very low levels of
methylation, mostly confined to the CpG islands across in-
sect orders [26], we restricted our analysis to the predicted
CpG islands within these genes. Therefore, the nucleotide se-
quence (CpG island) that is prone to methylation, owing to
its unusually high GC content and a higher frequency of
CpG dinucleotides, was predicted across the selected genes
using a web-based tool, EMBOSS CpGplot. The criteria for
the identification of putative islands were as follows: the ra-
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tio of observed CpG to expected CpG (Obs/Exp value >
0.6), sequence length (> 200 bp) and the GC content (>
50%). Subsequently, the nucleotide sequences of the predict-
ed CpG islands of all the selected genes were retrieved and
screened for methylation-sensitive and insensitive restriction
enzyme sites using the MacVector (MacVector Inc., USA;
version 15.5). The restriction sites were chosen based on
their established role and functional relevance in mediating
BPH survival under stress [9]. DNA methylation status is of-
ten under or over-represented by the underlying variation in
DNA sequence. This can be a serious problem, especially
while targeting the populations of highly migratory insects
like BPH, and needs to be tackled by an appropriate experi-
mental design. Therefore, to obtain reliable information re-
garding DNA methylation in BPH, we restricted our analy-
sis to the CpG sites conserved across BPH populations.

2.4. Restriction Digestion

The list of 5 mC sensitive restriction enzymes was ob-
tained from the gold standard REBASE resource
(http://rebase.neb.com/rebase/rebase.html). For the current
study, the restriction enzymes were selected based on the fol-
lowing criteria: (1) the presence of at least one restriction
site within the identified CpG islands, and (2) possess a re-
striction site for an isoschizomer that is insensitive to methy-
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lation but recognizes the same position within the restriction
site. Based on these criteria, three pairs of methylation-sensi-
tive and insensitive isoschizomeric restriction enzyme pairs
were selected, i.e., Hpall/Mspl, Aatll/Fatl and BsmAI/BstCI
(New England Biolabs, USA), and were used for digesting
the pooled genomic DNA, representing each population, se-
parately. Each restriction reaction was individually set up (fi-
nal volume 25 pl) and contained 150 ng of the pooled ge-
nomic DNA, restriction enzyme (2 U), buffer (1 x), and ster-
ile water (final volume upto 25 pl) and was incubated for 6
hrs at their optimum working temperatures (i.e., 37°C for
Hpall, Mspl and Aatll; 55°C for BsmAlI and Fatl; 50°C for
BstCI) to ensure complete digestion. Methylation-sensitive
restriction enzymes Hpall, Aatll and BsmAI were used to
distinguish methylated DNA sequence from its unmethylat-
ed counterpart. Incubation was carried for 6 hrs at their re-
spective optimum digestion temperatures to ensure complete
digestion of unmethylated substrate sequences (i.e., 5’-CCG-
G-3> for Hpall, 5’-GACGTC-3" for Aatll and 5’-
GTCTC(1/5)-3’ for BsmAIl) while keeping the methylated
sequences intact. Based on this feature of the chosen restric-
tion enzyme sets, comparative differential cleavage patterns
for each of the selected genes between the BPH genomic
DNAs from different populations were evaluated using
semi-quantitative PCR.

Table 1. List of stress-responsive genes selected for the present study for estimating their relative site-specific DNA methylation (5
mCQC) levels across BPH populations and their functional relevance in BPH.

Genes Functional Relevance for BPH References
CYPG6ERI P450 monooxygenase involved in imidacloprid (pesticide) metabolism Bao et al., 2016 [47]; Pang et al., 2016 [48]
CYP6AY1 P450 monooxygenase involved in pesticide degradation Bao et al., 2016 [47]
Endoglucanase | Plant cell wall degrading enzyme; facilitates BPH feeding on rice host Jietal., 2017 [49]
Carboxylesterase Involved in xenobiotic detoxification Mao et al., 2021 [50]
172 LTR retrotransposon flanking stress-responsive genes in the BPH genome Gupta and Nair, 2021 [31]
—>
5’ e— CpG Island <_392— 3’ sz
7422 bp
’ —> ’
> e T e I e — 3’ Endoglucanase
66,229 bp
—>
5 —— CpG Island 3’ CYP6ER1
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—>
5 —— CpG Island e 3’ CYPEAY1

7026 <+ 7323

—>
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6985 <« 7218

28,614 bp
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Fig. (1). Diagrammatic representation of the gene length, location of CpG islands, and primer binding locations within the stress-responsive
genes analyzed in the present study. Numbers represent nucleotide positions in the sequences. (4 higher resolution / colour version of this fig-

ure is available in the electronic copy of the article).
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2.5. Primer Design and PCR Amplification

To quantify methylation in different BPH populations, a
semi-quantitative PCR assay was designed, which specifical-
ly targeted the predicted CpG islands of each of the five
shortlisted BPH genes (CYP6ERI, CYP6AYI, Endogluca-
nase, Carboxylesterase and Tf2-retrotransposon). This as-
say was based on the premise that only genes possessing ho-
mogenously methylated alleles would remain unrestricted
when methylation-sensitive restriction enzyme is used and,
hence, can be amplified and quantified by PCR. In contrast,
the partly methylated and unmethylated alleles would be di-
gested/restricted by the restriction enzyme, resulting in the
disruption of the target sequence and subsequent reduction
in copy number, which can be quantified by semi-quantita-
tive PCR.

In this regard, PCR primers for each gene selected in this
study were designed from regions flanking the CpG island
using the MacVector (Fig. 1). The list of primer pairs used
in this study is provided in Table S1. PCR amplification reac-
tions were set up using the digested product as a template
for all five genes to quantify and study DNA methylation.
PCR reactions were carried out separately for each sample
of digested DNAs (i.e., with methylation-sensitive and insen-
sitive restriction enzymes), for each sample. While the ampli-
fication obtained from templates digested with the methyla-
tion-sensitive restriction enzyme allowed us to quantitate
methylation levels across populations, the restriction reac-
tion using methylation-insensitive restriction enzymes
served as a reference to indicate the state of DNA methyla-
tion at the restriction site. Additionally, to normalise varia-
tions in the quantities of input template DNA within the
PCR reactions and to determine the initial amounts of the tar-
get of interest, an independent reference (referred to as undi-
gested control; UC) was also set up. All PCR reactions, with
a final volume of 20 ul consisted of 200 uM dNTPs, 0.6 U
Taq DNA polymerase (Bangalore Genei, (India) Pvt. Ltd.),
1X Taq buffer and 13 pM each of forward and reverse
primers. For both the digested and undigested PCR, 15 ng of
the genomic DNA was used as a template. The PCR amplifi-
cation profile consisted of an initial denaturation at 95°C for
5 min, followed by 25 cycles (a reduced number of cycles
ensured that the measurements of PCR products were made
at the exponential phase) of denaturation at 95°C for 30 s, an-
nealing at 55°C (for CYP6A4Y1, Tf2, EG and Esf) or 60°C
(for CYP6ER]I) for 30 s, extension at 72°C for 30 s and a fi-
nal extension of 72°C for 2 min. The PCR-amplified prod-
ucts (10 pl) were run on 1% agarose gel. A fixed amount of
the PCR product representing each gene was loaded in each
gel to normalise band intensities across gels.

2.6. Data Collection, Interpretation and Statistical
Analysis

The quantity of PCR product obtained from both DNA
templates (template restricted with methylation-sensitive
and insensitive restrictions enzymes) after 25 cycles for each
of the selected 5 genes was quantified, and the reactions
were normalised based on the intensity of the PCR amplified
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fragment obtained for their respective undigested control
(UC). The relative intensity for each fragment, in both
methylation-sensitive and insensitive restriction lanes as
well as undigested (control) lanes, was quantified using Im-
age Lab software (v6.0.1; Bio-Rad Laboratories, USA). The
band intensity was converted to nanograms of DNA by com-
paring it to the intensity of the fragments of a defined
amount of the GeneRuler 1 kb Ladder (Thermo Fisher Scien-
tific; Cat. no. SM0311) as standard. The variations in band
intensities between methylation-sensitive lanes reflected the
presence of heterogeneously methylated restriction sites.
The band intensity or the quantity of amplified DNA ob-
tained for methylation-sensitive reactions is directly propor-
tional to the methylation status of the selected restriction
site. Therefore, quantification of the bands in the sensitive
lanes allowed estimation of the level of site-specific methyla-
tion across samples.

The intensity of the fragment resulting from PCR ampli-
fication of the undigested control (UC), which was not sub-
jected to restriction digestion and thus exhibited no reduc-
tion in the copy number due to cleavage of the target site,
represented 100% methylation. Based on this, the degree of
methylation (defined as the fraction of methylated alleles)
for each sample was determined by dividing the band intensi-
ty values (ng DNA) obtained for each sample by the intensi-
ty value for its corresponding UC (reference). Further, the
methylation data obtained for each gene were subjected to
statistical analyses to assess the significance of the observed
variations in percent methylation (vis-a-vis the five targeted
loci) between and within BPH populations.

One-way ANOVA analysis was carried out using SPSS
Statistics (version 22.0.) to identify genes that varied signifi-
cantly with regard to 5 mC methylation across the six BPH
populations analysed. Genes that showed significant varia-
tion in their methylation status across seasons were identi-
fied from the ones that varied between years. Further, the da-
ta were subjected to multivariate analysis to identify genes
exhibiting significant variability across both independent
variables, i.e., between seasons and years. Here, the impact
of independent variables (predictors), i.e., months and years,
on the methylation status (dependent/response variable) was
analysed. The results were validated by Fisher's least signifi-
cant difference (LSD) post hoc tests to uncover specific dif-
ferences between populations and identify the variables dif-
ferentiating these populations. The percent epigenetic poly-
morphism across BPH populations was estimated by k-
means clustering analysis. In addition, the same software
was used to perform Spearman’s correlation analysis (2-
tailed test, p-value cut-off < 0.05) for assessing the strength
of dependence or influence of genes on one another vis-a-vis
their methylation status.

3. RESULTS

The CpG islands were detected mainly within the gene
body of the stress-responsive genes analysed in the present
study. They contained several regulatory motifs and tran-
scription factor binding sites (for details also see Fig. 3 in
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Gupta and Nair, 2022 [9]). Using methylation-sensitive re-
striction enzymes combined with semi-quantitative PCR al-
lowed rapid estimation of the degree of DNA methylation
(of selected stress-responsive genes) between and within
BPH populations without treating the DNA samples with
sodium bisulphite. Methylation-sensitive amplification pro-
files, generated using a combination pair of methylation-sen-
sitive/insensitive restriction enzymes, revealed high levels of
epigenetic diversity between BPH populations with regard
to the genes analysed in the present study (Figs. 2 and 3). Be-
sides differences among populations, variation within popu-
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lations could also be detected (Fig. 2 and Table S2). Differ-
ences in the intensity of bands across methylation-sensitive
restriction reactions indicated the presence of different states
of cytosine methylation at the restriction sites across BPH
populations (Fig. 2). In addition, we observed variations for
the insensitive lanes (i.e., restriction with methylation insen-
sitive restriction enzyme), which indicated the existence of
genetic variation at the specific locus leading to the loss of
restriction enzyme recognition site and/or inhibition of DNA
restriction at the specific restriction sites surveyed in the pre-
sent study (Fig. S1).

Fig. (2). Agarose gel depicting variations in amplifications of a portion of CYP6A4YI PCR amplified from different BPH individuals repre-
senting populations collected during different seasons and years (refer to Materials and Methods for details). The PCR amplifications were
carried out using BPH genomic DNA templates restricted with a methylation-sensitive (M") or insensitive (M) restriction enzyme. Unrestrict-
ed DNA (C) served as a control. Cyan and orange bars (above lanes) represent the BPH population collected in 2017 and 2018, respectively.
Duplicates for each population are represented by same-colored bars. Panel (A) shows methylation status (hypomethylated state; absence of
bands in both M+ and M- lanes indicate that the CpG site is unmethylated and hence is digested by both the restriction enzymes) of BPH sam-
ples collected in June, and panel (B) shows the methylation status (hypermethylated state, presence of a band in M+ indicates that the site is
methylated and hence is protected from restriction digestion) of BPH samples collected during August. L: 1-kb ladder as a molecular mass
marker. The figures on the right represent molecular masses in base pairs (bp). (4 higher resolution / colour version of this figure is available
in the electronic copy of the article).
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Fig. (3). Bar plots showing the mean percent methylation of the selected stress-responsive genes in the BPH populations (A) across different
months. (B) across years. Error bars represent mean = SD. The analysis included two replicates for each population (see ‘Materials and Meth-
ods’ section for details). (4 higher resolution / colour version of this figure is available in the electronic copy of the article).

Results revealed that BPH genes exhibit low levels of
methylation under field conditions, as the average percent
methylation estimated across all BPH populations for 772,
Endoglucanase, CYP6ERI, CYP6AY1 and Carboxylesterase
was 10.308, 34.663, 34.511, 28.568, and 26.424, respective-
ly (Fig. S2). Further, the percent epigenetic polymorphism
across populations (as determined by comparing the restric-
tion amplification profile obtained using a specific methyla-
tion-sensitive enzyme across populations) varied between lo-
ci (Figs. 3 and S3). Significant differences in the methyla-
tion status were observed across months and years (Fig. 3).
Cluster analysis using K-means clustering revealed discrete
cluster centroids for the methylation values observed for 72
(6.1% and 13.3%), Endoglucanase (21.5% and 44.1%), Car-
boxylesterase (14.3% and 35.1%), CYP6ERI (33.8% and
35.5%) and CYP6AYI (21.86% and 37.96%) across BPH
populations (Table S3 and Fig. S4).

Additionally, results obtained using one-way ANOVA,
performed to compare the effect of ‘year’ and ‘month’ of col-

lection on the methylation status of genes, indicated that
while the methylation status of Carboxylesterase varied sig-
nificantly between BPH populations sampled in the year
2017 and 2018 (F value 5.959; p <0.05), CYP6ERI showed
significant seasonal variation, i.e., across months (F value
5.168; p < 0.05) (Table S2). However, in the case of
CYP6AYI1, Endoglucanase, and Tf2, the variation within
groups was higher than that observed between groups and,
hence, was deemed non-significant (Table S2).

To identify, interpret and model the linear relationship
between and among experimental variables (including both
independent variables, ‘Years’ and ‘Months’), multivariate
analysis was carried out, and results revealed that while the
methylation status of 7f2 (F value 44.338; p < 0.05) and
CYP6AYI (F value 4.901; p < 0.05) was significantly influ-
enced by both ‘month’ and ‘year’ of collection, Endogluca-
nase (F value 6.925; p <0.05) and Carboxylesterase (F val-
ue 6.866; p < 0.05) typically exhibited yearly variation and
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CYPG6ERI (F value 6.624; p < 0.05) varied across months.
Further, it was found that the ‘month’ of the collection had a
higher contribution to the overall epigenetic variation ob-
served between BPH populations (Pillai’s Trace value signif-
icant at a 5% level as the observed p-value is 0.01) as com-
pared to the ‘year’ (Pillai’s Trace value non-significant at a
5% level as the observed p-value is 0.125). Furthermore, the
variance in the eta squared values of Pillai’s Trace for 7f2,
CYP6AYI, CYP6ERI, Endoglucanase, and Car-
boxylesterase were 0.56, 0.24, 0.103, 0.058 and 0.029, re-
spectively, indicating that 7/2 accounted for the maximum
(56%) and Carboxylesterase (2.9%) accounted for the mini-
mum epigenetic variability observed between BPH popula-
tions (Table 2). These results were further validated by post
hoc tests, which confirmed the presence of significant varia-
tion in the methylation status of genes analysed in the pre-
sent study across BPH populations sampled during different
months (Table S4). Besides, the analysis also indicated that
while the methylation of 72 varied across all three months
(i.e., between June, August and November), Endoglucanase,
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CYP6ERI, and CYP6AYI showed a gradual shift in their
methylation status from June to November. However, as pre-
viously indicated by the multivariate tests (stated above),
Carboxylesterase did not exhibit significant change and
hence had the least contribution to the observed epigenetic
variance between BPH populations among the genes tested
(Table 2 and S4).

Further, it was observed that while the methylation sta-
tus of CYP6ERI, CYP6AY1 and Tf2 significantly increased
across months (i.e., from June to November), it showed a
gradual dip for Endoglucanase and Carboxylesterase (Fig.
4). Additionally, to explore the relatedness of genes with re-
gard to the observed epigenetic diversity in the field popula-
tions of BPH, we performed pairwise-correlation estima-
tions and results indicated that the methylation status of 7f2
exhibited a positive correlation with that of CYP6ERI (S-
pearman’s rho value 0.641; p-value 0.034) which in turn
showed negative correlation with Endoglucanase (Spear-
man’s rho value -0.619; p-value 0.042) (Fig. 5 and Table
S5).

Table 2(a). Results of the multivariate analysis in site-specific methylation of selected genes across BPH populations, along with

month and year of collection.

Effect Dependent Variable(F statistics|p-value|Partial Eta Squared|Observed Power
712 62.828 |0.000* 0.913 1.000
Endoglucanase 6.952  [0.039* 0.537 0.598
Year CYPG6ERI 1.478 0.270 0.198 0.177
CYPG6AYI 13.162 |0.011%* 0.687 0.854
Carboxylesterase 6.866 [0.040* 0.534 0.592
712 22.871 |0.002* 0.884 0.997
Endoglucanase 3.497 0.098 0.538 0.434
Month CYPGERI 6.624 [0.030* 0.688 0.705
CYPG6AYI 6.143  [0.035* 0.672 0.671
Carboxylesterase 1.937 0.224 0.392 0.261
112 44.338 |0.000* 0.937 1.000
Endoglucanase 1.301 0.339 0.302 0.188
Month * Year CYPGERI 2.029 0.212 0.403 0.272
CYP6AY1 4.901 0.055 0.620 0.571
Carboxylesterase 0.824 0.483 0.216 0.135

Note: *The mean difference is significant at the p <0.05

Table 2(b). Estimation of Eta square values using the results obtained from the multivariate analysis.

Genes Partial Eta _Year Yl,zet :r Variance Pal;lislllﬁ:a— Mf:tlhs Variance|Year*Month_[Eta square|Variance
172 0913 0.833] 0.434 0.884 0.781 0.363 0.937 0.877 0.561
Endoglucanase 0.537 0.288] 0.150 0.538 0.289 | 0.134 0.302 0.091 0.058
CYP6ERI 0.198 0.039] 0.020 0.688 0.473 | 0.220 0.403 0.162 0.103
CYP6AY1 0.687 0.471] 0.246 0.672 0.451 | 0.210 0.62 0.384 0.245
Carboxylesterase 0.534 0.285] 0.148 0.392 0.153 | 0.071 0.216 0.046 0.029
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Fig. (4). Trend plot illustrating seasonal changes in the methylation status of stress-responsive genes across BPH populations collected dur-
ing different periods. The horizontal axis represents the months in which the BPH samples were sampled, and the vertical axis indicates per-
cent methylation. For 3 of the 5 genes studied, an upward trend for DNA methylation was observed from June to November. (4 higher resolu-
tion / colour version of this figure is available in the electronic copy of the article).
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Fig. (5). Correlation heat map representation of a pairwise correlation analysis indicating inter-relatedness of selected genes of field-collect-

ed BPH populations with regard to their methylation status. Blue represents a positive correlation, while brown signifies a negative correla-
tion between variables (genes). (4 higher resolution / colour version of this figure is available in the electronic copy of the article).
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4. DISCUSSION

This study focussed on estimating the relative site-specif-
ic DNA methylation for five stress-responsive genes in BPH
populations across different rice growing seasons and years.
PCR amplification profiles (obtained for the methyla-
tion-sensitive restriction reactions) for CYP6AY1, CYP6ERI,
Carboxylesterase, Tf2, and Endoglucanase revealed signifi-
cant epigenetic diversity in the field-collected BPH popula-
tions (Figs. 2 and 3). Variations were also observed in the
PCR amplification profiles for the methylation-insensitive re-
actions (Fig. S1), likely due to genetic diversity (allelic varia-
tions) at some restriction sites and/or non-CG methylation in
the BPH genome (Fig. S5). Our earlier studies have shown
that BPH possesses methylation in all three contexts (i.e.,
CG, CHG and CHH [9, 31]. Therefore, these results are high-
ly likely to reflect changes in methylation patterns in non-
CG contexts across BPH populations. Indications of such a
possibility and also accounting for the presence of a band in
the insensitive (M) lane is the fact that while the methyla-
tion insensitive restriction enzyme (Mspl) used in the pre-
sent study can efficiently cleave non-methylated 5° CCGG
3’ sequences and hemi- (i.e., mC in one DNA strand only)
or fully-methylated 5 CmCGG 3’ sequences (i.e., methyla-
tion of inner cytosine), it cannot cleave the hemi- and ful-
ly-methylated mCCGG and mCmCGG sequences [42].

Further, our data showed that BPH exhibits a low methy-
lation level under field conditions (Fig. S2, [9];). However,
even at low levels, DNA methylation can significantly regu-
late BPH’s fitness in changing environments. Gene body
methylation in insects is known to modulate gene expres-
sion, exon shuffling and alternative splicing [43, 44]. In our
study, four of the five analysed restriction sites are located
in the exonic region of the corresponding genes (see Table
S6), indicating that modification(s) in DNA methylation at
these sites can influence BPH’s phenotype. This is corrobo-
rated by our recent study, where we show how methyla-
tion/demethylation at these sites affects gene activity and
contributes to BPH’s phenotypic plasticity under changing
environmental conditions [9].

Next, the percent of epigenetic polymorphism varied be-
tween loci (Fig. S3 and Table S7), suggesting that methyla-
tion and demethylation of genes are influenced by their func-
tional relevance and importance for BPH’s survival. Further,
even though discrete cluster centroids were obtained from
the k-means clustering analysis of the methylation values of
CYP6AYI1, CYP6ERI, Carboxylesterase, Tf2, and Endoglu-
canase across BPH populations, the distance between the
cluster centres varied between genes, indicating that each
gene possessed different levels of epigenetic diversity
(Table S3 and Fig. S4). These variations can be exploited to
distinguish morphologically indistinguishable BPH individu-
als by identifying additional methylation-based epiallelic
markers from other regions of the BPH genome. The identifi-
cation of such markers holds implications for the integrated
management of BPH.
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Furthermore, we studied the impact of ‘seasons’ on
DNA methylation patterns and its contribution to seasonal
polymorphisms in BPH populations [8, 10-15, 21]. Sam-
pling was conducted in different months (June, August, and
November) during the rice-growing period for two consecu-
tive years (2017 and 2018). To observe the effect of each
variable (i.e., ‘year’ and ‘month’) on the methylation status
of genes, the data were subjected to one-way ANOVA analy-
sis. Results indicated that while the methylation status of
Carboxylesterase differed significantly between BPH popu-
lations sampled in the years (2017 and 2018), CYP6ERI
showed significant seasonal variation, i.e., across months
(Table S2). However, CYP6AY1, Endoglucanase, and Tf2
displayed high intra-population variation and were deemed
non-significant. Additionally, to evaluate the combined influ-
ence of year and month on the methylation of CYP6AY1, En-
doglucanase, and Tf2, we resorted to multivariate tests.

The results of the multivariate analysis revealed that
both ‘month’ and ‘year’ significantly influenced the methyla-
tion status of 7f2 and CYP6A4Y1, while Endoglucanase and
Carboxylesterase exhibited yearly variation and CYP6ERI
varied across months. Among the studied genes, 772 dis-
played the highest (56%) and Carboxylesterase (2.9%), the
lowest epigenetic variability between BPH populations
(Table 2). Here, it is worth noting that 772, being an LTR-
retrotransposon with multiple insertions in the BPH genome
[31], is likely to exhibit high polymorphism due to varying
methylation patterns in different insertions. Besides, as the
primers used to carry out the PCR assay were not specific to
a particular 772 insertion in the BPH genome, therefore, am-
plification of this locus was not restricted to one or a few
insertional copies but to all the elements that contain the
primer binding sites, thereby accounting for the high varia-
tion observed for 772. Further, the pairwise correlation esti-
mations for all five genes indicated a positive correlation be-
tween the methylation status of Tf2 and CYP6ERI. Tf2 be-
ing a transposable element, can spread the epigenetic marks
to neighbouring genes [45, 46], and as ~50% of T/2 inser-
tions in the BPH genome are flanked by CYP6ERI, [31] this
correlation could be attributed to their genomic proximity.
However, further investigation is required to confirm and
establish if and how the methylation status of these loci is
correlated.

Interestingly, while CYP6AY1 showed variation between
‘years’ and ‘months’, CYP6ER] exhibited seasonal changes.
Both genes belong to the family of P450 monooxygenases
and are largely involved in pesticide detoxification in BPH
[47]. CYP6AYI is effective in metabolizing various pesti-
cides, while CYP6ER] is particularly responsive to imidaclo-
prid (a neonicotinoid pesticide commonly used against
BPH). Earlier studies have shown high expression levels of
CYPGERI in pesticide-resistant BPH populations [47, 48].
Therefore, and as reported in our earlier study [9], the differ-
ences in the methylation levels observed in BPH populations
across the rice-growing season can contribute to variations
in the activity of CYP6AYI and CYP6ERI, potentially affect-
ing their pesticide resistance/tolerance capacities. Hence, re-
sults from this study can also be utilised to develop a rapid
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evaluation method for assessing the pesticide resistance/tol-
erance capacity of a BPH population infesting a rice field by
estimating their methylation status using the methods de-
scribed here.

Further, £EG and Est exhibited minimum variation in
their methylation status (over ‘months’ and ‘years’) and
showed the least epigenetic variance between populations
(Table 2). It is worth noting that BPH constitutively requires
both EG and Est for its survival. While the former assists
BPH in overcoming plant cell wall defence metabolites, en-
abling it to feed on rice plants, the latter plays an important
role in xenobiotic detoxification. Hence, these are regarded
as vital and indispensable genes for BPH survival [49, 50],
and therefore, it is highly likely that relatively uniform lev-
els of methylation are maintained for £G and Est across
BPH populations. However, the minimal variation observed
for these genes could either be an outcome of inherent genet-
ic differences between populations or differences in their nu-
tritional intake (host plant or rice varieties) and/or other envi-
ronmental exposures, which warrant further investigation.

A comparison of the effect of ‘month’ and ‘year’ on the
overall epigenetic variation revealed that the ‘month’ of the
collection had a higher impact on the observed epigenetic di-
versity between BPH populations, suggesting the involve-
ment of epigenetic changes in mediating seasonal polymor-
phisms in BPH. Post hoc tests confirmed the reliability and
significance of these results (see Table S4), validating the
significant variation in the methylation status of genes anal-
ysed across BPH populations sampled during different
months. Further, the analysis showed that while the methyla-
tion of Tf2 varied across all three months (i.e., between
June, August, and November), EG, CYP6ERI, and
CYP6AY]I exhibited a gradual shift in their methylation sta-
tus from June to November. As previously indicated by the
multivariate analyses, Est did not exhibit a significant
change in its methylation status and contributed least to the
epigenetic variance between BPH populations (Tables 2 and
S4).

The analysis of the patterns of methylation changes at
the restriction sites analysed in the present study showed
that the methylation value of cytosine increased significantly
from June to November for CYP6ERI, CYP6AYI and Tf2
but decreased for EG and Carboxylesterase (Fig. 4). This im-
plied that BPH populations with different epigenetic profiles
are found in Delhi across seasons. These differences can be
attributed to the continuous inflow of different BPH popula-
tions through migration from distant regions throughout the
rice-growing season. However, it is equally probable that
the observed fluctuations in the epigenetic status of BPH
populations collected during different months of the year,
are a survival strategy deployed by the BPH to adapt to
changing climatic conditions across seasons. In the Northern
regions of India, rice is primarily sown during May-June
and harvested during October-November, implying that rice
is not available for the monophagous BPH to feed on
throughout the year. Therefore, variations in the methylation
status of feeding-related genes (e.g., EG) are likely linked to
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the feeding patterns of BPH. Likewise, pesticide application
in paddy fields varies during the different stages of rice culti-
vation. Therefore, we speculate that the methylation status
of pesticide detoxification genes (such as CYP6AYI,
CYPGERI, and Esf) in a BPH population is related to its ex-
tent of exposure to pesticides, which varies across seasons.
Collectively, these observations imply that the observed vari-
ations in DNA methylation in BPH populations are probably
induced in response to external environmental stimuli.

The assay employed in this study allowed rapid estima-
tion of the DNA methylation at the targeted CpG sites with-
out requiring sodium bisulfite treatment of the DNA sam-
ples, which is tedious, time-consuming and expensive. This
method relied on the differential sensitivity of isoschizomer-
ic restriction enzymes and subsequent PCR amplification to
detect site-specific cytosine methylation status within the
CpG island. However, a major limitation of MSAP-based ap-
proaches is their inability to quantify DNA methylation accu-
rately, mainly when DNA methylation exhibits cell-to-cell
heterogeneity (i.e., differential epigenetic status of the
genome among cells) [51, 52], causing genes in a particular
sample to display varying degrees of methylation. In such
cases, bulk analyses may be less sensitive in determining the
exact methylation status of the assayed locus. However, as
our primary objective was to determine whether BPH popu-
lations found across the rice-growing season are epigenetical-
ly diverse; therefore, methylation-sensitive restriction en-
zyme analysis (MSRA) coupled with semi-quantitative PCR
proved to be a useful, reliable, cost-effective and quick
method to estimate the extent of DNA methylation of the tar-
get locus. Besides being cost-effective, this technique could
be easily applied to study the methylation state of individual
insects in a population to obtain statistically significant and
reproducible data. Several pestilent outbreaks of insect pests
of agricultural importance (such as BPH) can be prevented if
we have prior knowledge of its likely occurrence. Therefore,
the identification of methylation-based epiallelic markers in
the wild populations of BPH has implications for the assess-
ment of prevailing epigenetic variations and adaptive capa-
bilities. Moreover, this information can be subsequently
used to devise appropriate pest management strategy(ies) for
field use.

CONCLUSION

By comparing epigenetic variations in five genes in the
field populations of BPH, this study, for the first time, re-
vealed useful information regarding the epigenetic compo-
nent of variations prevalent in BPH. We explored epigenetic
diversity, structure and differentiation in field populations of
BPH collected across the rice-growing seasons over two
consecutive years. Though our findings suggest that epige-
netic (methylation/demethylation) mechanisms might play
an important role in how BPH regulates its genes in time
and space, extending this study to individual insects collect-
ed from different months and years could give us a better es-
timate of the level of seasonal epigenetic diversity prevalent
in BPH populations. Besides, the finer intricacies of how th-
ese molecular processes work in BPH is an aspect that re-
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quires further investigation. In addition, data obtained also
indicated that morphologically indistinguishable populations
of BPH could be epigenetically distinct. Therefore, field
screenings of BPH populations to assess prevailing epigenet-
ic variations not only added valuable insights into the possi-
bility of epigenetic differentiation of BPH populations but
can also help unravel the importance and role of DNA
methylation in explaining phenotypic variation(s). Undoubt-
edly, while it is important to delineate the levels of epigenet-
ic diversity in BPH populations, it would be equally impor-
tant to ascertain whether the degree of epigenetic variation
observed across BPH populations can substantially con-
tribute to the phenotypic variation and eventually lead to bet-
ter adaptability of these populations to varied environments
and host plant varieties. While we studied DNA methylation
to assess epigenetic diversity, it is important to note that
other epigenetic mechanisms interact with DNA methyla-
tion, and altogether, this interactive and dynamic epigenetic
machinery can enhance diversity. In this regard, the findings
from this study can form the basis for extending the investi-
gation to other regions of the BPH genome and across indivi-
duals collected from different geographical locations and
life stages to understand better the role(s) of DNA methyla-
tion and other epigenetic processes in conferring phenotypic
plasticity to BPH.
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