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Abstract: In tropical countries, combating leaf curl disease in hot peppers has become important in
improvement programs. Leaf curl disease is caused by whitefly (Bemisia tabaci) transmitted bego-
moviruses, which mainly include chilli leaf curl virus (ChiLCV). However, multiple begomoviruses
have also been found to be associated with this disease. The Capsicum annuum line, DLS-Sel-10, was
found to be a tolerant source against this disease during field screening. In this study, we characterized
the resistance of DLS-sel-10 against chilli leaf curl virus (ChiLCV) in comparison to the susceptible
cultivar Phule Mukta (PM), focusing on the level, stage, and nature of resistance. Comprehensive
investigations involved screening of DLS-Sel-10 against the whitefly vector ChiLCV. The putative
tolerant line displayed reduced virus infection at the seedling stage, with increasing resistance during
vegetative, flowering, and fruiting stages. Both DLS-Sel-10 and PM could be infected with ChiLCV,
although DLS-Sel-10 remained symptomless.  Insect feeding assays revealed DLS-Sel-10 as a less
preferred host for whiteflies compared to PM. In conclusion, DLS-Sel-10 demonstrated tolerance not
only to ChiLCV but also served as an unfavorable host for the whitefly vector. The study highlighted
an age-dependent increase in tolerance within DLS-Sel-10, showcasing its potential for effective leaf
curl disease management in chilli.
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1. Introduction

Leaf curl disease is a significant threat to key vegetable crops in tropical and subtropical
regions worldwide. This disease is primarily caused by Begomovirus, a genus within
the Geminiviridae family [1,2]. These viruses are transmitted by whiteflies and afflict
dicotyledonous plants such as cotton, papaya, tomato, okra, chilli, capsicum, and tobacco,
resulting in substantial economic losses for farmers. The genome of Begomovirus features
circular ssDNA and comprises either two components (DNA-A and DNA-B) or a single
monopartite component homologous to the DNA-A component of bipartite viruses [3,4].
The monopartite genome is associated with satellite DNA molecules (beta and alpha
satellite) [5].

Chilli, an important vegetable and spice crop in India, is severely affected by various
begomoviruses, causing significant economic damage [6,7]. The severity of leaf curl disease
has led farmers to abandon the Kharif (the main growing season from July to September)
cultivation of chilli. Over the past decade, reports of high disease incidence have surfaced,
with instances of up to 100% devastation in specific regions [8-10]. Symptoms include
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severe leaf curling, stunted growth, leaf thickening, vein clearing, and reduced fruiting.
Chilli cultivation in India during the Kharif season coincides with the southwest monsoon.
Disease onset typically occurs in late June, about 45-55 days after sowing, escalating rapidly
in July, slowing in August, and nearly ceasing by mid-October. Initial signs include vein
thickening, followed by leaf curling and thickening. Symptomatic appearance occurs
10-18 days post-infection.

Leaf curl disease in India is known to be a complex disease caused by multiple bego-
moviruses, including chilli leaf curl virus (ChiLCV), chilli leaf curl India virus (ChiLCINV),
chilli leaf curl Vellanad virus (ChiLCVV), tomato leaf curl Joydebpur virus (ToLCJV),
tomato leaf curl Bangalore virus (ToLCBaV), tomato leaf curl Palampur virus (ToLCPalV)
and tomato leaf curl New Delhi virus (TOLCNDV) [6,8,11-13]. Recent studies revealed the
association of five distinct Begomovirus species (ChiLCV, pepper leaf curl Bangladesh virus
(PepLCBYV), tomato leaf curl virus (ToLCV), TOLCNDYV, papaya leaf curl virus (PaLCuV))
with six different groups of beta satellites (like TOLCBDB, ToLRnB, ChiLCB, ToLCJoB,
RaLC, CroYVMB) in diseased plants [6,7]. Most of the leaf curl disease-associated bego-
moviruses and beta satellites in chilli have been reported to have undergone recombination,
which has led to the breakdown of resistance to one or two viruses in otherwise resistant
genotypes [14].

Current management involves insecticide spraying for whitefly control, but concerns
about pesticide residues have led to a search for sustainable alternatives. Breeding for resis-
tant cultivars is a key solution to address concerns related to leaf curl disease. Identifying
resistant/tolerant lines is crucial for resistance breeding programs. Although breeding
against leaf curl disease in tomatoes is more advanced than in chillies, some preliminary
work, including comparative studies between resistance genes in chilli and tomato [15],
study of genetics of resistance to chilli leaf curl disease [16] and identification of wild
sources of resistance [17] have been conducted.

To breed for Begomovirus resistance, evaluating genetic stocks under natural conditions
in the fields with ample virus inoculum and vector populations is necessary. Using this
strategy, we have identified three genotypes viz. DLS-Sel-10, WBC-Sel-5, and PBC-142 as
putative tolerant lines [18].

Considering the rapid mutational changes in the viral genome, disease control mea-
sures initially effective may become ineffective due to viral adaptation [19-23]. Resistance
expressed through reduced virus acquisition by the vector and reduced plant inoculation
does not exert selection pressure for viral evolution towards higher multiplication rates [24],
therefore understanding the nature and dynamics of resistance remains crucial. It is im-
perative to investigate whether resistance in identified sources is against the vector or the
virus and if it is specific to certain plant age stages. This study focused on exploring the
resistance in the DLS-Sel-10 line, previously identified as tolerant to leaf curl disease [18].
The investigation aims to determine (i)whether DLS-Sel-10 exhibits tolerance throughout
all plant growth stages, (ii) whether the resistance is directed against the vector or the virus,
and (iii) whether it confers resistance against the predominant virus, specifically chilli leaf
curl virus, responsible for leaf curl in Northern India.

2. Results
2.1. Effect of Plant Age on Leaf Curl Virus Resistance in DLS-Sel-10

The comparison of two genotypes for disease score, PM showed a significantly
higher disease score as compared to the tolerant genotype at seedling (p values 0.5,
0.000027, and <0.00001),vegetative (p values 0.001329, <0.00001 and <0.00001), flowering
(p values 0.001155, <0.00001 and <0.00001) and fruiting stages (p values 0.00245, <0.00001,
<0.00001) at 7, 14 and 21 DPI respectively (Figure 1).
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Figure 1. Disease score values of tolerant and susceptible genotypes at different stages under natural
epiphytotic conditions. The notation above the respective color bars indicates the level of significance
in the data obtained at each stage between DLS-Sel-10 and Phule Mukta. NS: Nonsignificant,
**: significant at p-value < 0.01.

2.2. Screening for Resistance against Vector
2.2.1. Free Choice Method

The data recorded during the free choice test and presented in Table 1 showed that the
development of whitefly was on the abaxial leaf surface. The values of all the parameters,
such as number of eggs (34.25 in PM vs. 8.75 in DLS-Sel-10), nymphal count (14.5 in
PM vs. 4.25 in DLS-Sel-10), average number of adults (6.25 in PM vs. 0.75 in DLS-Sel-10) as
well as the sooty mold growth were found to be significantly higher in PM in comparison
to DLS-Sel-10 (Table 1).

Table 1. Biological Parameters of Whitefly in Free Choice Method.

Test Genotypes Number of Egg Nymphal Count Average No. of Adults Sooty Mold Growth
Phule Mukta 34.25 14.5 6.25 2.5
DLS-Sel-10 8.75 4.25 0.75 0.25
CD 15.994 5.151 2.563 0.975
SEM 4.53 1.46 0.726 0.27

CD indicates Critical Difference, and SEM indicates Standard Error of Mean.

A field experiment was undertaken to assess the white fly population density on
the two genotypes at seedling, vegetative, flowering and fruiting stages respectively
(Table S1). PM showed higher number of nymphal counts i.e., 24.6, 39.6, 43.8 and 35.0
at seedling, vegetative, flowering and fruiting stage, respectively indicating preference
of the vector for this genotype. The nymphal count was statistically at par at different
stages of the same genotypes.
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2.2.2. No Choice Method

The performance of the tolerant genotype DLS-Sel-10 and susceptible PM was evaluated
on the basis of the mean duration of development of the nymphs of whiteflies (Bemisia tabaci).
The mean duration taken by the nymph Ist, IInd, Illrd, and IVth stages of whiteflies in PM
was found to be between 4 to 5.67 days, whereas in DLS-Sel-10 these stages were achieved in
7 to 7.67 days (Figure 2). The growth of whitefly throughout the instars on the test lines was
monitored, and found that the total time taken for stage I to pass on to stage II, III, and finally
IV was longer in DLS-Sel-10 (34 days against 19 days).
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Figure 2. Mean Duration for development of Bemisia tabaci throughout the instars on two test lines of
chilli. (The values in the parenthesis indicate the p values at respective Nymphal stages; **: significant
at 1%; * significant at 5%).

The data on the effects of chilli genotypes on biological parameters of the eggs laid
by whiteflies showed that the egg density and incubation period were respectively higher
and longer in PM (28.34/cm? and 6.33 days) than in DLS-Sel-10 (9.55/cm?) (Figure 3).
There was 100% egg hatching on PM as against 90% on DLS-Sel-10. The time required
for the development of whitefly was observed to be 23.54 days on PM, whereas it was
33.8 days on DLS-Sel-10. The oviposition rate was also less on DLS-Sel-10 (3.33) than on
PM (9.89).
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Figure 3. Effect of chilli genotypes on biological parameters of the eggs laid by whiteflies. (The values
in the parenthesis indicate the p values at respective data points. NS: non significant; **: significant
at 10/0).

2.3. Screening for Resistance Using Challenge Inoculation against ChiLCV

There was no symptom development after infection with ChiLCV in DLS-Sel-10 until
35 days of challenge inoculation, while symptoms appeared in PM within 10-12 days
(Figure 4). The disease symptom severity increased with time in PM (Table 2).

Figure 4. Response of Tolerant/susceptible chilli genotypes after 14 days of infection with ChiLCV
((A) No symptom in DLS-Sel-10; (B) Leaf curling in Phule Mukta).
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Table 2. Response of tolerant and susceptible chilli genotypes to ChiLCV infection.

Disease Score

Days after Inoculation Infection with ChiLCV
Phule Mukta DLS-Sel-10
7 days 0 0
14 days 2 0
21 days 3 0
28 days 4 0
35 days 4 0

2.4. Detection of Presence of Virus and Viral Titer Load Estimation

The samples of tolerant and susceptible genotype were tested for the presence of chilli
leaf curl virus using ChiLCV specific primers at 7, 14, 21, 28 and 35 DPI. Both DLS-Sel-10
and PM showed presence of virus. Upon qPCR it was found that the viral titer in PM plants
after 35 DPI was high (more than 5000 times) as compared to DLS-Sel-10 (Figure 5).
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Figure 5. Relative Fold Change in viral titer intolerant and susceptible genotypes at 7, 14, 21, 28, and
35 DPI, respectively, with ChiLCV.

3. Discussion

Chilli leaf curl disease significantly impacts chilli pepper cultivation in India, with
various begomoviruses associated with its occurrence [25]. Virus resistance breeding
faces challenges due to the rapid mutation of viruses, leading to the breakdown of
resistance. An effective strategy involves identifying genes against different virus isolates
and pyramiding them for durable horizontal resistance. Identification of pre-dominant
viruses involved in leaf curl disease complex and identifying genes against each of these
viruses can be useful approaches for breeding against viruses. Our field study revealed
ChiLCV as the most dominant virus consistent with other findings [2,6,8,11]. Challenge
inoculation experiments demonstrated that ChiLCV could be transmitted to both the
genotypes under study. Whitefly nymph counts on genotypes at various growth stages
indicated a preference for the susceptible host PM. This preference aligns with studies
in the tomato by Fekri et al. [26] who had compared the preference of Bemisia tabaci for
eight different tomato genotypes and found that the variety CAL-JN3 was the least and
Ergon was the most preferred variety by the whitefly. In the present study, the putative
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tolerant DLS-Sel-10 exhibited approximately two times lower average disease score
during the seedling stage compared to the susceptible genotypes PM after 21 DPI. This
trend persisted with plant age, reaching its minimum at the flowering and fruiting stages,
indicating an age-dependent increase in resistance in the tolerant genotype. Similar
responses have been observed in earlier studies on TYLCV-resistant tomato hosts, where
semi-dominant genes like Ty-1 conferred resistance by limiting symptom expression and
restricting virus accumulation [27-29].

The susceptible genotype PM displayed a significantly higher disease incidence at
all stages of plant growth and time points (i.e., 7, 14, and 21 DPI), suggesting susceptibil-
ity regardless of genotype age. Nevertheless, a unanimous agreement emerged regarding
the observation that both DLS-Sel-10 and PM exhibited the highest disease scores during
the vegetative stage, in contrast to the flowering and fruiting stages (Figure 1). Previous
studies have also reported that early virus infection in cultivars can lead to more drastic
responses than infection at later growth stages in cowpea [30,31]. Gilmer et al. [31]
demonstrated that inoculating cowpea cultivars with Cowpea yellow mosaic virus
(CpMV) seven days after emergence resulted in a 40-60% yield reduction, compared to a
10-15% loss when plants were inoculated at flowering.

In a free-choice test [32], whiteflies showed a higher preference for the PM genotype
over DLS-Sel-10. PM supported greater whitefly growth, indicated by higher egg density,
shorter nymphal growth period, increased adult numbers, and more sooty mold growth
compared to DLS-Sel-10. Sooty mold, a fungal growth on honeydew secretions, correlates
with plant damage. Adult count and sooty mold growth in DLS-Sel-10 indicated reduced
whitefly visits in this genotype [33,34].

In a no-choice test, only one host is accessible for the whitefly. If it cannot feed
on that host, the growth of the whitefly will be hampered, which will ultimately result
in its death [35]. Our results indicated a lower preference of whiteflies for DLS-Sel-10
as compared to PM. This was evidenced by longer hatching time, lower egg density,
hatching percent, and oviposition rate on DLS-Sel-10. Selection of the host plant may
depend on several factors such as leaf architecture and color [36], leaf pubescence
and trichome type and density [37,38], cuticle thickness [39] and compounds that play
a role in repelling or attracting whiteflies [40]. Leaf characteristics, including color
and thickness, contribute to whitefly host selection. Light yellow-green leaves are
believed to be preferred by whiteflies [41,42], explaining the preference for PM over
DLS-5Sel-10 [36,41,43]. DLS-Sel-10’s dark green, leathery leaves contrast with PM’s pale
green, thin leaves, potentially influencing whitefly preference [44].

In our study, DLS-Sel-10 emerged as a less preferred host compared to PM, exhibit-
ing longer nymphal growth periods. Our study highlighted that DLS-Sel-10 showed
resistance not only to the vector but also to leaf curl-causing begomoviruses in chilli,
with no symptom development despite the presence of ChiLCV. The viral load in
DLS-Sel-10 was more than five thousand times lower than the susceptible genotype
after 35 DPI, indicating its role as a symptomless carrier and potential virus reser-
voir. We also found that DLS-Sel-10, despite being a non-preferred host for the white-
fly, demonstrated viral acquisition without facilitating subsequent viral multiplica-
tion. Consequently, it is inappropriate to categorically deem the host as incompatible
with the vector. Our observations suggest the existence of specific host factors im-
peding viral dominance and symptom development. Similar asymptomatic behavior
has been observed in various other tolerant solanaceous hosts of begomoviruses. The
first commercial tolerant cultivar, TY20 carrying tolerance from S. peruvianum, was a
symptomless carrier of TYLCV whether infected in the greenhouse or in the field and
showed delayed symptoms [45-47]. Notably, various wild tomato species, including
Solanum chilense, S. hirsutum, S. peruvianum, and S. pimpinellifolium, exhibit analogous
asymptomatic carrier behavior following viral infection.
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4. Materials and Methods
4.1. Effect of Plant Age on Resistance

The experiment focused on two genotypes: DLS- Sel-10 (tolerant to leaf curl disease)
and PM (a commercially susceptible variety). DLS-Sel-10, developed through pure-line
selection in Delhi, demonstrated tolerance against the identified viruses, while PM (a
released variety from Mahatma Phule Krishi Vidyapeeth (MPKV), Rahuri, India) was
susceptible. The morphological features of both genotypes are detailed in Table S2.

4.2. Layout of the Experiment

The experiment, conducted at ICAR-IARI New Delhi research farm from June to
September, aimed to utilize natural whiteflies. Four net houses and one open plot were used
to compare the performance of the tolerant genotype DLS-Sel-10 and susceptible genotype
PM in response to whitefly infestation at specific plant ages. Forty-day-old seedlings were
transplanted with three replications per net house, each containing five seedlings. The
layout is illustrated in Supplementary Figure S1. Net houses were exposed (one net house
at one stage) to whiteflies at different stages—vegetative, flowering, and fruiting—while
the open plot received whiteflies throughout its growth (serving as a positive control). The
plants, once exposed, were left open for the remaining period of growth. The experiment
revealed the susceptibility of the studied genotypes to viral infection at various growth
stages through whitefly infestation.

In each net house exposed to whiteflies at specific plant growth stages, the tolerant and
susceptible genotypes were monitored for leaf curl disease symptoms at 7, 14, and 21 days
after opening the nets. Screening for chilli leaf curl disease was performed according to a
scale developed by Banerjee et al. [48] and modified by Kumar et al. [49] (Table S3).

4.3. Screening for Resistance against Vector

Tolerant genotype DLS-Sel-10 and susceptible genotype PM were assessed for whitefly
developmental behavior to understand DLS-Sel-10’s resistance. Two tests, no choice and free
choice, were employed for whitefly (Bemisia tabaci mitotype Asia I1 7) [50] resistance evaluation.

4.3.1. Free Choice Method

For the free-choice test, insect cages in an insect-proof net house contained PM and
DLS-Sel-10. The net house protected the test material from external insects, heavy rainfall,
and high sunlight intensity. The seeds were sown inside small plastic pots of 4 x 4 square
inches filled with cocopeat, vermiculite, and compost mixture in a ratio of 3:1:1. Each
of the insect cages consisted of five rows with three plants in each row. The setup had
three replications, with each cage having rows of alternating DLS-Sel-10 and PM plants.
Non-viruliferous healthy whiteflies (raised and maintained in the laboratory on healthy
cucumber plants) were released when the plants developed 5-6 leaves. Population develop-
ment was monitored by counting adult whiteflies, egg masses, and nymphs and assessing
parameters like sooty mold growth. During the first week of inoculation, all plants in the
cage were shaken twice a day in order to distribute the whiteflies to feed on all the plants
available in that cage. Observations were taken at 7-day intervals for a month.

Observations of a number of adult whiteflies were taken by directly counting them on
the abaxial surface of the 3rd and 6th leaf from the top (Figure S2). Egg mass and nymphal
count were determined by placing the leaves under the stereo microscope (10x).

Scoring of sooty-mold growth was made according to visual appearance on a scale
of 0—4 [33,34]. For sooty-mold growth scores were: (0) sooty mold absent, (1) some sooty
mold present on one leaf, (2) sooty mold present on two or more leaves, (3) heavy sooty
mold (thick and covering 10% of leaflet area) present on one or two leaves (4) heavy sooty
mold present on more than three leaves.

Data on adults, eggs, nymphs, and leaf areas in the free-choice test were used
to determine.

e Adult whitefly density = number of adult whiteflies/cm? of leaf
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e  Egg density = number of eggs/cm? of leaf,
e Nymphal density = number of nymphs/ cm? of leaf.

4.3.2. Sampling of Whiteflies to Determine Whitefly Population Density

Sampling was done on five plants of resistant genotype and five of susceptible for each
set of experiments, including open plot weekly. Plants were chosen at random, taking care
not to single out tall or heavily infested plants. Once a plant was selected, leaf samples were
taken from the top, middle, and lower portion of the plant during evening hours (between
4.00-6.00 PM, IST); caution was taken to avoid sampling within 24 h after rain, as it may
not accurately reflect whitefly densities. The leaf was tallied as “infested” if it contained
three or more whitefly adults and as uninfested if it contained less than 3. The collected
leaf samples were also observed under a microscope for the number of nymphal counts.

4.3.3. No Choice Method

For the no-choice test conducted in an insect-proof chamber, clip-on cages were used
to force whiteflies onto a specific genotype. Seeds of the two tested genotypes were sown
in pots with compost, vermiculite, and compost mixture (3:1:1). The temperature in the
compartments was maintained at 25° /16 °C (day/night), photoperiod at 16 h light/8 h
dark and relative humidity was kept at 70%. After one month of transplanting to mud
pots with peat-moss soil, ten plants (5 of each genotype) were challenge-infested with
non-viruliferous whitefly adults sedated with CO,. Clip-on cages (with a diameter of
2 cm x height of 1 cm) were placed on the abaxial surface of a leaflet, and 3-5 cages were
attached per plant. For the experiment, five whiteflies (two male and three female (n)) were
released into each clip-on cage (Figure S3).

Two days after infestation, the clip-on cages were removed, and living and dead
whiteflies were counted. Daily observations were made to record developmental changes,
including nymphal growth stages, which were categorized into four instars based on the
illustration for instar identification given by Chaubey et al. [51]. The assessed biological pa-
rameters were: nymphal stage (duration, survival, number of instars, and duration of each
instar); adult stage (oviposition period, number of eggs per female); egg stage (duration,
survival); total cycle (time span from egg to adult emergence and survival). The number of
eggs (e) was counted under a stereo microscope (10x magnification). The emerging adults
(aj) were counted and removed from the cages every day (t;) for a week. Pupal cases (p)
were counted seven days after the first-emerging adult whiteflies. Oviposition rate (OR)
and development periods (DP) were calculated by using the equations [52] shown below.

2e

OR = m (eggs/female/day)
Xty
bP= 2.4

where d = number of days = 2; m = number of surviving adults and n = number of adults
used for inoculation = 5.

Means of all observations were calculated in each replication and analyzed by method
given by Panse and Sukhatme [53]. To assess the statistical significance within the overall
variance, analysis of variance (ANOVA) was conducted, subsequently employing the
Fisher’s Least Significant Difference (LSD) method to evaluate any significant disparities in
the mean values.

4.4. Screening for Resistance against Virus
4.4.1. Experimental Setup
To assess the behavior of the DLS-Sel-10 line against ChiLCV, the experiment was

conducted using viruliferous whiteflies. The whiteflies were reared on brinjal plants
(Figure S4A) under controlled conditions (28-35 °C temperature, 30-50% relative humidity,
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and 14 h photoperiod). The tolerant genotype DLS-Sel-10 and the susceptible genotype
PM were screened by exposing them to whiteflies carrying ChiLCV. The whiteflies were
made viruliferous by allowing them to feed on infected chilli plants (having pure isolates
of each virus) for 24 h (Figure 54B). Plastic cages were used for screening (Figure S4C), and
the plants were observed for symptom development after inoculation with ChiLCV-fed
whiteflies. Five viruliferous whiteflies were released on each of the test plants. Additionally,
mock samples were included where genotypes were exposed to nonviruliferous white-
flies (five whiteflies /plant) with no virus. After two days of whitefly feeding on healthy
seedlings, the whiteflies were killed by spraying spiromeficin at the rate of 0.5 mL/ltr.
Screening involved regular observations for symptom development at weekly intervals.

4.4.2. Detection of Presence of Virus and Viral Titer Estimation

After challenging DLS-Sel-10 and PM with viruliferous whiteflies, plant samples were
screened for virus presence using virus-specific primers, and q-PCR was conducted to
estimate viral titers in both tolerant and susceptible genotypes. Leaf samples from both the
genotypes after 7, 14, 21, 28 and 35 days of infection with whiteflies fed on ChiLCV-infected
plants (24 h) were collected for DNA extraction (Begomoviruses being ssDNA viruses).
Genomic DNA was extracted from young leaf tissue (top four leaves) of each genotype
following the C-TAB method [54]. In the experiment, T1, T2, T3, T4, and T5 indicate infected
plants of tolerant genotype DLS-Sel-10 after 7, 14, 21, 28 and 35 days of infection while
51, 52, 53, 54, and S5 indicate infected plants of the susceptible PM at respective stages.
Viral titers were quantified using a relative quantification approach, wherein plant samples
from tolerant genotype after 7 seven days of infection (T1) were used as calibrators or the
reference sample for calculating AACt values. Three biological replicates per disease score
were employed, and Ca-actin [55] served as the housekeeping gene. Primers for estimation
of viral titer were designed from the AC1/AC4 region of the Chilli Leaf Curl Virus genome.
The sequence of the forward primer of ChiLCV was 5 CGGCATATGCGTCGTTGGC-
AGAC 3’ while that of the reverse primer was 5 TTCTTCGACCTCGTTTCCCCAACC 3'.
The sequence of the internal control Actin was FP 5 GAAGCTCAATCCAAACGTGGTATT
3’ and RP 5 CTCAAACATGATTTGTGTCATC 3'.

Three technical replicates were run in real-time PCR to account for pipetting errors.
For qRT-PCR, 5 uL of SYBR Green master mix (Applied Biosystem, Foster City, CA, USA),
3 uL nuclease-free water, and 1 puL (200 nm) each of forward and reverse primer of the
desired gene was used. PCR program comprised of initial denaturation at 94 °C for 5 min,
40 cycles of denaturation at 94 °C for 15 s, annealing at 55 °C for 35 s, and extension at
72 °C for 35 s. The ACt of the target gene was normalized with internal control Ca-actin.
The ACt values were used to plot the graph to obtain the relative titer of the virus in plants
with different disease scores.

5. Conclusions

This study contributes valuable insights into host resistance/tolerance against leaf
curl disease in chilli. The response of the identified tolerant source, DLS-Sel-10, to leaf curl
disease as compared to the susceptible host, PM, revealed that ChiLCV was detected in
both genotypes during challenge inoculation. However, DLS-Sel-10 was identified as a
symptomless carrier of ChiLCV, showing not only resistance to ChiLCV multiplication but
also resistance against the vector whitefly. DLS-Sel-10 was also a non-preferred host for
whiteflies compared to PM during screening.

This study also sheds light on the differential response of various plant growth stages
to viral infestation in tolerant and susceptible lines. The resistance in the tolerant line
was observed to increase with the plant’s age, while susceptibility in the susceptible
genotype appeared to be independent of the genotype’s age. These findings enhance our
understanding of the intricate dynamics between plant age, resistance, and susceptibility
in the context of leaf curl disease in chilli.
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Figure S4. Screening for resistance against virus. (A) Whitefly rearing on brinjal plants; (B) Acquisition
of whiteflies on infected plants of hot pepper with pure isolate of one virus; (C) Set up for release of
whiteflies on each single plant.

Author Contributions: Conceptualization, M.M. and A.S.; methodology, M.M., A.S., VK.S. and
B.M.; investigation, V.S. and S.].M., resources, P.R.S., B.M., M.M. and A.S., writing—original draft
preparation, M.M. and A.S.; writing—review and editing PK. and ].C.R; supervision, PX. and ].C.R,;
project administration, M.M., A.S. VK.S., PK. and ].C.R,; funding acquisition, M.M., A.S. VK.S., PK.
and J.C.R. Validation, M.M. and A.S; Visualization M.M. and A.S. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was carried out with funding partly from ICAR-NASF (Identification and
molecular tagging of gene (s) controlling resistance to chilli leaf curl virus infection in chilli (Capsicum
annum L., project code-NASF-20-39-(TG-2836) and partly from Alliance of Bioversity international
and CIAT (Pre-breeding for genetic enhancement of chilli, beans and peas using crop wild relatives,
project code-L21DEL162).

Data Availability Statement: Data are contained within the article.
Acknowledgments: Authors acknowledge technical and administrative support from our institutions.

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

References

1.  Dhanraj, K.S.; Seth, M.L. Enation in Capsicum annuum L. (chilli) caused by a new strain of leaf curl virus. Indian ]. Hortic. 1968, 25,
70-71.

2. Chattopadhyay, B.; Singh, A.K.; Yadav, T.; Fauquet, C.M.; Sarin, N.B.; Chakraborty, S. Infectivity of the cloned components of a
begomovirus: DNA-f3 complex causing chilli leaf curl disease in India. Arch. Virol. 2008, 153, 533-539. [CrossRef] [PubMed]

3. Rojas, M.R.; Hagen, C.; Lucas, W.J.; Gilbertson, R.L. Exploiting chinks in the plant’s armor: Evolution and emergence of
geminiviruses. Annu. Rev. Plant Physiol. 2005, 43, 361-394. [CrossRef]

4.  Stanley, J.; Bisar, D.M.; Briddon, R.W.; Brown, ] K.; Fauquet, C.M.; Harrison, B.D. Geminiviriae. In Virus Taxonomy: VIIIth Report
of the International Committee on Taxonomy of Viruses; Fauquet, C.M., Mayo, M.A., Maniloff, J., Desselberger, U., Ball, L.A., Eds.;
Elsevier/Academic Press: London, UK, 2005; pp. 1163-1169.

5. Brown, ].K,; Zerbini, EM.; Castillo, J.N.; Moriones, E.; Sobrinho, R.R.; Silva, ].C.E,; Olive, E.E; Briddon, RW.; Zepeda, C.H.;
Idris, A.; et al. Revision of begomovirus taxonomy based on pair wise sequence comparisons. Arch. Virol. 2015, 160, 1593-1619.
[CrossRef] [PubMed]

6. Kumar, R.V; Singh, A K.; Chakraborty, S. A new monopartite begomovirus species, Chilli leaf curl Vellanad virus, and associated
beta satellites infecting chilli in the Vellanad region of Kerala, India. New Dis. Rep. 2012, 25, 20. [CrossRef]

7. Kumar, R.V;; Singh, A K;; Singh, AK,; Yadav, T.; Basu, S.; Kushwaha, N.; Chattopadhyay, B.; Chakraborty, S. Complexity of
begomovirus and betasatellite populations associated with chilli leaf curl disease in India. J. Gen. Virol. 2015, 96, 3143-3158.
[CrossRef]

8.  Senanayake, D.M.].B.; Mandal, B.; Lodha, S.; Varma, A. First report of Chilli leaf curl virus affecting chilli in India. Plant Pathol.
2007, 56, 343. [CrossRef]

9.  Senanayake, D.M.].B.; Varma, A.; Mandal, B.J. Virus—vector relationships, host range, detection and sequence comparison of
Chilli leaf curl virus associated with an epidemic of leaf curl disease of chilli in Jodhpur. Indian Phytopathol. 2012, 160, 146-155.
[CrossRef]

10. Kaur, S.; Kang, S.S.; Sharma, A.; Dhillon, N.K. Prevalence and incidence of viruses and root knot nematode infecting pepper
(C. annuum) in Punjab. Plant Dis. Res. 2016, 31, 91-98.

11.  Khan, M.S; Raj, S.K; Singh, R. First report of tomato leaf curl New Delhi virus infecting chilli in India. Plant Pathol. 2006, 55, 289.
[CrossRef]

12.  Kumar, Y.; Hallan, V.; Zaidi, A. Chilli leaf curl Palampur virus is a distinct begomovirus species associated with a betasatellite.
Plant Pathol. 2011, 60, 1040-1047. [CrossRef]

13.  Shih, S.L.; Tsai, W.S.; Green, S.K,; Singh, D. First report of Tomato leaf curl Joydebpur virus infecting chilli in India. Plant Pathol.

2007, 56, 341. [CrossRef]


https://www.mdpi.com/article/10.3390/plants13121647/s1
https://www.mdpi.com/article/10.3390/plants13121647/s1
https://doi.org/10.1007/s00705-007-0017-2
https://www.ncbi.nlm.nih.gov/pubmed/18175042
https://doi.org/10.1146/annurev.phyto.43.040204.135939
https://doi.org/10.1007/s00705-015-2398-y
https://www.ncbi.nlm.nih.gov/pubmed/25894478
https://doi.org/10.5197/j.2044-0588.2012.025.020
https://doi.org/10.1099/jgv.0.000254
https://doi.org/10.1111/j.1365-3059.2007.01513.x
https://doi.org/10.1111/j.1439-0434.2011.01876.x
https://doi.org/10.1111/j.1365-3059.2006.01324.x
https://doi.org/10.1111/j.1365-3059.2011.02475.x
https://doi.org/10.1111/j.1365-3059.2007.01540.x

Plants 2024, 13, 1647 12 of 13

14.

15.

16.

17.
18.
19.
20.
21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

Singh, A.; Kushwaha, N.; Chakraborty, S. Synergistic interaction among begomoviruses leads to the suppression of host
defense-related gene expression and breakdown of resistance in chilli. Appl. Microbiol. Biotechnol. 2016, 100, 4035-4049. [CrossRef]
Mangal, M.; Srivastava, A.; Sharma, R.; Kalia, P. Conservation and Dispersion of Genes Conferring Resistance to Tomato
Begomoviruses between Tomato and Pepper Genomes. Front. Plant Sci. 2017, 8, 1803. [CrossRef]

Maurya, PK,; Srivastava, S.; Mangal, M.; Talukdar, A.; Mondal, B.; Solanki, V.; Khar, A.; Kalia, P. Genetic analysis for resistance to
leaf curl disease in Chilli Peppers (Capsicum annuum L.) under specific situations. Indian ]. Genet. Plant Breed. 2019, 79, 741-748.
[CrossRef]

Srivastava, A.; Mangal, M.; Mandal, B.; Sharma, V.K.; Tomar, B.S. Solanum pseudocapsicum: Wild source of resistance to Chilli leaf
curl disease. Physiol. Mol. Plant Pathol. 2021, 113, 101566. [CrossRef]

Srivastava, A.; Mangal, M.; Saritha, R K.; Kalia, P. Screening of chilli pepper (Capsicum spp.) lines for resistance to the bego-
moviruses causing chilli leaf curl disease in India. Crop Prot. 2017, 100, 177-185. [CrossRef]

Roossinck, M.]. Mechanisms of plant virus evolution. Annu. Rev. Phytopathol. 1997, 35, 191-209. [CrossRef]

Harrison, B.D. Virus variation in relation to resistance-breaking in plants. Euphytica 2002, 124, 181-192. [CrossRef]

McDonald, B.A.; Linde, C. Pathogen population genetics, evolutionary potential and durable resistance. Annu. Rev. Phytopathol.
2002, 40, 349-379. [CrossRef]

Garcia-Arenal, F; McDonald, B.A. An analysis of the durability of the resistance to plant viruses. Phyfopathology 2003, 93, 941-952.
[CrossRef] [PubMed]

Mansoor, S.; Briddon, R.W.; Bull, S.E.; Bedford, I.D.; Bashir, A.; Hussain, M.; Saeed, M.; Zafar, Y.; Malik, K.A.; Fauque, C.; et al.
Cotton leaf curl disease is associated with multiple monopartite begomoviruses supported by single DNA-B. Arch. Virol. 2003,
148, 1969-1986. [CrossRef] [PubMed]

Bosch, V.D.F,; Akudibilah, G.; Seal, S.; Jeger, M. Host Resistance and the Evolutionary Response of Plant Viruses. J. Appl. Ecol.
2006, 43, 506-516. [CrossRef]

Maruthi, M.N.; Rekha, A.R.; Mirza, S.H.; Alam, S.N.; Colvin, J. PCR-based detection and partial genome sequencing indicate high
genetic diversity in Bangladeshi begomoviruses and their whitefly vector Bemisia tabaci. Virus Genes 2007, 34, 373-385. [CrossRef]
[PubMed]

Fekri, M.S.; Samih, M.A.; Sohrab, 1.5.1.; Zarabi, M. Study of host preference and the comparison of some biological characteristcs
of Bemisia tabaci on tomato varieties. J. Plant Prot. Res. 2013, 53, 2013-2020. [CrossRef]

Lapidot, M.; Friedmann, M.; Pilowsky, M.; Ben-Joseph, R.; Cohen, S. Effect of host plant resistance to Tomato yellow leaf curl virus
(TYLCV) on virus acquisition and transmission by its whitefly vector. Phytopathology 2001, 91, 1209-1213. [CrossRef] [PubMed]
Srinivasan, R.; Riley, D.; Diffie, S.; Sparks, A.; Adkins, S. Whitefly population dynamics and evaluation of whitefly-transmitted
Tomato yellow leaf curl virus (TYLCV)-Resistant tomato genotypes as whitefly and TYLCV reservoirs. J. Econ. Entomol. 2012, 105,
1447-1456. [CrossRef] [PubMed]

Gorovits, R.; Moshe, A.; Kolot, M.; Sobol, I.; Czosnek, H. Progressive aggregation of Tomato yellow leaf curl virus coat protein in
systemically infected tomato plants, susceptible and resistant to the virus. Virus Res. 2013, 171, 33-43. [CrossRef]

Chant, S.R. The effect of infection with tobacco mosaic and cowpea yellow mosaic viruses on growth rate and yield of cowpea in
Nigeria. Emp. J. Exp. Agric. 1960, 28, 114-120.

Gilmer, R.N.; Whitney, W.K.; Williams, R.J. Proceedings of the First IITA Grain Legume Improvement Programme Workshop; Internat
Institute of Tropical Agriculture: Ibadan, Nigeria, 1974; Volume 325.

van Emden, H. Mechanisms of resistance: Antibiosis, antixenosis, tolerance, nutrition. Encycl. Pest Manag. 2002, 1, 483-486.
Firdaus, S.; van Heusden, A.W.; Hidayati, N.; Supena, E.D.].; Visser, R.G.E; Vosman, B. Resistance to Bemisia tabaci in tomato wild
relatives. Euphytica 2012, 187, 31-45. [CrossRef]

Firdaus, S. Identification of Whitefly Resistance in Tomato and Hot Pepper. Ph.D. Thesis, Wageningen University, Wageningen,
The Netherlands, 2012.

de Ponti, O.M.B.D.; Pet, G.; Hogenboom, N.G. Resistance to glasshouse whitefly (Trialeurodes vaporariorum Westw) in Tomato
(Lycopersicon esculentum Mill) and related species. Euphytica 1975, 24, 645-649. [CrossRef]

Sippell, D.W,; Bindra, O.S.; Khalifa, H. Resistance to whitefly (Bemisia tabaci) in cotton (Gossypium hirsutum) in the Sudan. Crop
Prot. 1987, 6, 171-178. [CrossRef]

Snyder, J.C.; Simmons, A.M.; Thacker, R.R. Attractancy and ovipositional response of adult Bemisia argentifolii (Homoptera:
Aleyrodidae) to type IV trichome density on leaves of Lycopersicon hirsutum grown in three day-length regimes. J. Entomol. Sci.
1998, 33, 270-281. [CrossRef]

Toscano, L.C.; Boiga, J].A.L.; Maruyama, W.I. Non preference of whitefly for oviposition in tomato genotypes. Sci. Agric. 2002, 59,
677-681. [CrossRef]

Channarayappa, C.; Shivashankar, G.; Muniyappa, V.; Frist, R.H. Resistance of Lycopersicon species to Bemisia tabaci, a tomato leaf
curl virus vector. Can. J. Bot. 1992, 70, 2184-2192. [CrossRef]

Chermenskaya, T.D.; Petrova, M.O.; Savelieva, E.I. Laboratory and field evaluation of biological active substances of plant origin
against greenhouse whitefly, Trialeurodes vaporariorum Westw. (Homoptera: Aleyrodidae). Arch. Phytopathol. Plant Prot. 2009, 42,
864-873. [CrossRef]

Berlinger, M.]. A yellow sticky trap for whiteflies Trialeurodes vaporariorum and Bemisia tabaci (Aleurodidae). Entomol. Exp. Appl.
1980, 27, 98-102. [CrossRef]


https://doi.org/10.1007/s00253-015-7279-5
https://doi.org/10.3389/fpls.2017.01803
https://doi.org/10.31742/IJGPB.79.4.13
https://doi.org/10.1016/j.pmpp.2020.101566
https://doi.org/10.1016/j.cropro.2017.06.015
https://doi.org/10.1146/annurev.phyto.35.1.191
https://doi.org/10.1023/A:1015630516425
https://doi.org/10.1146/annurev.phyto.40.120501.101443
https://doi.org/10.1094/PHYTO.2003.93.8.941
https://www.ncbi.nlm.nih.gov/pubmed/18943860
https://doi.org/10.1007/s00705-003-0149-y
https://www.ncbi.nlm.nih.gov/pubmed/14551819
https://doi.org/10.1111/j.1365-2664.2006.01159.x
https://doi.org/10.1007/s11262-006-0027-2
https://www.ncbi.nlm.nih.gov/pubmed/16927121
https://doi.org/10.2478/jppr-2013-0020
https://doi.org/10.1094/PHYTO.2001.91.12.1209
https://www.ncbi.nlm.nih.gov/pubmed/18943336
https://doi.org/10.1603/EC11402
https://www.ncbi.nlm.nih.gov/pubmed/22928328
https://doi.org/10.1016/j.virusres.2012.09.017
https://doi.org/10.1007/s10681-012-0704-2
https://doi.org/10.1007/BF00132902
https://doi.org/10.1016/0261-2194(87)90007-X
https://doi.org/10.18474/0749-8004-33.3.270
https://doi.org/10.1590/S0103-90162002000400009
https://doi.org/10.1139/b92-270
https://doi.org/10.1080/03235400701494422
https://doi.org/10.1111/j.1570-7458.1980.tb02952.x

Plants 2024, 13, 1647 13 of 13

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Liu, T.X,; Stansly, P.A. Life history of Bemisia argentifolii (Homoptera: Aleyrodidae) on Hibiscus rosasinensis (Malvaceae). Fla.
Entomol. 1998, 81, 437-445. [CrossRef]

Cohen, A.C.; Chuy, C.C; Henneberry, T.J.; Freeman, T.; Buckner, J.; Nelson, D. Cotton leaf surface features serve as behavioral cues
to silverleaf whiteflies. Southwest Entomol. 1996, 21, 377-385.

Janssen, J.A.M.; Tjallingii, W.F,; van Lenteren, J.C. Electrical recording and ultrastructure of stylet penetration by the greenhouse
whitefly. Entomol. Exp. Appl. 1989, 52, 69-81. [CrossRef]

Pilowsky, M.; Cohen, S. Tolerance to Tomato yellow leaf curl virus derived from Lycopersicon peruvianum. Plant Dis. 1990, 74,
248-250. [CrossRef]

Lapidot, M.; Friedmann, M.; Lachman, O.; Yehezel, A.; Nahon, S.; Cohen, S.; Pilowsky, M. Comparison of resistance to tomato
yellow leaf curl virus among commercial cultivars and breeding lines. Plant Dis. 1997, 81, 1425-1428. [CrossRef] [PubMed]
Friedmann, M.; Lapidot, M.; Cohen, S.; Pilowsky, M. A novel source of resistance to Tomato Yellow Leaf Curl Virus exhibiting a
symptomless reaction to viral infection. J. Am. Soc. Hortic. Sci. 1998, 123, 1004-1007. [CrossRef]

Banerjee, M.K.; Kalloo, G. Sources and inheritance of resistance to leaf curl virus in Lycopersicon. Theor. Appl. Genet. 1987, 73,
707-710. [CrossRef] [PubMed]

Kumar, S.; Kumar, S.; Singh, M.; Singh, A K.; Rai, M. Identification of host plant resistance to pepper leaf curl virus in chilli
(Capsicum species). Sci. Hort. 2006, 110, 359-361. [CrossRef]

Ramesh, K.B.; Mahendra, C.; Kelageri, S.S.; Rajna, S.; Subramanian, S. Distribution and Mitotype Diversity of Bemisia tabaci.
Indian J. Entomol. 2022, 85, 35-39. [CrossRef]

Chaubey, R.J.; Naveen, N.C.; Ramamurthy, V.V. An illustrated taxonomic diagnosis of Bemisia tabaci (Gennadius) with additional
notes on its life stages. Indian |. Entomol. 2010, 72, 321-325.

Maliepaard, C.; Bas, N.; van Heusden, S.; Kos, J.; Pet, G.; Verkerk, R.; Vrielink, R.; Zabel, P.; Lindhout, P. Mapping of QTLs for
glandular trichome densities and Trialeurodes vaporariorum (greenhouse whitefly) resistance in an F2 from Lycopersicon esculentum
x Lycopersicon hirsutum f. glabratum. Heredity 1995, 75, 425-433. [CrossRef]

Panse, V.G.; Sukhatme, P.V. Statistical Methods for Agricultural Workers, 2nd ed.; ICAR: New Delhi, India, 1967; p. 381.

Murray, M.G.; Thompson, W.E. Rapid isolation of high molecular weight plant DNA. Nucleic Acids Res. 1980, 8, 4321-4325.
[CrossRef]

Mangal, M,; Srivastava, A.; Mirajkar, S.J.; Singh, K.; Solanki, V.; Mandal, B.; Kalia, P. Differential expression profiling of defense
related genes for Leaf Curl Virus (ChiLCV) in resistant and susceptible genotypes of Chiili. Indian |. Genet. Plant Breed. 2020, 80,
308-317. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2307/3495934
https://doi.org/10.1111/j.1570-7458.1989.tb01250.x
https://doi.org/10.1094/PD-74-0248
https://doi.org/10.1094/PDIS.1997.81.12.1425
https://www.ncbi.nlm.nih.gov/pubmed/30861796
https://doi.org/10.21273/JASHS.123.6.1004
https://doi.org/10.1007/BF00260780
https://www.ncbi.nlm.nih.gov/pubmed/24241195
https://doi.org/10.1016/j.scienta.2006.07.030
https://doi.org/10.55446/IJE.2022.806
https://doi.org/10.1038/hdy.1995.155
https://doi.org/10.1093/nar/8.19.4321
https://doi.org/10.31742/IJGPB.80.3.10

	Introduction 
	Results 
	Effect of Plant Age on Leaf Curl Virus Resistance in DLS-Sel-10 
	Screening for Resistance against Vector 
	Free Choice Method 
	No Choice Method 

	Screening for Resistance Using Challenge Inoculation against ChiLCV 
	Detection of Presence of Virus and Viral Titer Load Estimation 

	Discussion 
	Materials and Methods 
	Effect of Plant Age on Resistance 
	Layout of the Experiment 
	Screening for Resistance against Vector 
	Free Choice Method 
	Sampling of Whiteflies to Determine Whitefly Population Density 
	No Choice Method 

	Screening for Resistance against Virus 
	Experimental Setup 
	Detection of Presence of Virus and Viral Titer Estimation 


	Conclusions 
	References

