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Abstract

Tomato is a pivotal vegetable crop worldwide concerning human nutrition, economy and in
service to biotechnology. Tomato leaf curl virus (ToLCV) is a begomovirus transmitted
through the whitefly (Bemisia tabaci) and is responsible for severe losses in tomato produc-
tion. In this context, the current investigation was carried out to determine heterotic combi-
ners with high yield, resistance to ToLCV and mode of gene action for economically
important traits. For this, 11 prescreened inbred lines were crossed in a half diallel fashion
to generate 55 F1 hybrids. The 55 crosses with 11 parents and commercial checks were eval-
uated for different horticultural traits and resistance to ToLCV. The molecular validation with
SCAR markers TG0302 and SCAR1 confirmed the presence of ToLCV-resistant genes in par-
ents and their crosses. The hybrid IIHR-2902 × IIHR-2852 showed the presence of both Ty-2
and Ty-3 alleles in the homozygous state. The estimation of σSCA

2 and σGCA
2 was significant.

It also indicated that the genetic control of target traits was under additive and non-additive
gene effects. The values of σA/D2 along with σGCA2/σSCA

2 found to be less than unity indicates
the preponderance of non-additive gene action in the expression of the studied traits except
for percent disease incidence. The parental line IIHR-2919 was the best combiner for fruit and
yield traits. The cross combinations IIHR-2913 × IIHR-2898 exhibited significantly higher
economic heterosis for yield along with the presence of Ty-2 and Ty-3 genes. The study
paves the way for breeding high yielding and ToLCV-resistant hybrids in tomato.

Introduction

Tomato (Solanum lycopersicum L.) is an important member of the solanaceae family and is
cultivated extensively across the globe for consumption. In 2019, global tomato production
was 180.76 Mt from an estimated area of 5.30 Mha, with an average yield of 35.93 t/ha
(FAOSTAT, 2019). It has become a popular vegetable in recent years due to its nutritional
value, processing traits and nutraceutical values. It is a vital source of several nutrients such
as vitamins and minerals that play a significant role in the growth and development of
human beings. Interest in tomatoes has grown since the discovery that lycopene has
anti-oxidative, anti-cancer properties. The development of plant biotechnology and genetic
engineering tools has opened several doors of opportunities for engineering tomato plants
(Gerszberg et al., 2014). Tomatoes grown for salad must possess deep red colour, flavour
and texture to satisfy consumer’s preferences and at the same time, be able to withstand trans-
portation, marketing and post-harvest handling. Tomato is in continuous demand throughout
the year for its fresh and processed products in the international market (Hannan et al.,
2007a). It is grown worldwide by farmers with small landholdings grow tomato as a high-value
cash crop. Extensive tomato cultivation offers an opportunity to farmers to change from sus-
tenance to commercial farming and considerably boost marginal farmer’s income (Fan et al.,
2013).

However, several major constraints including biotic (bacterial, fungal and viral pathogens)
and abiotic stresses greatly reduce the yield, fruit quality, nutritional content and shelf-life of
tomato fruits (Hanson et al., 2016). In the past, commercial tomato growing areas have wit-
nessed 100% yield losses worldwide due to tomato leaf curl virus (ToLCV) disease (Singh
et al., 2014). Furthermore, there exists wide genetic diversity among begomoviruses. So far,
more than 100 species have been identified and among which, ToLCV is a prominent disease,
usually transmitted by whitefly (Bemisia tabaci). In response to ToLCV infection, plants pro-
duce typical symptoms such as arrested growth, reduction in the size of the leaf and inter-
nodes, severe curling, twisting and rolling of the leaves that goes together with dark green
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outgrowth or vein enation on the undersurface of the leaflets
(Smith, 1935; Vasudeva and Samraj, 1948).

To date, there are no effective control measures present to
manage the ToLCV disease. It has become practically impossible
to control its vector viz., whitefly by chemical means. Moreover,
the vector has developed strong resistance against various groups
of insecticides in the past few years due to various reasons
(Horowitz et al., 2005) due to which breeding of varieties and
hybrids resistant to ToLCV has gained scientific attention
(Shankarappa et al., 2008). The area under tomato cultivation com-
prises more than 90–95% hybrids as compared to varieties. Hybrids
are known to be highly uniform, high yielding, better in terms of
quality and possessing a higher level of resistance to biotic and abi-
otic stresses. Despite the high seed cost, farmers still prefer hybrid
cultivars, for increasing their profits. This made the breeders direct
their attention more towards hybrid development to satisfy the
increased demands of growers and consumers.

The phenomena of heterosis in tomato hybrids have been sup-
ported by several investigators in the past (Bai and Lindhout,
2007; Solieman et al., 2013). The ability of a hybrid to resist the
disease also depends upon the degree of resistance present in
both the parents. Heterosis is well known to boost the yield and
also to enhance other important qualitative and quantitative
traits. Heterosis is a natural phenomenon where the F1 hybrid
is superior at least over an average of two parents. Two factors
i.e. appropriate inbred selection and identification of superior het-
erotic combinations are extremely decisive in exploiting the heter-
osis in crop improvement (Singh et al., 2019). Combining ability
analysis acts as a tool for identification of desirable parent and
also specific cross combination for further exploitation (Munshi
and Verma, 1999; Singh et al., 2019). Combining ability analysis
provides a useful insight into the selection of diverse parents
about the performance of the resistant hybrids. The involvement
of various types of gene effects in different magnitudes to govern
the quality traits which are generally quantitative in nature and
also the lack of superior combiners have limited the production
of resistant hybrids (Ahmad et al., 2009). Genetic analysis paves
the way for assessment of the breeding potential of parental
lines or identification of the best combiners in crop (Singh
et al., 2014), which can be effectively exploited to develop hybrids
or accumulate fixable genes to develop a variety.

The choice of effective breeding method and selection of suit-
able parents for the improvement of any crop depends upon the
nature and magnitude of gene action controlling the inheritance
of yield and its contributing traits (Rattan and Chadha, 2009).
Furthermore, the selection of desirable mating designs such as
line × tester or half diallel depending upon the number of parents
and availability of resources is highly important to unravel the
genetic basis of heterosis (Bansal et al., 2012). Knowledge about
gene action also helps to predict whether one can go for recom-
bination and selection or heterosis breeding. Keeping in view
the above facts, the current investigation was undertaken to evalu-
ate the heterotic performance of testcross progenies, developed
through half diallel mating design for yield and quality traits as
well as for resistance to ToLCV disease.

Materials and methods

Planting material and experimental design

The current study was carried out in the experimental plot
(block-8), Division of Vegetable Crops, Indian Institute of

Horticultural Research (IIHR), Hesaraghatta (coordinates:
130.58′N latitude and 770.37′E longitude), Bengaluru-89
(Karnataka). The experimentation materials consist of 11 pre-
screened lines, which were having different Ty genes (Chandel
et al., 2019), were used as parents to develop 55 F1 hybrids in a
half diallel fashion. The crossing was performed in the months
of September–October 2018; red ripe fruits were harvested in
the last week of December. Seeds were extracted through the fer-
mentation method and dried in sun for 2–3 d. The details about
the parental line and their sources of origin are presented in
online Supplementary Table S1. Parents, hybrids along with one
resistant check Abhinav and one susceptible check Punjab
Chhuhara were sown in RCBD design with three replication.
Furthermore, evaluation for ToLCV resistance and other horticul-
tural traits was performed from mid-February 2019 onwards.
Each replication consists of 15 plants in a single row with a spa-
cing of 100 cm × 45 cm. Beds were covered with 25 μm thick black
plastic mulch and fertigation was applied as per package of prac-
tices recommended by ICAR-IIHR for the cultivation of tomato.
Protective insecticidal sprays were restricted against sucking pest
(whiteflies) which serve as a vector for virus transmission and a
variety that is susceptible to ToLCV (Punjab Chhuhara) was
also planted around the main growing field to develop the viral
load.

Agro-morphological characterization

The data for various morphological and horticultural traits were
collected from 10 randomly tagged plants per replication. For
plant height (cm) data were collected at final harvest, whereas
data for the number of flowers per cluster were recorded at 50%
blooming stage. The fruit set percentage was calculated by the
ratio of number of fruits per cluster to the number of flowers
per cluster. All fruits from each plant were weighed and counted
respectively to measure yield per plant (kg), average fruit
weight (g) and the number of fruits per plant. Five fruits from
10 randomly tagged plants in each replication were collected for
recording data of fruit characteristic traits such as the number
of locules, total soluble solids (TSS) (using hand refractometer
model ERMA 0–10 °Brix FT 327), fruit firmness (kg/cm2) using
a needle-type pocket penetrometer, pericarp thickness (cm)
using a digital vernier caliper. Disease symptoms and severity of
ToLCV were recorded from 15 plants of each genotype in each
plot on 30 d after transplanting, 50–60 d after transplanting and
90 d after transplanting (fruit maturation stage) based on plant
phenotype. No protection measures were taken during crop
growth against whitefly and additional plants of ToLCV suscep-
tible variety Punjab Chhuhara were sown in infector row to main-
tain a sufficient load of virus inoculum. Plants were examined for
symptoms that appeared at 30, 60 and 90 d after transplanting
(Muniyappa et al., 1991).

DNA extraction and polymerase chain reaction (PCR) reaction
conditions

DNA was extracted using the CTAB method from the parents and
hybrids at cotyledonary leaves stage of 3–5 d old tomato saplings
using a method as suggested by Murray and Thompson (1980)
with some minor modifications. Total genomic DNA was quanti-
fied by using a spectrophotometer at 260 nm; the concentration
was calculated against the standard value of 1 OD260 = 50 μg/ml
and the integrity was examined by gel electrophoresis on 0.8%
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(wt/vol) agarose gel. Two SCAR markers, namely TG0302 linked
to Ty-2 allele and SCAR1 linked to Ty-3 allele, were used in the
current study. PCR was carried out in a thermocycler
(Mastercycler Gradient; Eppendorf). PCR amplification was per-
formed in a volume of 10 μl in 0.2 ml thin-walled PCR tube strips
containing 1 μl of template DNA, 0.5 μl of each forward and
reverse primers, 5 μl of nuclease-free water and 3 μl master mix.
Separation and visualization of PCR products were performed
on 1.5% agarose gel. Optimal conditions for amplification of
SCAR marker linked to Ty-2 were used following Yang et al.
(2014). PCR conditions for the SCAR1 marker linked to Ty-3 per-
formed as described by Dong et al. (2016). A gel documentation
system (Alpha imager 2200 of Alpha Innotech Corporation,
California) was used to visualize and capture the photograph of
PCR products.

Statistical analysis

Heterosis for various traits under consideration was calculated in
terms of percent decrease or increase of the F1 hybrids over its
better parent, mid-parent and standard check (Hayes et al.,
1965). Significance was tested at a probability of P < 0.05 and
P < 0.01 through the t-test. The diallel analysis for estimation of
general combining ability (GCA), specific combining ability
(SCA), heritability, variance and mean performance was per-
formed by using the computer software program Windowstat
9.2 (Indostat Services, Hyderabad, India).

Results

Analysis of variance (ANOVA) and genetic components of
variance

ANOVA revealed that all the treatments and the parents were
significant for all the characters. Similarly among the F1, most
of the traits were found to be significant (online Supplementary
Table S2). However, the interaction between parents and hybrids
was found to be significant for all the traits except for TSS.
The diallel ANOVA for combining ability showed the existence
of significant variation among the treatments and parents for all
the studied traits (Table 1). Highly significant variation due to
GCA as well as SCA indicated the importance of additive as
well as non-additive types of gene action of inheritance for all
the traits. Variance for GCA, SCA and GCA to SCA ratio, additive
and dominance variance for 13 characters were estimated and
presented in Table 1. The magnitude of SCA variance is more
as compared to GCA variance for all the characters under study
except for PDI. The GCA to SCA ratio is <1 for all the characters
except for PDI. Also, the degree of dominance has shown values
greater than unity for all the traits indicated dominant nature of
these traits except for PDI. Dominance variance is more than
additive variance for all the characters except for percent disease
incidence.

Mean performances of parental lines along with hybrids for
horticultural traits

The results for the mean performance of parents and hybrids used
in this study are presented in Table 2 and online Supplementary
Table S3. Mean values obtained from the parental line indicate
wide ranges of genetic variability among them for most of the
studied characters. The parental line IIHR-2919 was found to

produce the highest mean values for the traits such as plant
height, number of flowers per cluster, number of fruits per cluster,
lowest number of locules and TSS. For traits concerning earliness
such as days to 50% flowering significant lowest mean values were
reflected by the parental line IIHR-2898; whereas for yield and
yield related traits such as fruit set percentage, number of fruits
per plant and yield per plant, parent IIHR-2852 produced the sig-
nificant highest mean values. Among the used parental lines
IIHR-2853 gave the significant highest mean values for fruit
diameter and average fruit weight. For traits such as pericarp
thickness and fruit firmness, parent IIHR-2907 revealed the sig-
nificant highest mean values. Furthermore, developed hybrids
also reflected wide variations for all traits studied. Results
obtained from hybrids showed that most of them produced aver-
age values that tended to be either more than their respective mid-
parental values or exceeded the better-parental values. Out of 55
hybrids, the highest mean value were found to be those of the F1
hybrids; IIHR-2902 × IIHR-2852 for plant height and average
fruit weight; IIHR-2907 × IIHR-2898 for days to 50% flowering;
IIHR-2902 × IIHR-2919 for number of flowers per cluster;
IIHR-2898 × IIHR-2853 for number of fruits per cluster,
TLBR-6 × IIHR-2919 for fruit set percentage; IIHR-5-3-7-5 ×
IIHR-2853 for number of fruits per plant; IIHR-2919 ×
IIHR-2898 for number of locules; IIHR-2886 × IIHR-2853 for
TSS; IIHR-2913 × IIHR-2853 for pericarp thickness;
IIHR-2919 × IIHR-2852 for fruit firmness and IIHR-2913 ×
IIHR-2898 for yield per plant.

Molecular validation of Ty genes

In this experiment, only two markers linked to Ty-2 and Ty-3
alleles have been employed to validate the resistance source
(online Supplementary Figs S1 and S2). These upon amplification
with TG0302 primers (Ty-2) showed a band size of 900 bp (R)
confirming the presence of the Ty-2 gene and SCAR1 marker
with a band size of 519 (R) confers the presence of the
Ty-3 gene whereas all the other genotypes showed a susceptible
reaction with the absence of the resistance governing genes.
IIHR-2852 and IIHR-2902 are the only parents which have
shown the presence of both Ty-2 and Ty-3 alleles. Fifteen hybrids
have shown the presence of Ty-2 alone whereas only three hybrids
have shown Ty-3 allele amplification alone in the homozygous
state. Only one hybrid namely IIHR-2902 × IIHR-2852 has
shown the presence of both alleles i.e. Ty-2 and Ty-3 in the homo-
zygous state.

Estimation of GCA and SCA

The basic approach towards selecting parents for hybrids develop-
ment based on their mean performance does not always provide
fruitful results. Therefore, before drawing any conclusion, we have
determined the combining ability, gene action and heterotic
potential for all the traits under study. The estimates of desirable
GCA and SCA effects of the top three parents and hybrids for
various traits under study are presented in Table 3. Nature and
magnitude of combining ability effects provide guidelines to iden-
tify the better parents and their effective utilization of hybrids
development. The obtained results of GCA effects revealed that
none of the parents were found to be a good general combiner
for all the characters as evident from Table 4. An inclusive assess-
ment of GCA effects showed that among all the parents,
IIHR-2919 was a good general combiner for five traits namely
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number of flowers per cluster, number of fruits per cluster, num-
ber of fruits per plant, number of locules and yield per plant
whereas for traits such as fruit set percentage, TSS and percent
disease incidence parental line IIHR-2852 was found to be the
most suitable general combiner. Among all the parental lines,
IIHR-2907 was found to be a good general combiner for traits
such as pericarp thickness and fruit firmness. Parents
IIHR-2853 for plant height; IIHR-2888 for days to 50% flowering
and TLBR-6 for average fruit weight have shown the significant
GCA effect in the desirable direction. Dominance and perform-
ance of specific cross combination can be assessed through SCA
of hybrids. In this study, SCA effect of all the 55 hybrids for dif-
ferent traits is represented in online Supplementary Table S4.
Plant height is an important growth parameter to support yield
and its component traits. The estimate of SCA effect for this
trait revealed that crosses IIHR-2902 × IIHR-2852 (33.43) had a
significant and higher magnitude of SCA effects. For days to
50% flowering, the highest negative SCA effect is observed in
cross TLBR-6 × IIHR-2853 (−3.12). For the number of flowers
per cluster, the highest positive SCA effect was observed in
cross IIHR-2902 × IIHR-2919 in which parents are high × high
GCA combiners. Hybrid IIHR-2898 × IIHR-2853 had the highest
SCA effect for the number of fruits per cluster, in which parents
are high × low GCA combiners. IIHR-5-3-7-5 × IIHR-2853 exhib-
ited the highest SCA effect for the number of fruits per plant in
which parents are L × H type combiners. For average fruit weight,
IIHR-2902 × IIHR-2852 had the highest positive SCA effect. SCA
effect was found to be minimum in hybrid IIHR-2902 ×

IIHR-2853 for the number of locules and parents were H ×H
negative combiners. For TSS IIHR-2886 × IIHR-2852 had the
highest positive SCA effect and it has L × H combiners for the
traits. IIHR-2913 × IIHR-2853 exhibited the highest positive
SCA effect for pericarp thickness and it has L × L combiners.
For fruit firmness, IIHR-2919 × IIHR-2853 exhibited the highest
positive SCA effect with H × L combiners. The hybrid combina-
tions IIHR-2913 × IIHR-2898, IIHR-2902 × IIHR-2886 and
IIHR-2913 × IIHR-2888 were found to be best on the basis of
both per se performance and SCA effect for the character namely
yield per plant. For percent disease incidence, the highest negative
SCA effect was observed in cross IIHR-5-3-7-5 × IIHR-2853 in
which parents are H × H combiners.

Estimation of heterosis

The heterotic response of all the 55 testcross progenies varied in
magnitude and highly significant heterosis was observed for most
of the traits in both directions. Based on heterosis percentage over
the standard check for 12 traits along with their better parent het-
erosis and mid parent heterosis, top five best hybrid combina-
tions have been selected (online Supplementary Table S5). For
plant height, 44 hybrids showed significant positive heterosis
over the standard check (Abhinav) whereas only 13 hybrids
were found to produce significant positive better parent heterosis.
Also, 24 hybrids have exhibited significant positive mid-parent
heterosis for plant height. Early flowering is generally an indica-
tion of early yield (Yordanov, 1983). With respect to the days

Table 1. Estimates of genetic components of variance for yield and quality traits in Tomato

Variation
components

Plant
height

Days to 50%
flowering

No. of flowers
per cluster

No. of fruits
per cluster

Fruit set
percentage (%)

No. of fruits
per plant

Average fruit
weight

σGCA
2 20.70 0.13 0.14 0.06 6.61 9.93 27.08

σSCA
2 117.99 2.18 0.38 0.15 35.34 43.93 357.07

σGCA
2 /σSCA

2 0.17 0.06 0.36 0.43 0.22 0.22 0.07

σA
2 43.33 0.28 0.31 0.12 21.60 21.60 81.71

σD
2 108.33 2.12 0.36 0.14 32.87 32.87 314.11

σA/D
2 0.40 0.13 0.86 0.85 0.65 0.65 0.26

Degree of
dominance

1.75 2.35 2.01 1.29 2.22 1.69 2.67

Heritability (narrow
sense) (%)

25.00 9.20 41.80 0.42 0.27 29.60 13.10

Predictability ratio 0.25 0.10 0.42 0.46 0.27 0.31 0.13

Variation components No. of locules TSS Pericarp thickness Fruit firmness Yield per plant (kg) PDI (%)

σGCA
2 0.25 0.02 0.14 0.08 0.02 111.70

σSCA
2 0.60 0.16 1.00 0.49 0.18 105.60

σGCA
2 /σSCA

2 0.42 0.14 0.14 0.17 0.15 1.05

σA
2 0.51 0.04 0.28 0.17 0.05 211.43

σD
2 0.60 0.16 1.00 0.49 0.15 111.70

σA/D
2 0.85 0.25 0.28 0.34 0.33 1.89

Degree of dominance 1.25 2.50 2.50 1.71 1.96 0.94

Heritability (narrow sense) (%) 45.61 21.20 21.90 25.80 22.40 0.64

Predictability ratio 0.45 0.22 0.23 0.26 0.23 0.65
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Table 2. Mean performance of parental lines and checks for different yield and quality traits in tomato

Parents
Plant
height

Days to 50%
flowering

No. of
flowers/
clusters

No. of
fruits/
clusters

Fruit
set (%)

No. of
fruits/
plants

Average
fruit weight

No. of
locules TSS

Pericarp
thickness

Fruit
firmness

Yield
per
Plant

IIHR-2852 92.73 27.00 4.78 3.31 57.48 39.57 93.90 3.00 4.35 7.08 7.06 2.74

IIHR-2853 116.24 27.33 4.88 2.16 45.34 24.45 142.03 6.13 3.77 6.03 7.05 2.40

IIHR-2886 95.88 24.33 4.23 1.86 46.73 15.88 90.35 4.07 4.01 6.86 5.60 1.33

IIHR-2888 102.37 26.00 4.49 2.40 51.74 20.65 86.93 5.33 4.15 4.72 6.85 1.78

IIHR-2898 96.86 23.00 5.14 2.56 49.02 33.84 90.39 3.00 4.30 6.81 7.08 2.15

IIHR-2919 130.77 27.00 5.68 3.53 54.51 30.65 96.93 2.27 5.12 5.17 8.17 2.02

IIHR-5-3-7-5 95.03 26.67 3.55 1.60 42.73 15.37 103.41 5.00 4.71 4.37 6.62 1.38

IIHR-2913 93.94 26.33 4.14 2.13 50.10 28.61 87.47 3.00 4.05 4.89 5.88 2.27

TLBR-6 76.50 28.67 4.72 1.78 36.73 15.18 107.40 4.20 4.12 4.16 6.19 1.28

IIHR-2902 105.97 26.33 5.48 2.70 49.87 28.94 108.80 3.80 4.33 4.80 6.82 2.20

IIHR-2907 102.55 26.33 4.13 1.73 41.96 19.43 108.63 6.00 4.64 8.63 8.39 1.81

Abhinav
(check)

88.73 26.66 5.48 3.56 59.67 36.59 99.60 3.00 5.10 6.32 6.93 3.02

Punjab
Chhuhara
(check)

57.33 26.66 2.50 1.20 25.58 4.46 56.40 2.40 4.27 7.11 6.53 0.28

Mean 95.72 26.45 4.59 2.42 48.01 25.91 97.82 3.87 4.39 6.03 6.97 2.03

SE m ± 2.26 0.57 0.14 0.13 2.34 1.26 2.00 0.12 0.15 0.10 0.06 0.12

CD at 5% 6.62 1.67 0.41 0.38 6.84 3.68 5.90 0.34 0.44 0.29 0.17 0.33
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to 50% flowering, 20 crosses showed significant negative heterosis
over the standard check (Abhinav). Hybrid IIHR-2907 ×
IIHR-2898 followed by IIHR-2886 × IIHR-2852 and
IIHR-2902 × IIHR-2852 were considered as top three best hybrids
based on standard heterosis whereas 31 and 22 hybrids have
exhibited significantly negative better parent and mid-parent het-
erosis for days to 50% flowering, respectively. For higher product-
ivity, the number of flowers per cluster is an important factor
where greater number of flowers per cluster is preferred.
Among 55 testcrosses, 25 and 33 hybrids have shown significant
positive better parent and mid-parent heterosis, respectively.
However, IIHR-2902 × IIHR-2919 followed by IIHR-2919 ×
IIHR-2898 and IIHR-2913 × IIHR-2853 were considered as top
three best hybrids based on significant positive economic heter-
osis over the standard check for the number of flowers per cluster.
The number of fruits per cluster is an important component that
contributes to productivity. Twenty-four hybrids have shown sig-
nificant positive mid-parent heterosis whereas 15 hybrids showed
significant positive better parent heterosis. Only one hybrid
IIHR-2898 × IIHR-2853 has shown significant positive economic
heterosis over the standard check for the number of fruits per
cluster. The yield of fruits per plant is dependent on the
fruit-related characters namely, number of fruits per plant and
average fruit weight. Thus for this character, one has to select
the hybrids exhibiting positive heterosis. Among 55 hybrids, 44
and 28 crosses showed significant positive mid-parent and better
parent heterosis for the number of fruits per plant respectively

whereas only five hybrids have shown significant positive stand-
ard check heterosis. However, for average fruit weight, 20 hybrids
have shown significant positive economical heterosis over the
standard check. Nineteen hybrids showed significant positive
mid-parent heterosis whereas 12 hybrids showed significant posi-
tive better parent heterosis. Concerning fruit set percentage, 21
and 13 crosses have exhibited significant positive mid-parent
and better parent heterosis, respectively. However, none of the
hybrids have exhibited significant positive heterosis over the
standard check. In tomato, quality parameters such as a smaller
number of locules per fruit, TSS, pericarp thickness and firmness
determine the quality related to taste, flavour and utility to pro-
cessing or fresh market. Higher TSS are desirable for higher
recovery of processed products. In this study, 36 hybrids showed
significant negative mid-parent heterosis for the number of
locules per fruit. IIHR-2919 × IIHR-2898 followed by
IIHR-2898 × IIHR-2852 and IIHR-2902 × IIHR-2919 were con-
sidered to be the top three best hybrids on the basis of standard
heterosis. For TSS, 14 and nine hybrids showed significant posi-
tive mid-parent and better parent heterosis respectively. None
of the hybrids were found to show significant positive heterosis
for TSS. Pericarp thickness plays a much important role in longer
storability. Eight hybrids have shown significant positive heterosis
over the standard check. However, 21 crosses showed significant
positive mid-parent heterosis for pericarp thickness. For fruit
firmness out of 55 hybrids, 14 hybrids exhibited significant posi-
tive mid-parent heterosis whereas six hybrids have shown

Table 3. Top three desirable parents and hybrids with their GCA and SCA effects for different yield and quality traits in Tomato

Traits Top three significant desirable parents* Top three significant desirable hybrids*

Plant height (cm) IIHR-2853 (6.26**), IIHR-2902 (6.06**), IIHR-2919 (5.20**) IIHR-2902 × IIHR-2852 (33.43**), TLBR-6 × IIHR-2898
(21.08**), IIHR-2919 × IIHR-2886 (15.57*)

Days to 50% flowering IIHR-2888 (−0.50**), IIHR-2886 (−0.40*), IIHR-2902 (0.40*) TLBR-6 × IIHR-2853 (−3.12**), IIHR-2907 × IIHR-2898
(−2.84**), IIHR-5-3-7-5 × IIHR-2853 (−2.69**)

Number of flowers per
cluster

IIHR-2919 (0.55**), IIHR-2853 (0.43**), IIHR-2898 (0.43**) IIHR-2902 × IIHR-2919 (1.33**), IIHR-5-3-7-5 × IIHR-2853
(1.16**), IIHR-2913 × IIHR-2853 (1.00**).

Number of fruits per
cluster

IIHR-2919 (0.40**), TLBR-6 (0.30**), IIHR-2852 (0.24**) IIHR-2898 × IIHR-2853 (0.87**), IIHR-2913 × IIHR-2898
(0.83**), TLBR-6 × IIHR-2919 (0.76**)

Fruit set percentage IIHR-2852 (3.30**), IIHR-2898 (2.59**), IIHR-2919 (2.12**) TLBR-6 × IIHR-2919 (16.51**), IIHR-2902 × IIHR-2888 (9.49**)
IIHR-2898 × IIHR-2853 (9.37**)

Number of fruits per
plant

IIHR-2919 (4.50**), IIHR-2853 (3.93**), IIHR-2852 (3.52**) IIHR-5-3-7-5 × IIHR-2853 (16.34**), IIHR-2907 × IIHR-5-3-7-5
(12.11**), IIHR-2902 × IIHR-2853 (11.77**)

Average fruit weight (g) TLBR-6 (10.92**), IIHR-2902(6.94**), IIHR-2907 (2.22**) IIHR-2902 × IIHR-2853 (−1.49**), IIHR-2902 × IIHR-5-3-7-5
(−1.11**), IIHR-2888 × IIHR-2886 (−0.99*).

Number of locules IIHR-2852 (0.27**), IIHR-5-3-7-5 (0.18**), IIHR-2919 (0.14**) IIHR-2886 × IIHR-2852 (1.07**), IIHR-2902 × IIHR-2852 (0.80*),
IIHR-2919 × IIHR-2853 (0.65*)

TSS (°Brix) IIHR-2907 (0.66**), IIHR-2886 (0.48**), IIHR-2852 (0.21**) IIHR-2913 × IIHR-2853 (2.31**), IIHR-5-3-7-5 × IIHR-2888
(2.11**), IIHR-2907 × TLBR-6 (1.65*)

Pericarp thickness
(mm)

TLBR-6 (10.92**), IIHR-2902 (6.94**), IIHR-2907 (2.22**) IIHR-2902 × IIHR-2852 (48.62**), IIHR-2913 × IIHR-2853
(31.51**), IIHR-5-3-7-5 × IIHR-2853 (30.11**)

Fruit firmness (kg/cm2) IIHR-2907 (0.62**), IIHR-2919 (0.37**), IIHR-2888 (0.10*) IIHR-2919 × IIHR-2853 (1.12**), IIHR-2902 × IIHR-2852
(1.10**), IIHR-2898 × IIHR-2853 (1.02**)

Yield per plant (kg) IIHR-2919 (0.26**), IIHR-2902 (0.16**), IIHR-2852 (0.13**) IIHR-2913 × IIHR-2898 (1.00**), IIHR-2902 × IIHR-2886
(0.83**), IIHR-2913 × IIHR-2888 (0.66*)

Percent disease
incidence

IIHR-2852 (−10.47**), IIHR-2919, (−10.47**), IIHR-2913 (−10.47**) IIHR-5-3-7-5 × IIHR-2853 (−23.19**), TLBR-6 × IIHR-2852
(−12.59**), TLBR-6 × IIHR-2919 (−12.59**), TLBR-6 ×
IIHR-2913 (−12.59**), TLBR-6 × IIHR-2902(−12.59**)

*, **Significant at 5% and 1% probability levels, respectively.
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Table 4. Estimates of GCA effects for yield and quality traits in tomato

Parents
Plant
height

Days to
50%

flowering

No. of
flowers/
clusters

No. of
fruits/
clusters

Fruit
set (%)

No. of
fruits/
plants

Average
fruit

weight
No. of
locules TSS

Pericarp
thickness

Fruit
firmness

Yield
per
plant PDI

IIHR-2852 1.79* 0.05 −0.05* 0.24** 3.30** 3.52** −1.27* −0.30** 0.27** 0.21** −0.01 0.13** −10.47**

IIHR-2853 6.26** 0.41* 0.43** 0.00 −4.52** 3.93** −5.37** 0.54** 0.03 −0.01 0.03 0.03 2.96**

IIHR-2886 −0.95 −0.40* −0.17** −0.22** −1.39* −1.58* 0.69 0.01 −0.00 0.48** −0.17** −0.12** 10.74**

IIHR-2888 1.88* −0.50** −0.17** 0.01 2.06** −0.91 −0.02 0.11** 0.02 −0.01 0.10** −0.02 11.08**

IIHR-2898 −1.20 −0.14 0.43** 0.03** 2.59** 0.84 −2.85** −0.52** −0.09* −0.23** −0.06* 0.01 7.00**

IIHR-2919 5.20** 0.41* 0.55** 0.40** 2.12** 4.50** −2.93** −0.90** 0.14** 0.09* 0.37** 0.26** −10.47**

IIHR-5-3-7-5 −4.00** 0.05 −0.68** −0.31** 0.94* −1.09* −7.15** 0.49** 0.18** −0.76** −0.02 −0.26** 8.87**

IIHR-2913 −7.24** 0.13 −0.23** −0.05* 0.59 −0.92 −1.17* −0.51** −0.23** −0.06 −0.48** 0.08* 10.47**

TLBR-6 −3.40** 0.77** −0.10** 0.30* −4.14** −6.80** 10.92** 0.26** −0.09* −0.20** −0.25** −0.29** 11.72**

IIHR-2902 6.06** −0.40* 0.26** 0.05* −0.53 −0.86 6.94** 0.09** −0.20** −0.14** −0.12** 0.16** −10.47**

IIHR-2907 −4.39** −0.27 −0.26** −0.21** −1.02* −0.63 2.22** 0.71** −0.03 0.66** 0.62** 0.03 −10.47**

SEM (gi) 0.66 0.17 0.02 0.02 0.47 0.49 0.42 0.01 0.03 0.03 0.04 0.03 0.69

SEM (gi –
gj)

0.98 0.25 0.03 0.03 0.70 0.74 0.63 0.02 0.05 0.04 0.06 0.05 1.03

*, **Significant at 5% and 1% probability levels, respectively.
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significant positive heterosis better parent. Hybrid IIHR-2919 ×
IIHR-2853 have shown highest significant positive heterosis
over the standard check. Further for yield per plant, only one
hybrid IIHR-2913 × IIHR-2898 exhibited the significant highest
positive standard check heterosis whereas 39 and 27 hybrids
have shown significant positive heterosis over mid-parent and
better parent for yield per plant.

Discussion

The results pertaining to the mean performance of parents and
their hybrids showed significant differences for all the traits
under study. Substantial variations for all the studied characters
pointed towards the presence of ample genetic variability
among the parents and their resultant hybrids. The results con-
cerning plant height, as observed in the current investigation
are in close agreement with the findings of Singh and Asati
(2011) and Solieman et al. (2013), where they found significant
differences among the studied genotypes of tomato for this char-
acter. Ample variations for yield and its contributing traits were
also previously reported by Dhatt and Singh (2008), Naveen
et al. (2008), Chattopadhyay et al. (2011), Solieman et al.
(2013), Pandiarana et al. (2015) and Kaushik and Dhaliwal
(2018).

In any hybrid development programme selection of parents
only based on mean performance does not necessarily give useful
results (Allard, 1960). Therefore, per se performance along with
GCA effect of the parents is equally important to select any parent
for hybridization programme. Furthermore, estimation of the
genetic components of variance namely additive and non-additive
is crucial for a fruitful crop improvement programme. The results
illustrated that estimates of σSCA

2 were higher in magnitude with
respect to σGCA

2 for all of the characters except for PDI.
Therefore, the non-additive gene action especially dominance
variance played an important role of inheritance in such charac-
ters. For such traits, heterosis breeding is an appropriate strategy
for their improvement. The outcomes showed that tomato hybrids
may perform better in several aspects than either of their parents
or commercial varieties. The more consistent and relative contri-
bution estimates of these effects in the genetic control of various
traits are governed by several genes of small effect provided by the
predictability ratio (Baker, 1978). These results indicated the
dominance of non-additive gene effects for most of the traits, as
the predictability ratios were <0.50 except for the trait percent dis-
ease incidence. Earlier studies also showed that non-additive gene
action controls fruit yield per plant along with most of the other
studied fruit characters (Chattopadhyay et al., 2011; Shende et al.,
2012; Pandiarana et al., 2015; Kaushik and Dhaliwal, 2018).
In this study, the low to intermediate level of hns2 was observed
for the majority of traits suggesting non-additive genetic control
of these traits, which might be due to large epistatic effects. The
early generation selection for these yield and quality traits
would be difficult due to dominance effects in the expression of
phenotypic variance. Hence, selection must be done in later gen-
erations. The involvement of both additive and non-additive gene
actions in the control of average fruit weight and PDI of ToLCV
has also been documented previously (Chattopadhyay et al., 2011;
Shende et al., 2012; Singh et al., 2014). Therefore, restricted recur-
rent selection by intermating the most desirable segregants or dia-
llel selective mating in early segregating generation could be useful
breeding strategies for improving such traits which are governed
by additive gene action. However, some studies have shown

contrary findings including non-additive gene effects for PDI
(Pandiarana et al., 2015). Such differences in these studies on
the genetic control of this trait may occur due to the use of differ-
ent parents, the crossing pattern used, the precision of the study
and variations in environmental conditions, which can affect esti-
mates of gene actions. The quantitative characters and ToLCV
resistance are controlled by a large number of genes and are
strongly influenced by the environmental factors (Ahmad et al.,
2009). Therefore, it is desirable to make a strict individual plant
selection on quantitative characters (Singh et al., 2014).

Breeding for enhancing the yield is very difficult as yield is a
complex trait and it is governed by several genes with a specific
interaction. General performances of the 55 F1 hybrids showed
superiority on their performances for the characters such as the
number of fruits per plant and yield per plant. Different degrees
of gene effects were found to be involved in the inheritance of the
number of flowers per cluster, number of fruits per plant and
yield per plant. The results were in agreement with the findings
of Solieman (2009), Đorđević et al. (2010) and Pandiarana et al.
(2015). None of the parental lines or cross combinations were
found to have high GCA or SCA for all the traits studied.
However, IIHR-2919 exhibited the maximum GCA for traits
such as the number of flower per cluster, number of fruits per
cluster, number of fruits per plant, yield per plant (kg), number
of locules and PDI for ToLCV significantly in the desired direc-
tion. The selected top three cross combinations based on signifi-
cant SCA effects in a desirable direction for all the traits revealed
that no single F1 hybrid exhibited the significant SCA effects for
all the studied traits. The SCA effect governs the performance of
test cross combination and the role of non-additive gene action in
the identification of heterotic hybrids (Das et al., 2020).

Analysis of the different cross combinations showed that the
crosses involved three types of combinations: H × H, H × L or
L × H and L × L, where L for non-significant GCA effect either
negative/positive in direction and H stands for a significant
GCA effect in the desired direction (Pandiarana et al., 2015).
In this study, the H ×H cross combinations were found in hybrids
IIHR-2902 × IIHR-2852 for plant height, IIHR-2902 × IIHR-2919
for number of flower per cluster and number of locules
IIHR-2902 × IIHR-2853 for the number of locules, therefore addi-
tive and additive × additive interactions were involved in such
cross combination. These hybrids would be very desirable in
tomato, as promising segregants would be isolated in the early
advanced generation whereas hybrids such as IIHR-2913 ×
IIHR-2898 for yield per plant, IIHR-2898 × IIHR2853 for the
number of fruits per cluster, TLBR-6 × IIHR-2919 for fruit set
percentage and IIHR-5-3-7-5 × IIHR-2853 for the number of
fruits per plant which are showing L × H or H × L cross combina-
tions. This indicates the presence of additive effect predominantly
in good combiner and possibly a complementary epistatic effect in
the poor combiner, to maximize gene expression, these two gene
actions are acting in a complementary fashion (Salimath and
Bahl, 1985). In hybrids IIHR-2913 × IIHR-2853 for pericarp
thickness involving L × L combinations, SCA effects seemed to
play a prominent role and show the presence of non-additive
gene action (Pandiarana et al., 2015). Significant and positive
SCA effects for all of the economic characters of tomato involve
these three types of combinations of GCA effects in the parents
(Kumar et al., 2013; Solieman et al., 2013).

Heterosis breeding is one of the most significant tools to exploit
genetic diversity in tomato (Mohanty and Mishra, 1999). The phe-
nomenon of heterosis was reported by Shull (1948) and since then,
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several researchers have worked on different crops to exploit this
phenomenon. The nature and magnitude of heterobeltiosis helps
in the identification of promising cross combinations and their
exploitation to obtain better transgressive segregants. Earlier studies
conducted by using a different set of parents and environments
have also reported significant positive mid-parent heterosis for
traits such as plant height, number of flower per cluster, number
of fruits per plant and yield per plant (Bhatt et al., 2001; Shende
et al., 2012; Solieman et al., 2013; Pandiarana et al., 2015; Vijeth
et al., 2018). However, significant negative heterosis for characters
such as days to 50% flowering and number of locules per fruit
were also reported in studies of Sekhar et al. (2010) and positive
heterosis for TSS content by Dhadde et al. (2009). An absence of
significant heterosis in most of the cross combinations in the cur-
rent study may be due to the internal cancellation of heterosis com-
ponents, as was observed in other previous studies (Shende et al.,
2012; Pandiarana et al., 2015).

Biotic and abiotic stresses are major limiting factors in the suc-
cessful cultivation of tomato (Vijeth et al., 2018). This study
focused on the identification of tomato hybrids resistance to
ToLCV along with improved horticultural traits. The parental
lines namely IIHR-2852, IIHR-2919, IIHR-2913, IIHR-2902 and
IIHR-2907 were symptomless until fruit-harvesting stage whereas
the remaining parents developed mild to severe symptoms.
The results showed that the presence of Ty-2 and Ty-3 in the par-
ental lines influenced the host response against ToLCV (Prasanna
et al., 2015; Hanson et al., 2016). Parents with Ty-3 resistant
alleles either under homozygous or heterozygous conditions
remained symptomless. Similar results were also obtained in the
presence of a combination of both Ty-2 and Ty-3 genes. Parents
or hybrids having Ty-2 alleles alone have shown the development
of mild to severe symptoms. These results suggested that Ty-2 had
become ineffective against ToLCV which was known to impart
good resistance against the leaf curl-causing monopartite virus.
Therefore a combination of Ty-2 and Ty-3 genes in the hybrids
either in heterozygous for one (Ty-2 or Ty-3) or homozygous
for both (Ty-2 and Ty-3) exhibited highly resistant reaction
against ToLCV compared to Ty-2 alone carrying hybrids. The
results are also in harmony with the previous researchers
(Barbieri et al., 2010; Prasanna et al., 2015; Ohnishi et al., 2016;
Prabhandakavi et al., 2018; Kaushal et al., 2020).

The current investigation revealed that a single parental line or
hybrid cannot be considered as a good performer for all the char-
acters. However, line IIHR-2919 was found to show maximum
significant GCA in the desirable direction for all the characters
except for plant height, days to 50% flowering, fruit set percentage
and average fruit weight. Evaluation of heterosis% revealed that
hybrid IIHR-2913 × IIHR-2898 can be considered as best per-
forming hybrid for yield and average fruit weight over the stand-
ard check Abhinav which also exhibited highest positive and
significant SCA effect for these traits. Furthermore, the presence
of Ty-3 gene under heterozygous conditions and Ty-2 gene in
the homozygous state could result in higher level of resistance
against ToLCV monopartite virus at the field level. Therefore,
parental line IIHR-2919 could be utilized as a good combiner
and isolated to obtain desirable segregates for improving different
traits. Also, the hybrid IIHR-2913 × IIHR-2898 can be released
for commercial cultivation after further evaluation in multiple
locations for multiple years.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S1479262121000630
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