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Harnessing resistance sources to develop ToLLCV-tolerant hybrids of tomato

(Solanum lycopersicum L.)
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Abstract

Tomato leaf curl virus disease (ToLCD) is a major constraint in tomato cultivation, and host plant resistance is the best strategy to manage
ToLCD. Seven lines reported as field resistant or known to carry Ty genes were crossed with three commercial varieties of Kerala, and the
evaluation of seventeen hybrids obtained revealed that the hybrids Vellayani VijaixEC519806, AkshayaxAVTO 1726, AkshayaxEC519806
and AkshayaxAVTO1707 showed high field resistance, while hybrids of EC519806 and AkshayaxAVTO1726 recorded high yield. High
glandular to non-glandular trichome density ratio on the abaxial leaf surface was found to be an important factor in determining the
tolerance of genotypes under field screening. Markers linked to Ty genes were detected in crosses with AVTO lines, while none of the Ty
gene-linked markers were detected in the accession EC519806, which displayed field resistance. Ty 6 was detected in Local Collection
(Idukki) and its hybrids. Thus, per se performance, heterosis and disease response of the hybrids in the present study can be utilised for
the selection of superior tomato genotypes for future ToLCV resistance breeding programmes.
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Introduction

Tomato (Solanum lycopersicum L.) of the Solanaceae family
is cultivated worldwide under wide climatic conditions,
primarily for its edible fruits and is preferred for its taste and
nutritional value. Medicinal and antioxidant properties, and
processing potential of tomato fruitsincrease the importance
of the crop (Achari et al., 2019). Among the major production
constraints, viz., abiotic and biotic stresses, tomato leaf curl
virus disease (ToLCD) is a major factor causing crop loss
in all the major tomato growing regions of India (Lapidot,
2007). ToLCD is caused by Tomato leaf curl virus, belonging
to the Geminiviridae family (Begomovirus genus) and is
transmitted by the whitefly vector (Bemisia tabaci), in a
persistent and circulative manner. Tomato is susceptible to
ToLCV at all stages of its growth and the symptoms appear
within two to three weeks after exposure to a viruliferous
whitefly. Severe curling, cupping, yellowing of top leaves
and stunting are seen, and may lead to yield loss up to 100%
(Lapidot, 2007; Tipu et al., 2021). Currently, the disease is
managed by pesticide application for vector control, which
negatively impacts the environment. Changing climate,
rising whitefly populations, and increasing strain virulence
have necessitated an environmentally friendly alternative
approach, like the adoption of resistant cultivars. The wild
tomato species (Solanum pimpinellifolium, S. peruvianum,
S. chilense and S. habrochaites) are potential sources of
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resistance to ToLCV, and have been used in the introgression
of resistance genes (Ty 1-Ty 6 genes) in tomato breeding
(Srivastava et al., 2020). ToLCV-tolerant hybrids and varieties
show varying levels of susceptibility due to partial resistance
conferred by Ty genes. Therefore, identifying high-yielding
genotypes with stable and durable resistance to ToLCV
remains a priority. The present study utilized known donors
for ToLCV resistance and yield contributing traits to develop
ToLCV tolerant high yielding tomato hybrids.

Materials and Methods

The experiment was conducted during 2021-23 at Thrissur,
Kerala, India, situated at latitude 10° 32" 46" N, longitude 76°
16’ 44" E, at an altitude of 26 m above MSL.

Selection of parents

Agronomically superior varieties released by Kerala
Agricultural University (KAU), viz.,, Akshaya, Manuprabha
and Vellayani Vijai, were used as female parents, and
seven reported ToLCV-resistant or Ty gene-harbouring
lines (AVTO1707, EC519806, Local collection (Idukki) (LC),
AVTO1314, AVTO1726, AVTO0301 and AVTO0922) as male
parents (Anjitha et al., 2023). KAU variety Anagha was used
as a control variety in the experiment.

Development of hybrids

The seeds were sown (staggered sowing at seven days
interval) in trays after seed treatment with Pseudomonas
fluorescence @ 10 g/Kg seeds for 8 hours. Thirty-day-old
seedlings dipped in streptocyclin solution (6 g/60 L) were
transplanted in grow bags (40x24%x24 cm) and managed as
per the Package of Practices Recommendations: Crops (KAU
2016). Female parents (Akshaya, Manuprabha and Vellayani
Vijai) were emasculated between 4 and 6 pm. Pollen from
freshly opened flowers of male parents was collected
between 6 and 8 am for hand pollination. Fruits were
harvested at maturity from 20 successful crosses (except
AkshyaxAVTOO030), seeds were extracted, dried and stored
in a refrigerator for sowing in the next season. Among the 20
crosses, three hybrids failed to germinate and the remaining
17 hybrids were used in the subsequent experiments for
natural screening for ToLCV tolerance.

Screening for ToLCV tolerance

The summer season is optimum for screening for ToLCV
tolerance, when the natural ToLCV inoculation pressure is at
its peak in tropical regions (Achari et al., 2019). One-month-
old seedlings of 17 crosses, along with parents and control
variety (Anagha), were transplanted in a Randomized Block
Design (RBD) with two replications, each with ten plants at
60 cmx60 cm spaced grow bags during the summer season
(April-May). Natural incidence of whitefly population in the
field was observed during the screening period. The hybrids
selected based on growth and yield traits and natural
disease response were subjected to whitefly-mediated

artificial inoculation. Whiteflies were reared on 50-day-
old brinjal plants inside insect proof net cage, and were
allowed to feed on the ToLCV-infected tomato plants for 24
hours, and 30 to 50 viruliferous whiteflies per seedling were
released to 20 days old healthy hybrid tomato seedlings
and keptin an inoculation cage for 48 hours for inoculation
feeding. Subsequently, cages were removed after spraying
insecticide on inoculated plants to kill the whiteflies. The
symptoms in inoculated plants were recorded at regular
intervals up to 30 days as per Banerjee and Kalloo (1987).

Observations on morphological traits

Observations on plant height (cm), spread of the plant (cm),
growth habit and number of primary branches per plant
were recorded at 60 days after transplanting (DAT); while,
yield related traits like days to flowering (days), number
of fruits per plant, fruit weight (g) and fruit yield per plant
(g) were recorded during the fruiting period; and fruit
characters like equatorial diameter (cm), polar diameter (cm)
and fruit colour and fruit size (cm?3) of parents and hybrids
were recorded at maturity.

Trichome density on leaf surfaces

Trichome density (including both glandular and non-
glandular trichomes) was assessed by manually counting
the number of trichomes per square centimetre on the
adaxial and abaxial surfaces of leaves with three biological
replications using a stereoscopic microscope. Fully
expanded leaves from the third node below the apex were
sampled at the vegetative stage.

Molecular marker analysis

DNA was extracted from young leaves of parents and
hybrids as described by Aboul-Maaty and Oraby (2019). PCR
amplification of Ty genes was performed using an Eppendorf
Mastercycler Nexus Gradient thermocycler (Eppendorf,
Germany). The thermal cycling conditions consisted of initial
denaturation (94°C-4 minutes), followed by 35 cycles of
denaturation (94°C-30 seconds), annealing (primer-specific
temperature-1 minute), and extension (72°C-2 minutes), with
a final extension (72°C-minutes (Table 1).

Statistical analysis

Statistical analysis of the performance of 10 parents and 17
hybrids was done in KAU Grapes software (Gopinath et al.,
2021). Standard heterosis was calculated using the control
variety Anagha, and the significance of F, heterosis values
was assessed based on Critical Difference (CD) values as
suggested by Fonseca and Patterson (1968).

Percent heterosis over standard check= (F1-Standard check)
x 100/Standard check

Disease scoring

Under natural field screening, disease symptoms were
recorded at 15, 30, 60 and 90 days after transplanting (DAT)
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Table 1: Primers used for marker analysis for Ty genes

Amplicon (bp)*
Gene Marker . < Annealing temperature (°C) Reference
Ty 1/3 TY-1/3_K 102 114 60 Chen et al. (2015)
Ty2 SCAR2 800 900 60 Nevame et al. (2018)
Ty4 C2_AT5g51110 325 430 55 Patel et al. (2021)
Ty6 SLM 10-46 255 230 60 Kadirvel et al. (2013)

*R: Resistant; S: Susceptible

and were scored as described by Banerjee and Kalloo
(1987) on a scale from 0 to 4. Disease Severity Index (DSI)
and Per cent Disease Incidence (PDI) were calculated as
given by McKinney (1923) and Sharma and Sharma (1984),
respectively. Coefficient of Infection (Cl), calculated as the
product of PDI and DSI, was used to categorize into six
groups ranging from highly susceptible to highly resistant
(PDVR, 1997).

Results and Discussion

Performance of parents and hybrids

Evaluation of 10 parental lines and 17 hybrids revealed
significant differences in performance for vegetative and
reproductive traits compared to the control variety Anagha
(Table 2). For growth habit, if any one of the parents had
an indeterminate growth habit, their F1 hybrid showed an
indeterminate growth habit. It has been shown that the
major recessive gene sdt modifies the determinate growth
habit expression of the sp/sp (recessive) genotype; the sdt
geneis not expressed in the presence of the dominant allele
sp+ and the plant shows indeterminate growth (Elkind et al.,
1991). Early flowering is a preferred trait as it ensures early
harvest and a longer yielding period (Nadkarni et al., 2017).
All female lines had significantly longer days to flowering,
while, among the male parents, LC (27.8) had significantly
lower days to flowering, and EC519806 had comparable days
to flowering to Anagha (31.5 days). Hybrids of EC519806
or LC had either significantly lower or comparable days to
flowering compared to Anagha. AkshayaxLC (27.2 days)
had the lowest number of days to flowering among all the
parents and hybrids tested.

Among the parents, Akshaya, LC and AVTO0301
had a significantly higher number of primary branches,
while all the hybrids of LC exhibited significantly higher
spread of the plant compared to Anagha. The hybrids
ManuprabhaxAVTO1707, AkshayaxEC519806, Vellayani
VijaixAVTO1314, and Vellayani VijaixAVTO0922 exhibited
significant superiority for the number of primary branches
per plant. Rojalin et al. (2018) reported a positive and
significant correlation between the number of primary
branches and yield per plant. All the hybrids and parents
showed higher plant height than the control variety, Anagha,
except AVTO1707, which was on par with the control variety.

The highest spread of the plant was observed in AkshayaxLC
(62.6 cm) and the lowest in Vellayani VijaixAVTO1707 (15.9
cm). All the female lines had significantly higher plant
spread, while male lines, except EC519806 and LC, had
significantly lower plant spread compared to Anagha.
Male lines EC519806 and LC, and their progenies, exhibited
significantly superior plant height than Anagha (33.1 cm). LC
and its hybrids were significantly superior to Anagha for all
the yield contributing vegetative traits. Lekshmiand Celine
(2020) reported that fruit yield per plant had a significant and
positive correlation with fruits per plant, fruit weight, polar
diameter and equatorial diameter. Compared to Anagha, all
AVTO lines and their crosses (except AkshayaxAVTO1707) had
significantly higher equatorial diameter, polar diameter, fruit
size and fruit weight. Although AVTO lines had larger fruits,
they displayed lower fruit number (6.5-8.6 and 5.4-9.9 fruits
per plant in parents and hybrids, respectively). Although the
number of fruits per plant was higher in EC519806 (29.8)
and LC (52.6) and their hybrids, they exhibited significantly
lower equatorial diameter, polar diameter, fruit size and
fruit weight compared to Anagha. Significantly higher
yield per plant than Anagha (383.3 g/plant) was observed
in Vellayani VijaixEC519806 (652.9 g/plant), followed by
AkshayaxEC519806 (477.2 g/plant). Higher yield per plant
in these crosses was due to the significantly higher number
of fruits per plant, along with a moderate fruit weight in the
hybrids of EC519806.

Heterosis in hybrids

Most hybrids had significant positive standard heterosis
for plant height (Table 3). Bhattarai et al. (2018) reported
that in the case of the determinate type, plant height is a
desirable trait, while it is undesirable for the indeterminate
type. AkshayaxAVTO1726, ManuprabhaxEC519806,
ManuprabhaxLC and Vellayani VijaixAVTO0301 were
desirable crosses for plant height. For the trait days to
flowering, Akshaya and Vellayani Vijai crosses with EC519806
and LC showed significant negative standard heterosis.
Nadkarni et al. (2017) had also suggested that early flowering
is a preferred trait in tomato. Spread of the plantand number
of primary branches per plant of most of the crosses of
EC519806 and LC were superior to Anagha. Hybrids of
EC519806 and LC exhibited significant heterosis for the
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Table 2: Mean performance of tomato hybrids and their parents
Genotype Hab A B C D E F G H / J
Akshaya ID 37.15 3.40% 123.64* 65.44* 8.15% 3.44 38.23* 1.4 24.10* 273.55
Manuprabha DT 40.75 3.25 122.80* 65.17* 7.70% 4.32* 42.77* 141 21.68 304.57
Vellayani Vijai (VV) DT 37.70 3.25 86.80* 37.07* 5.1 3.91* 17.10* 15.0 20.30 304.50
AVTO1707 DT 45.70 2.30 75.00 30.91 6.91* 5.72* 45.85* 6.5 33.91* 220.44
EC519806 ID 29.65 335 111.01* 34.39* 3.73 2.96 6.90 29.8* 778 231.44
Local collection (Idukki) (LC) ID 27.80* 4.30* 127.60* 56.79* 3.91 1.90 4.87 52.6* 534 280.62
AVTO1314 DT 30.60 2.75 126.43* 31.08 6.73* 5.25% 39.88* 8.6 29.77* 254.52
AVTO1726 DT 44.40* 2.20 164.89 25.38 6.82* 6.04* 47.03* 7.8 41.23* 319.54
AVTO0301 SD 39.25% 4.25*% 98.72 26.32 7.03* 5.4* 44.50* 7.1 30.03* 211.73
AVTO0922 DT 35.25% 3.10 115.06 28.44 5.88* 5.12* 29.65* 6.8 33.94* 229.09
AkshayaxAVTO1707 ID 41.15 2.50 114.69* 30.28 6.32* 35 23.38* 7.9 35.98* 282.45
ManuprabhaxAVTO1707 DT 33.60 3.65* 95.50* 43.32% 7.73% 4.63* 46.28* 7.2 34.29* 245.18
VVXAVTO1707 DT 45.10 2.30 86.95*% 15.92 6.71* 5.55% 41.81* 6.9 33.84* 231.84
AkshayaxEC519806 ID 28.55 4.20* 127.01* 35.33% 4.72 29 10.83 29.0* 16.48 477.15*%
ManuprabhaxEC519806 ID 32.90 335 91.16* 57.63* 4.81 2.29 8.86 252*  16.12 405.45
VVXEC519806 ID 27.90* 2.65 99.96* 38.22*% 3.33 3.26 6.08 386* 1691 652.89*
AkshayaxLC ID 27.15* 3.85% 135.75* 62.63* 4.43 247 8.18 349*  7.00 244.39
ManuprabhaxLC ID 30.15 4.25*% 108.68* 35.51* 3.89 2.17 5.62 30.7*  6.50 199.19
VVXLC ID 27.25% 3.50*% 133.90* 61.72* 4.49 2.2 7.49 322  6.62 21291
AkshayaxAVTO1314 DT 45.55 2.80 99.51 30.71 7.37* 5.09*% 46.39* 8.4 23.09*% 192.82
VVXAVTO1314 DT 28.40 3.80% 87.63 34.31* 6.42* 5.28* 36.31* 7.8 25.61* 199.75
AkshayaxAVTO1726 ID 33.30 2.70 133.80* 41.68* 7.63* 531* 51.71* 9.4 33.37* 312.02
VVXAVTO1726 SD 41.85 2.60 130.11* 25.88 7.56* 5.76* 55.09* 8.4 29.19*% 243.79
ManuprabhaxAVTO0301 ID 45.50* 3.20 118.40* 44.38* 6.99* 5.21* 42.66* 7.1 34.78* 245.21
VVXAVTOO0301 ID 41.65* 2.80 83.98 37.81* 7.36% 5.22* 47.31* 54 38.33*% 206.99
ManuprabhaxAVT00922 DT 47.75* 2.90 120.39* 35.11* 7.25% 4.94* 43.28* 7.1 23.99* 170.36
VVXAVTO0922 DT 35.15* 4.30* 101.44* 33.08* 5.46* 5.09*% 25.58* 2.9 22.38* 221.59
Anagha DT 31.45 2.80 75.57 32.72 5.07 345 14.94 18.0 21.35 383.26
v 18.92 21.40 19.28 33.63 23.74 30.75 57.89 7733 4420 36.42
SE 1.112 0.204 2.736 0.188 0.076 0.123 0.887 0443 0.341 9.596
CDat5% 3.228 0.593 7.938 0.546 0.221 0.356 2.574 1.284 0.988 27.845

*Significant at 5%; Hab-Growth Habit, ID-Indeterminate, DT-Determinate, SD-Semi determinate,
A-Days to flowering, B-Number of primary branches per plant, C-Plant height (cm), D-Spread of the plant (cm), E-Equatorial diameter (cm),
F-Polar diameter (cm), G-Fruit size (cm3), H-Number of fruits per plant, I-Fruit weight (g) and J-Fruit yield per plant (g)

number of fruits per plant, irrespective of the female parent.
In hybrids of Vellayani Vijai, significant standard heterosis
was observed for fruit characters viz., equatorial diameter,
polar diameter, fruit size and fruit weight, except in Vellayani
VijaixEC519806 and Vellayani VijaixLC. For fruit size and
average fruit weight, significant heterosis was observed for
hybrids of AVTO1707 with all female parents, AVTO1314 with
Akshaya and Vellayani Vijai, and AVTO0301 and AVTO0922
with Manuprabha and Vellayani Vijai. Hybrids of EC519806

and LC exhibited significant negative standard heterosis, as
EC519806 and LC had smaller fruits compared to Anagha.
Vellayani VijaixEC519806 was superior to Anagha for yield
per plant, and exhibited significant standard heterosis.

ToLCV disease incidence

PDI is the percentage of diseased plants in the sample
or population, whereas DSl is the extent of infection.
Coefficient of Infection (Cl) combines disease severity
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with the response of the host plant. Upto 15 DAT, most of
the plants remained symptomless and belonged to the
highly resistant to moderately resistant category. Initially,
symptoms like slight crinkling and puckering of the leaves
were observed. Subsequently, vein clearing, crinkling
and puckering of the leaves, stunting and bushy growth
were observed at 60 and 90 DAT. At 60 DAT, DSI ranged
from 1.25 to 46.25 and PDI ranged from 5 to 85 (Fig. 1).
Maximum PDI, DSI and Cl were recorded for Akshaya,
whereas minimum was for AkshayaxAVTO1707. Cl ranged
from 0.06 to 39.31. Hybrids of Akshaya (AkshayaxAVTO1707,
AkshayaxEC519806 and AkshayaxAVTO1726) and Vellayani
Vijai (Vellayani VijaixAVTO1707, Vellayani VijaixEC519806
and Vellayani VijaixLC) and the male parents AVTO1707,
EC519806, AVTO1726, AVTO0301 and AVTO0922 were
highly resistant, while Akshaya was susceptible under field
screening. Anagha was reported as highly susceptible,
and Manuprabha as susceptible to ToLCV in Kerala (Yadav,
2011). In the present study, Akshaya was more susceptible
compared to all the parents and hybrids studied. However,
all the hybrids of Vellayani Vijai and Akshaya as female
parents were highly resistant or resistant, whereas all hybrids
with Manuprabha as female parent displayed moderate
resistance to ToLCD under field screening.

Earlier studies showed that flower initiation and fruit
set were reduced by ToLCV incidence (Srivastava et al.,
2020). In this study, the number of fruits per plant, fruit
weight and fruit yield per plant were high in highly resistant
AkshayaxAVTO1726 and AkshayaxAVTO1707 hybrids, when
compared to the hybrids of AVTO1726 and AVTO1707 with
other female parents. Similarly, Vellayani VijaixEC519806,
with low Cl, showed a high number of fruits per plant, fruit
weight and fruit yield per plant compared to hybrids of
EC519806 with Akshaya and Manuprabha.

Under field conditions, the whitefly pressure, inoculum
intensity and plant stage at the time of infection are
unpredictable (Lapidot, 2007). Susceptible plants sometimes
escape infection and selection based on the absence of
symptoms in the field alone could be misleading (Vidavsky
et al,, 1998). Lapidot (2007) found that whitefly-mediated
screening of ToLCV in tomato was a reliable technique for
screening for virus resistance. Selected hybrids (crosses
of AVTO1707, EC519806, LC and AVTO1726) along with
Anagha (Control) and Akshaya (Susceptible), were subjected
to artificial screening (Table 4). AkshayaxAVTO1726
was highly resistant and ManuprabhaxAVTO1707 and
AkshayaxEC519806 were moderately resistant. Vellayani
VijaixEC519806, followed by ManuprabhaxEC519806,
showed high susceptibility to TOLCV. Although the hybrids
of LC were either highly resistant, resistant, or moderately
resistant under field screening, they were susceptible under
artificial screening, in agreement with Yan et al. (2018),
who reported that symptomless plants in natural field

g

DSl or CI

Fig. 1: Disease response of parents and hybrids under field screening

based on Cl (Coefficient of Infection) of genotypes at 60 DAT; HR (Highly

Resistant, Cl:0-4); R (Resistant, Cl:4.1-9); MR (Moderately Resistant,
Cl:9.1-19); MS (Moderately Susceptible, Cl:19.1-39)

Table 4: ToLCD response of selected tomato hybrids under artificial
screening and molecular marker screening

Artificial screening

Genotype Ty genes
o oy C DR
AkshayaxAVTO1726 20 5 1 HR  Ty2,Ty1/3
Vellayani VijaixAVTO1726 80 30 24 MS Ty2,Ty1/3
AkshayaxAVTO1707 80 35 280 MS  Ty2,Ty1/3
ManuprabhaxAvVTO1707 60 20 12 MR Ty2,Ty1/3
Vellayani VijaixAVTO1707 80 45 36 MS Ty2,Ty1/3
AkshayaxEC519806 60 30 18 MR -
ManuprabhaxEC519806 100 80 80 HS
Vellayani VijaixEC519806 100 100 100 HS -
AkshayaxLC 100 45 45 S Ty6
ManuprabhaxLC 80 50 40 S Ty6
Vellayani VijaixLC 100 60 60 S Ty6
Anagha 100 65 65 S -
Akshaya 100 90 90 HS -

*PDI - Per cent Disease Incidence, DSI-Disease Severity Index, Cl-Coefficient
of Infection, DR-Disease Reaction, HR-Highly resistant, MR-Moderately
resistant, MS-Moderately susceptible, S-Susceptible, HS-Highly susceptible

screening may have occurred due to escape of whitefly
infection.

Trichome density

Trichome density on abaxial and adaxial leaf surfaces
varied significantly for both glandular and non-glandular
trichomes. Glandular trichome density on adaxial leaf
surface ranged from 0-87 No.s/cm? and was highest in
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EC519806 (87 No.s/cm?), while on the abaxial surface it
ranged from 8-302 No.s/cm?and LC (302 No.s/cm?) had the
highest density, and both were resistant in the field (Fig. 2).
Glandular trichome density has a negative correlation with
disease incidence, as whiteflies will be repelled from landing,
feeding and egg laying on leaves. Significant negative and
positive correlations of disease incidence with glandular
and non-glandular trichome density, respectively, were
observed. Whiteflies prefer hairy abaxial leaf surfaces
to adaxial for landing, survival and oviposition (Firdaus
et al., 2012). Negative effect of glandular trichomes on
whitefly survival and oviposition may be due to acyl-sugars
(Mutschler et al., 1996), monoterpenes and sesquiterpenes
(Firdaus, 2012) from glandular trichomes. Thus, based on the
high glandular to non-glandular trichome density ratio, as
well as the response of the genotypes, it can be concluded
that AVTO1726, EC519806, LC, AkshayaxAVTO1726 and
AkshayaxAVTO1707 are highly resistant to ToLCV.

Molecular marker screening for Ty genes

Genomic DNA isolated from parents and hybrids was
analysed for the reported Ty genes (Fig. 3, 4, 5, 6). Earlier

studies have shown that a single Ty gene cannot impart
resistance to the plant, and hence, gene pyramiding of more
than one Ty gene is required to develop ToLCV-resistant
genotypes (Chandel et al., 2019).

Ty 1 and Ty 3 were reported as partially dominant
genes, and Ty 3, which is allelic with Ty 1, codes for RNA-
dependent RNA polymerase (RDR) (Verlaan et al., 2013).
AVTO1726, AVTO1707 and their crosses showed a resistant
allele for Ty 1/3. All the AVTOlines and their crosses, except
AVTO1314 and its crosses, carried the resistant allele for
Ty 2. All the crosses of Akshaya with AVTO lines, except
AkshayaxAVTO1314, harbour Ty 2 and Ty 1/3 genes in a
heterozygous condition and showed high resistance under
field screening. AkshayaxAVTO1314, AkshayaxEC519806
and AkshayaxLC, which were lacking Ty 2 and Ty 1/3, were
moderately resistant or susceptible.

Ty2and Ty 1/3 genes can be regarded as reliable sources
of resistance against ToLCV, as all crosses of AVTO1707 and
AVTO1726 showed the presence of Ty 2and Ty 1/3 and were
highly to moderately resistant under field and artificial
screening. Hybrids of AVTO0922 and AVTO0301 had Ty 2 and
were resistant under field screening. Only LC and its hybrids
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Fig. 2: Distribution of trichomes on the adaxial and abaxial leaf surface of parents and hybrids (1-Akshaya (Ak), 2-Manuprabha (MP), 3-Vellayani
Vijai (VV), 4-AVTO1726, 5-AVTO1707, 6-AVT00922, 7-AVTO0301, 8-AVTO1314, 9-EC519806 (EC), 10-LC, 11- AkxAVTO1726, 12-VVXAVTO1726,
13-AkxAVTO1707, 14-MPxAVTO1707, 15, VVXAVTO1707, 16-MPxAVT00922, 17-VVXAVT00922, 18-MPxAVTO0301, 19-VVXAVTOO0301,
20-AkxAVTO1314, 21-VVXAVTO0314, 22-AkxEC, 23-MPXEC, 24-VVXEC, 25-AkxLC, 26-MPxLC, 27-VVxLC, 28-Anagha
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Fig. 3: Amplification of genomic DNA in hybrids with Akshaya as female parent (A) SCAR2 primer for Ty 2 (R-900 bp & S-800 bp), (B) SLM 10-46 primer
for Ty 6 (R-255 bp & S-230 bp), (C) TY-1/3_K primer for Ty 1/3 (R-114 bp & S-102 bp). Lanes: L-Ladder, C-Control, 1-Akshaya, 2-AkshayaxAVTO1707,
3-AVTO1707, 4-AkshayaxEC519806, 5-EC519806, 6-AkshayaxLC, 7-LC, 8-AkshayaxAVTO1726,9-AVTO 1726, 10-AkshayaxAVTO1314, 11-AVTO1314.
Lane for C: Lanes: L-Ladder, C-Control, 1-Akshaya, 2-AkshayaxAVTO1707, 3-AVTO1707, 4-AkshayaxEC519806, 5-EC519806, 6-AkshayaxLC, 7-LC,
8-AkshayaxAVTO1314, 9-AVTO1314, 10- AkshayaxAVTO1726, 11-AVTO1726. * R-resistant allele, S-susceptible allele
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Fig. 4: Amplification of genomic DNA in hybrids with Manuprabha as female parent (A) SCAR2 primer for Ty 2 (R-900 bp & S-800 bp), (B) SLM 10-46
primer for Ty 6 (R-255 bp & S-230 bp), (C) TY-1/3_K primer for Ty 1/3 (R-114 bp & S-102 bp). Lanes: L-Ladder, C-No Template Control, 1-Manuprabha,
2-ManuprabhaxAVTO1707, 3-AVTO1707,4-ManuprabhaxEC519806, 5-EC519806, 6-ManuprabhaxLC, 7-LC, 8-ManuprabhaxAVT00922,9-AVTO0922,
10-ManuprabhaxAVTO0301, 11-AVTO0301.* R-resistant allele, S-susceptible allele
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Fig. 5: Amplification of genomic DNA in hybrids with Vellayani Vijai (VV) as female parent (A) SCAR2 primer for Ty 2 (R-900 bp & S-800 bp), (B)
SLM 10-46 primer for Ty 6 (R-255 bp & S-230 bp), (C) TY-1/3_K primer for Ty 1/3 (R-114 bp & S-102 bp). Lanes#: L-Ladder, C-Control, 1-VV, 2-VV,
3-VVxXAVTO1707, 4-AVTO1707, 5-VVXEC519806, 6-EC519806, 7-VVXLC, 8-LC. #Lanes for B & C: L-Ladder, C-Control, 1-VV, 2-VVxAVTO1707,
3-AVTO1707, 4-VVXEC519806, 5-EC519806, 6-VVXLC, 7-LC. * R-resistant allele, S-susceptible allele
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Fig. 6: Amplification of genomic DNA in hybrids with Vellayani Vijai (VV) as female parent (A) SCAR2 primer for Ty 2 (R-900 bp & S-800 bp), (B) SLM
10-46 primer for Ty 6 (R-255 bp & S-230 bp), (C) TY-1/3_K primer for Ty 1/3 (R-114 bp & S-102 bp). Lanes: L-Ladder, C-Control, 1-VV, 2-VVXAVTO1726,
3-AVTO1726, 4-VVXAVTO0922, 5-AVTO0922, 6-VVXAVTO1314, 7-AVTO1314, 8-VVXAVTO0301, 9-AVTOO0301. * R-resistant allele, S-susceptible allele
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had Ty 6, and were resistant under field screening, but were
susceptible under artificial screening, indicating the need
for additional Ty genes for stable resistance. Gill et al. (2019)
reported that Ty 6 of chromosome 10 confers resistance
to ToLCV in the presence of the Ty 3 and ty 5 genes.

Conclusion

Evaluation of 17 hybrids along with their parents revealed
that hybrids of EC519806 and Local collection (Idukki)
exhibited significant heterosis for the number of fruits per
plant, and hybrids with AVTO lines as male parent exhibited
significant heterosis for fruit size and weight, and hence
can be utilised for breeding programmes for improving
fruit number and size, respectively. High glandular to
non-glandular trichome density ratio on the abaxial leaf
surface was an important factor in determining the ToLCD
tolerance, as evidenced by the performance of AVTO1726,
EC519806, Local Collection (Idukki), AkshayaxAVTO1726
and AkshayaxAVTO1707. AVTO1707 and AVTO1726
and their hybrids having Ty 2and Ty 1/3 showed high to
moderate resistance under field and artificial screening.
Ty 6 was detected only in the local collection (Idukki) and
its crosses, and the hybrids with Ty 6 were resistant under
field screening, but susceptible under artificial screening,
indicating the need for additional Ty genes for stable
resistance. Although none of the reported Ty genes could
be detected in EC519806, the parent as well as its hybrids
displayed resistance and further studies are required to
decipher its mechanism. The genotypes identified in this
study that contributed to various agronomic traits and
ToLCD resistance can be effectively utilised for resistance
breeding in tomato.
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