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Abstract

The interaction between plant viruses and insect vectors influences pest dynamics, yet effects on vector fitness remain unclear.
This study assessed direct and plant-mediated effects of Tomato leaf curl Palampur virus (TOLCPMV) on fecundity and
development of Bemisia tabaci across seasons using tomato (susceptible host) and cotton (non-host). On tomato, fecundity
varied with virus status, plant condition, and season; viruliferous whiteflies laid more eggs, peaking on healthy plants during
SMW 37 (129.80 * 5.36 eggs), while the lowest occurred in non-viruliferous individuals on infected plants in SMW 51 (16.00
+ 1.22 eggs). Oviposition followed similar trends (4.99 + 0.25 eggs/female/cm?/day, SMW 37). Developmental durations were
primarily temperature-driven, extending under cooler conditions. Female longevity increased in viruliferous individuals. On
cotton, viruliferous whiteflies again showed higher fecundity (128.40 + 2.97 eggs, SMW 28). Temperature and sunshine
enhanced fecundity, whereas humidity and rainfall prolonged development, with initial attraction to infected plants shifting

later to healthy hosts.
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Introduction

Bemisia tabaci (Gennadius) is a globally important pest and
efficient vector of begomoviruses, significantly affecting
crops such as tomato and cotton (Ghosh and Ghanim, 2021)
110, 1ts population dynamics and reproductive success are
governed by host plant suitability, plant volatiles, and virus-
mediated interactions (Naveed et al., 2023; Farina et al.,
2022) [6. 241 Host preference studies indicate a tendency to
settle on nutritionally superior plants like tomato, although
oviposition may occur on suboptimal hosts to balance
survival and predation risks (Jiao et al., 2012; Shah and Liu,
2013) 04 32 Additionally, alternative hosts, including
weeds, facilitate persistence and virus transmission across
agroecosystems (Sacilotto et al., 2022) B9, The interaction
between B. tabaci and begomoviruses is highly dynamic,
involving behavioural and physiological modifications that
enhance virus spread. Viruliferous whiteflies often exhibit
altered host preference, favouring healthy plants, while non-
viruliferous individuals are attracted to infected plants,
promoting acquisition and transmission (Zhao et al., 2022;
Paris et al., 2024) 28 34, Viral infections can modulate insect
physiology, for instance by increasing fecundity through
upregulation of insulin-like peptides (Guo et al., 2014) 12,
However, such effects are not uniform; some studies report
reduced longevity and fecundity on infected hosts
(Rubinstein and Czosnek, 1997) [ whereas others
document enhanced reproduction in invasive biotypes (Guo
et al., 2012) [, Similarly, developmental trade-offs are
evident, as certain viruses accelerate immature stages while
negatively impacting adult longevity (Mann et al., 2008) 22,
Environmental factors further regulate whitefly biology.
Optimal reproduction occurs between 24-28°C, while
extreme temperatures reduce survival and fecundity
(Sengonca and Liu, 1999) BU, Relative humidity between
30-70% favours survival, whereas excessive humidity and
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rainfall suppress populations (Lin Kejian et al., 2004;
Balabantaray et al., 2018) [* 71 Seasonal conditions,
particularly temperature and sunshine, positively influence
fecundity, whereas humidity and rainfall prolong
developmental stages and reduce population growth
(Chaudhuri et al., 2001) Bl. Within this framework, the
present study evaluates the direct and plant-mediated effects
of Tomato leaf curl Palampur virus (ToLCPMV) on B.
tabaci across seasonal variations, using tomato as a
susceptible host and cotton as a non-host system. By
integrating host—virus—vector interactions with
environmental drivers, it provides a comprehensive
understanding of how viral acquisition influences fecundity,
development, and behavioural responses, thereby
contributing to improved pest and disease management
strategies.

Material and Methods

Experiments were carried out at the Vegetable Research
Farm and Plant Virology Laboratory, Punjab Agricultural
University, Ludhiana, India (30°45’ N, 75°40" E). The study
examined the effects of Tomato leaf curl Palampur virus
(ToLCPMV) acquisition on the fecundity, development, and
behaviour of the whitefly B. tabaci on tomato and cotton
hosts.

Two-month-old tomato plants were used to evaluate indirect
virus effects mediated through the host plant. Twenty plants
were assigned to four treatments with five replications (one
plant per replicate): (i) viruliferous whiteflies on
ToLCPMV-infected plants, (ii) non-viruliferous whiteflies
on ToLCPMV-infected plants, (iii) viruliferous whiteflies
on healthy plants, and (iv) non-viruliferous whiteflies on
healthy plants. Virus-infected plants were obtained through
inoculation by viruliferous adults and confirmed by
symptom expression, while healthy plants were maintained



under insect-proof conditions. Viruliferous whiteflies were
produced following a 48h acquisition access period on
infected tomato plants, whereas non-viruliferous colonies
were maintained continuously on virus-free cotton plants.
For fecundity assessment, two pairs of newly emerged
adults were confined to a 4.9 cm? leaf area per plant using
clip cages fitted with fine mesh. Oviposition was allowed
until adult mortality, after which eggs were counted under a
stereo microscope (ZEISS Stemi series) equipped with a
digital camera (ZEISS Axiocam 208). Oviposition rate was
calculated as eggs per female per cm? per day. For
developmental studies, twenty eggs per replicate were
individually marked and observed daily through egg, four
nymphal instars, pupal stage and adult emergence. Male and
female longevity were recorded separately. Observations
were made using a macro mobile camera lens (Adcom
12x/24x). Experiments were conducted monthly from July
to December 2024, corresponding to the 3rd standard
meteorological week, to capture seasonal variation.
Parameters recorded included total eggs laid, oviposition
rate, incubation period, nymphal and pupal duration, adult
longevity, and total developmental period.

Parallel experiments were conducted on two-month-old
healthy cotton plants to evaluate the direct effects of virus
acquisition independent of plant infection. Two treatments,
each with five replications, were assessed: viruliferous and
non-viruliferous whiteflies on healthy cotton plants. Two
pairs of adults were confined to 4.9 cm? leaf areas for 48 h
using clip cages. Eggs laid during this period were counted,
and twenty eggs per replicate were followed through
successive developmental stages as described for tomato.
Observations were recorded from July to December 2024
28] The same biological parameters were measured as in the
tomato experiments.

Oviposition Rate = (No of Eggs)/(Leaf Area * No of Female * Time)
Feeding preference of viruliferous and non-viruliferous
whiteflies was evaluated in mesh cages (47.5 x 47.5 x 47.5
cm) containing one ToLCPMV-infected and one healthy
tomato plant of similar age and size. Forty adults were
released at the centre of each cage, and the number of
whiteflies settled on each plant was recorded at 3, 6, 9, 12,
and 24 h after release. Individuals not settled on either plant
were excluded from analysis. Each assay was replicated
three times using fresh insects and plants. Experiments were
conducted at 25 = 2 °C, 60-70% relative humidity, and a
16:8 h (light: dark) photoperiod.

All data were analysed using R software (version 4.4.2).
Treatment effects in tomato experiments were evaluated
using one-way analysis of variance (ANOVA) at a 5%
significance level. For cotton experiments, differences
between viruliferous and non-viruliferous whiteflies were
analysed using two-tailed independent t-tests (a0 = 0.05).
Correlation analyses were conducted to assess relationships
between whitefly biological parameters and environmental
variables. Meteorological data were recorded regularly, and
weekly means corresponding to each standard
meteorological week were used for analysis.

Result and Discussion

Whitefly fecundity was significantly influenced by virus
acquisition, host plant condition, and seasonal variation
(Table 1). Viruliferous whiteflies consistently laid more
eggs than non-viruliferous individuals across most SMWs.
On healthy tomato plants, both viruliferous and non-
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viruliferous whiteflies exhibited higher fecundity compared
with those on ToLCPMV-infected plants. For instance, the
maximum egg deposition was recorded for viruliferous
whiteflies on healthy plants during SMW 37 (129.80 + 5.36
eggs). In contrast, the lowest fecundity occurred in non-
viruliferous individuals on infected plants during SMW 51
(16.00 = 1.22 eggs). At SMW 28, non-viruliferous
whiteflies laid 122.20 = 7.66 eggs on healthy plants,
statistically comparable to viruliferous whiteflies (115.80 £
7.12 eggs), but significantly higher than those on infected
plants (94.20 + 5.67 and 94.00 + 7.00 eggs, respectively).
These patterns are further depicted in Fig. 1. Oviposition
rates followed a similar trend (Table 2), with significantly
higher values on healthy plants compared to those infected
with TOLCPMV. Across most SMWs, viruliferous and non-
viruliferous whiteflies on healthy plants exhibited
comparable oviposition rates, except SMW 41, where
viruliferous whiteflies surpassed all groups. The highest
oviposition rate (4.99 £ 0.25 eggs/female/cm2/day) was
observed for viruliferous individuals on healthy plants
during SMW 37, while the lowest was for non-viruliferous
whiteflies on infected plants during SMW 51 (0.70 + 0.03
eggs/female/cm?/day). Fig. 1 illustrates these oviposition
dynamics.

The highest fecundity on the cotton plant (Table 3) was
observed at SMW 28, where viruliferous whiteflies
deposited 128.40 + 2.97 eggs in 48 hours compared with
111.80 + 4.92 eggs in non-viruliferous individuals.
Conversely, the lowest egg count was recorded during
SMW 51 (22.00 + 3.32 vs. 11.80 + 2.04 eggs). Exceptions
occurred at SMW 41, where non-viruliferous whiteflies
(123.40 £ 3.05 eggs) surpassed viruliferous ones (101.00 £
2.95 eggs). Oviposition rates followed similar seasonal
trends, with the highest rate in viruliferous whiteflies during
SMW 37 (5.82 + 0.40 eggs/female/cm?/day) and the lowest
in non-viruliferous whiteflies during SMW 51 (0.62 £ 0.06
eggs/female/cmz?/day).

Correlation analysis (Fig. 2) revealed strong positive
associations of temperature with fecundity (r = 0.89) and
oviposition rate (r = 0.92), and strong negative correlations
with incubation, pupal, and total developmental periods.
Relative humidity had weaker effects, but on cotton showed
positive associations with incubation (r = 0.63) and pupal
period (r = 0.56). Rainfall exhibited minor negative effects
on fecundity but slightly prolonged nymphal and pupal
development. Sunshine hours correlated positively with
fecundity and ovipositio but negatively with developmental
stages. Overall, warmer conditions and increased sunshine
favoured reproduction, while higher humidity and rainfall
extended developmental durations.

Settling behaviour indicated an early preference for
ToLCPMV-infected plants, with higher numbers recorded at
3 hours (15.4 + 1.6 vs. 12.3 + 1.4 whiteflies). This trend
persisted at 6, and, 9 hours post-release. However, by 24
hours, a significant shift occurred, with more whiteflies
settling on healthy plants (18.6 + 1.2) compared to infected
ones (159 + 1.5). These findings suggest that while
ToLCPMV infection initially attracts whiteflies, long-term
settlement favours healthy plants.

The study on B. tabaci (Gennadius) elucidates the complex
interplay among Tomato leaf curl Palampur virus
(ToLCPMV), host plant condition, vector physiology, and
seasonal variability, highlighting how these factors
collectively regulate whitefly fecundity, development, and



behaviour. The results strongly support the concept that
begomoviruses can manipulate both their host plants and
insect vectors to enhance transmission efficiency, although
the outcomes remain highly context dependent. Viruliferous
whiteflies consistently exhibited higher fecundity than non-
viruliferous individuals, particularly on healthy tomato
plants, aligning with earlier reports that virus acquisition
enhances reproductive output through physiological
modulation. Guo et al. (2014) and Zhao et al. (2022) 112 34
demonstrated that begomoviruses upregulate insulin-like
peptides (BtILP1), thereby improving nutrient assimilation
and egg production. Similar findings by Jiu et al. (2007) and
Luan et al. (2014) [*5 21 further suggest that virus-induced
suppression of plant defence pathways, particularly
jasmonic acid-mediated responses, indirectly enhances host
suitability for the wvector. However, fecundity declined
markedly on ToLCPMV-infected tomato plants, indicating
that virus-induced deterioration of host quality can offset
these benefits. This observation is consistent with
Rubinstein and Czosnek (1997) and Shi et al. (2018) [2° 331,
who reported reduced amino acid availability, altered
phloem composition, and increased oxidative stress in
infected plants, ultimately impairing whitefly reproduction.
Oviposition rates closely paralleled fecundity trends,
reaching a maximum of 4.99 eggs per female per cm? per
day during SMW 37, supporting the hypothesis that virus
acquisition enhances feeding activity and salivation, thereby
stimulating oviposition and transmission (Liu et al., 2013;
Moreno-Delafuente et al., 2013) 2% 32 Developmental
responses revealed a more nuanced pattern. Virus
acquisition tended to prolong developmental duration,
particularly the nymphal stage, while also extending female
longevity. These findings agree with Mann et al. (2008) and
Pan et al. (2013) 18 22 who described life-history trade-offs
in which delayed development is compensated by increased
survival and reproductive lifespan. Seasonal temperature
played a dominant role, with cooler conditions extending
developmental periods, consistent with Lin Kejian et al.
(2004) and Bonato et al. (2007) > 1, who documented
reduced metabolic activity at lower temperatures. Notably,
pupal duration remained relatively stable, suggesting that
this non-feeding stage is less influenced by virus-mediated
effects. In contrast to some earlier studies (Nogia et al.,
2014) 1 host plant infection status did not significantly
alter immature stages, highlighting the virus- and host-
specific nature of these interactions. Female longevity was
consistently enhanced in viruliferous whiteflies, supporting
the hypothesis that begomoviruses increase vector lifespan
to maximise transmission opportunities (Wang et al., 2022;
Wei et al., 2019) 36371, Male longevity, however, was more
strongly influenced by seasonal factors, corroborating
findings by Ghosal (2022) and Byrne and Bellows (1991) &
9 that males are more susceptible to environmental stress
due to physiological constraints. Experiments on cotton, a
non-host for TOLCPMV, confirmed that viral acquisition
exerts direct effects on whitefly biology independent of host
plant infection. Viruliferous whiteflies consistently showed

higher fecundity, in agreement with Guo et al. (2012) 4,
who attributed increased reproduction to enhanced
vitellogenin synthesis. The persistence of this effect across
seasons, particularly during favourable conditions such as
SMW 28, indicates that virus-mediated physiological
changes are robust, although occasional reversals under
suboptimal conditions suggest context dependency (Mann et
al., 2008; Luan et al., 2014). Rubinstein and Czosnek
(1997) 24 22 29 similarly reported that viral effects on
fecundity and longevity vary with environmental and
biological factors. Developmental parameters, including
incubation and nymphal periods, were largely unaffected by
viral status on cotton, supporting earlier observations that
immature stages are less responsive to virus presence under
non-host conditions (Pakkianathan et al., 2015) [,
Nevertheless, subtle delays in incubation during certain
weeks may reflect metabolic costs associated with viral
replication and immune responses (Ghanim et al., 2007) &,
Environmental variables emerged as critical determinants of
whitefly performance. Temperature showed a strong
positive association with fecundity and developmental rate,
consistent with Balabantaray et al. (2018) and Khanday et
al. (2019) = 8 who identified 25-30°C as optimal for
population growth. Relative humidity exerted weaker effects
but prolonged early developmental stages under high
conditions (>70%), likely due to reduced desiccation stress
(Chandi et al., 2021) M. Sunshine hours positively
influenced fecundity and accelerated development,
reflecting increased metabolic activity (Sengonca and Liu,
1999) B, Seasonal population trends observed in this study,
with higher densities during warmer periods and declines
during colder months, agree with Chaudhuri et al. (2001) B,
Importantly, viruliferous whiteflies exhibited enhanced
longevity during colder periods, suggesting that viral
infection may confer adaptive advantages under
environmental stress, as also reported by Rubinstein and
Czosnek (1997) . Behavioural observations further
revealed that feeding and settling patterns differ between
infected and healthy plants. Although virus-infected plants
initially attract whiteflies due to altered volatile cues (Zhao
et al., 2022) B4 reduced settling and oviposition at later
intervals suggest the involvement of induced plant defences.
The accumulation of defence-related metabolites, such as
hydroxy-fatty acids and glycosides, may deter feeding and
oviposition by modifying leaf surface properties (Wang et
al., 2022) 4. Additionally, reduced nutritional quality in
infected plants, as suggested by Wang et al. (2020) [,
likely contributes to lower oviposition rates. Overall, the
findings demonstrate that TOLCPMV acquisition exerts both
direct and plant-mediated effects on B. tabaci, enhancing
fecundity and longevity under favourable conditions while
imposing context-dependent developmental and behavioural
trade-offs. The integration of wviral, host plant, and
environmental influences underscores the complexity of
vector—virus interactions and highlights the necessity of
incorporating seasonal ecology into pest and disease
management strategies.

Table 1: Effect of the virus acquisition on the fecundity (FEC) of whitefly on tomato plants

Treatment Mean no of eggs laid by whitefly during different standard meteorological week (SMW)
28 (1) 33(2 37(3) 41 (4) 45 (5) 51 (6)
Viruliferous whitefly on 94.00+£7.00° | 11520 +6.38" | 121.00 £5.20% | 101.00 + 4.24° | 77.00 £5.05° | 20.20 + 2.49¢
ToLCPMV-infected plant (9.69) (10.73) (11.00) (10.05) (8.77) (4.49)
Non-viruliferous whitefly on 94.20 +5.67° 98.00+3.67° | 107.20+6.61° | 96.00+3.81° | 88.00+3.74° | 16.00 + 1.22¢
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ToLCPMV-infected plant (9.70) (9.90) (10.35) (9.80) (9.38) (4.00)
Viruliferous whitefly on healthy | 115.80+7.122 126.20+5.812 129.80+5.362 118.60+1.95% | 110.60+6.07% | 27.60+1.82°
plant (10.76) (11.23) (11.39) (10.89) (10.51) (5.25)
Non-viruliferous whitefly on 122.20+7.662 121.80+5.85% 120.0045.79° 111.8045.45° 103.40+7.80% | 33.80+0.452
healthy plant (11.05) (11.03) (10.95) (10.57) (10.16) (5.81)
LSD (p =0.05) 0.42 0.38 0.41 0.30 0.44 0.23

Cell values are mean+SD; Transformed mean in parenthesis; Treatments with the same letter grouping are not significantly different.

Table 2: Effect of the virus acquisition on the oviposition rate (OR) of whitefly on tomato plants

Qviposition rate of whitefly during different standard meteorological week (SMW)

Treatment 28 (1) 3 Q) 373) 41(4) 45 (5) 51 (6)
Viruliferous whitefly on | 3.6 £ 0.38° 4460220 | 451+027° | 405%011° | 305%026° | 0.91+0.07

ToLCPMV-infected plant (1L92) 2.11) (2.12) (2.01) (L.75) (0.95)
Non-viruliferous whitefly on|  3.79 « 0.24° 392+018° | 413:0.20° | 36L+028 | 337008 | 0.70%0.03°

ToLCPMV-infected plant (1.95) (1.98) (2.03) (1.90) (1.84) (0.84)
Viruliferous whitefly on | 4.96 £ 0.09° 498+0.34% | 499+025 | 460%020° | 429+010° | L1.19%0.00°

healthy plant 2.23) (2.23) (2.23) (2.16) (2.07) (1.09)
Non-viruliferous whitefly on|  4.68£0.08% | 479+0.19% | 494+012° | 411027 | 436+027% | 1.32%0.06°

healthy plant (2.16) (2.19) (2.22) (2.03) (2.09) (115)

LSD (p =0.05) 0.09 0.08 0.08 0.09 0.07 0.05

Cell values are mean+SD; Transformed mean in parenthesis; Treatments with the same letter grouping are not significantly different.

Table 3: Effect of the virus acquisition on the fecundity of whitefly on cotton plants

Mean no of eggs (MEN) laid in 48 hrs t Qviposition rate (OR) &
SMW | T1: Viruliferous whitefly T2: Non-viruliferous value T1: Viruliferous whitefly T2: Non-viruliferous value
on cotton plant whitefly on cotton plant on cotton plant whitefly on cotton plant
28 (1) 128.40 + 2.97 (11.33) 111.80 £4.92 (10.57) | *6.46 5.63 +£0.33 (2.37) 5.47 £0.53 (2.34) 0.57
33(2) 110.60 + 4.45 (10.51) 107.60 + 3.05 (10.37) 1.24 5.63 +£0.49 (2.37) 5.39 £0.27 (2.32) 0.97
37(3) 112.80 + 4.76 (10.62) 109.80 + 5.36 (10.48) 0.93 5.82 £0.40 (2.41) 5.48 £ 0.26 (2.34) 1.62
41 (4) 101.80 + 2.95 (10.09) 123.40 £3.05 (11.11)  [*11.38 5.38 £0.20 (2.32) 5.25+0.34 (2.29) 0.71
45 (5) 104.00  5.39 (10.20) 94.60 + 3.65 (9.72) *3.23 5.30 £ 0.31 (2.30) 5.03 £0.28 (2.24) 1.44
51 (6) 22.00 + 3.32 (4.68) 11.80 £ 2.05 (3.43) *5.85 1.13 £ 0.07 (1.06) 0.62 +0.06 (0.79) *12.62

Cell values are mean + SD; Transformed mean in parenthesis; t-table =2.36 atp = 0.05; n =5
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Fig 1: Fecundity (FEC) and oviposition rate (OR) during different standard meteorological weeks (SMW) on tomato
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Fig 2: Correlation analysis of whitefly fecundity and developmental parameters with environmental factors of tomato (A) and cotton (B)
(TEMP: Mean SMW temperature (°C); RH: Mean SMW relative humidity (%); Mean SMW Rainfall (mm) and Mean SMW Sunshine (hr))
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